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The question of whether culturable microorganisms will continue to be a viable source of new drug leads is

inherently married to the strategies used to collect samples from the environment, the methods used to

cultivate microorganisms from these samples, and the processes used to create microbial libraries. An

academic microbial natural products (NP) drug discovery program with the latest innovative

chromatographic and spectroscopic technology, high-throughput capacity, and bioassays will remain at

the mercy of the quality of its microorganism source library. This viewpoint will discuss limitations of

sample collection and microbial strain library generation practices. Additionally, it will offer suggestions

to innovate these areas, particularly through the targeted cultivation of several understudied bacterial

phyla and the untargeted use of mass spectrometry and bioinformatics to generate diverse microbial

libraries. Such innovations have potential to impact downstream therapeutic discovery, and make its

front end more informed, efficient, and less reliant on serendipity. This viewpoint is not intended to be

a comprehensive review of contributing literature and was written with a focus on bacteria. Strategies to

discover NPs from microbial libraries, including a variety of genomics and “OSMAC” style approaches, are

considered downstream of sample collection and library creation, and thus are out of the scope of this

viewpoint.
1 The front end of microbial natural
product (NP) drug discovery requires
innovation

Libraries of culturable environmental microorganisms have
been a major source of drugs this past century. To date, this
cultivated population has provided nearly all of the clinical
therapeutics that are derived from microorganisms.1,2 Most of
these discoveries came from industry, government, and
academic research programs that employed some form of the
process depicted in Fig. 1.3,4 In the time since our Golden Age of
antibiotic discovery, many stages of this process have under-
gone a renaissance in method innovation: chromatographic
separation and compound detection, dereplication and struc-
ture characterization, biosynthetic gene cluster detection and
expression, bioinformatic-driven NP discovery, and biological
activity screening. Despite these advances, the philosophy we
use to create microbial strain libraries from the environment
for Biomolecular Sciences, College of

ago, Chicago, IL 60607, USA. E-mail:

Academy of Science and Technology,

300
(the front end, arguably the most important steps) has under-
gone relatively few widely applied conceptual changes since the
1940s.
2 Sample collection: an exercise in
serendipity

Aer studies on Pyocyanase, and discoveries of tyrothricin and
penicillin, the potential of microorganism-based antibiotic
discovery was realized, and an unprecedented global effort was
undertaken to amass large collections of microorganisms from
the environment.5–7 Though it's reductive to assign a single
unifying philosophy to such a global effort, generally speaking,
collection expeditions aimed at isolating microorganisms have
been guided by the following mantra: environments in diverse
geographic locations contain different evolutionary pressures,
which result in minimally-overlapping populations of endemic
microorganisms, and thus the presence of divergent NP
biosynthetic pathways (i.e., increased potential to isolate new
microbial NPs). This is a logical approach, however in contrast
to other steps in the Fig. 1 pipeline that have evolved consid-
erably this past century, current collection expeditions have
seldom expanded on this philosophy, which is reliant on a high
degree of serendipity. For example, when performing
This journal is © The Royal Society of Chemistry 2021
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untargeted eld expeditions, the number of samples needed to
collect the optimum microbial and NP diversity for discovery
efforts is unclear. Further, few attempts have been made to
dene the available NP chemical space in the environment.8

Researchers have been limited to, generously speaking,
educated guesses as to the extent to which geographic locations
should be sampled. Looking forward, it is necessary to dene
the available microbial and NP diversity in collection regions
from as large as several kilometers, to areas as small as one cm3

of sediment, and understand dynamics of NP populations over
time. This is among the most understudied topics in our eld.

The aforementioned are all important considerations for
discovery programs with limited resources. It is becoming
increasingly difficult for academic researchers to fund untar-
geted collection expeditions using federal dollars, which can
cost upwards to $10 000 USD and require 1–2 years of meticu-
lous planning. One strategy is to crowdsource sample collection
through citizen science campaigns.9 Another successful but
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underutilized collection strategy has been to undertake a tar-
geted, ecology-based approach to microbial NP discovery. The
merging of microbial and chemical ecology to discover niche-
specic NPs, which has been advocated for previously, has
been a successful driver of NP discovery.10–13 Compared to what
is known, researchers have just begun to map the cues that
govern the vast array of inter-and intra-species relationships in
the environment, and recent studies that focus on the human
microbiome highlight just one area of particular promise.14,15

In regard to untargeted sample collections, three funda-
mental questions that can inform collection strategies are: (1)
How are NP biosynthetic genes distributed in the environment?; (2)
How are NP biosynthetic genes distributed across taxa?; (3) Are
there patterns to this distribution that researchers can use to inform
collection expeditions? These are grand challenges that face our
eld. Relatively few bodies of work have attempted to address
these, despite their potential to make front end discovery more
efficient. For example, a series of studies laid a foundation
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Fig. 1 Earth's culturable microbiome has been the largest source of antibiotics used in the clinic. Above is a natural product discovery pipeline
that has been commonly employed when sourcing culturable microorganisms for drug-leads. Herein the “front end” is defined as the collection
of samples from the environment, and the creation of a library of cultured microorganisms from those samples (SCUBA photo credit: Erlendur
Bogason).
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toward documenting the occurrence of NP biosynthetic gene
clusters across large geographic regions.16–23 However, analysis
of NP distribution patterns across environmental scales that are
representative of single collection expeditions could facilitate
more accurate predictions of the extent to which particular
environments should be sampled in order to efficiently access
microbial taxonomic and NP diversity (e.g., across sediment of
individual lakes; across distances in sediment as small as
a few cm; inter- and intra-NP distribution across insect, sponge,
plant taxa; etc.). Similarly, it is necessary to better understand
microbial genus/species patterns of NP occurrence in order to
estimate the depth to which we should attempt to collect, target,
and explore individual taxa. Advances have been made toward
these ends, particularly in the last decade; we cite a few exam-
ples here.24–27 Generally speaking, understanding NP biosyn-
thetic gene distribution is still woefully understudied and
remains a major roadblock toward overcoming the degree of
guesswork on which researchers rely when collecting samples
from the environment.
3 Cultivation of microorganisms:
many understudied phyla harbor
isolates with large genome sizes and
are culturable

The use of agar as a solid support for nutrient media was one of
the most important developments in microbiology.28 In nearly
150 years of studies since, researchers have exploited several
strategies to access culturable bacterial taxa from the environ-
ment including: use of diverse carbon and nitrogen sources;
manipulation of photo-/chemotrophic, anaerobic, oligotrophic,
halophilic, psychrophilic, and other conditions; addition of
growth factors and antibiotics to nutrient media; among many
other strategies.29,30 Despite these efforts, the majority of
bacteria that have been cultivated to date can be classied into
just 4 of greater than 100 known phyla (Actinobacteria, Pro-
teobacteria, Firmicutes, and Bacteroidetes).29,31 NP discovery
efforts have focused almost exclusively on genera within these
294 | Nat. Prod. Rep., 2021, 38, 292–300
and one additional phylum, Cyanobacteria.32,33 To emphasize
this point, of the 9703 bacterial metabolites compiled in
NPAtlas, a database of microbially produced NP structures,
these 5 phyla were the source of nearly the entire group (Acti-
nobacteria, 63.68%; Proteobacteria, 15.58%; Firmicutes, 5.31%;
Bacteroidetes, 1.35%; Cyanobacteria, 11.23%; other, 2.85%).34 A
similar trend was observed within the 1248 bacterial NP
biosynthetic gene clusters (BGCs) deposited in the repository
MIBiG to date (Actinobacteria, 67.95%; Proteobacteria, 17.23%;
Firmicutes, 12.58%; Bacteroidetes, 0.88%; Cyanobacteria,
0.72%; other, 0.64%).35 This leaves a large expanse of taxonomic
space that has seldom been explored for its NP-producing
potential. Although not all of the greater than 100 additional
phyla may be prolic sources of new NPs, what strategies can
our eld apply to best navigate toward the promising ones?

A few recent studies established the genome taxonomy
database (GTDB), a collection of Bacteria and Archaea genomes
sourced from both cultivation-dependent and -independent
data.31,36 The database is comprised of 143 512 bacterial
genomes spanning 112 phyla. Interestingly, although the 5
phyla previously discussed make up 90.64% of the total entries
in the database, an additional 8 phyla (6 established and 2
proposed) harbor representatives in the database with
a genome size >8 Mbp (Table 1). Among these, researchers have
been able to obtain culturable isolates from 6 of the 8 phyla,
though the extent of cultivability within each phylum remains
to be determined and is worthy of study. Further, we found that
as genome size increases from 8–9 Mbp, 9–10 Mbp, and >10
Mbp, 5 of the 8 understudied phyla contain a representative
genome listed in at least two of the three size categories. Myx-
ococcota aside (it was recently proposed to re-classify this group
that has traditionally been categorized as Myxobacteria, which
are relatively well-studied for their NP-producing potential),37–39

only a small number of NPs or associated BGCs have been
identied from these phyla; a few are listed here.40–46 If the
assumption that both large genome sizes and understudied taxa
represent increased potential to produce new NP scaffolds, this
indicates that these 8 phyla (nearly double the number of phyla
that have been at the focus of our eld since the 1940s) may
This journal is © The Royal Society of Chemistry 2021
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Table 1 Entries of understudied phyla in GTDB that show promising NP potential31

Genome size Phylum No. of GTDB entries
Cultured
representatives?a

>10.0 Mbp Total 304 —
Actinobacteria 208 Yes
Proteobacteria 39 Yes
Firmicutes 1 Yes
Bacteroidetes 4 Yes
Cyanobacteria 11 Yes
Acidobacteria 1 Yes
Chloroexi 1 Yes
Myxococcotab 33 Yes
Planctomycetes 4 Yes
Verrucomicrobia 2 Yes

9.00–9.99 Mbp Total 447 —
Actinobacteria 296 Yes
Proteobacteria 89 Yes
Firmicutes 3 Yes
Bacteroidetes 6 Yes
Cyanobacteria 26 Yes
Acidobacteria 3 Yes
Chloroexi 1 Yes
Myxococcotab 15 Yes
Planctomycetes 7 Yes
Tectomicrobia 1 Not to date

8.00–8.99 Mbp Total 1101 —
Actinobacteria 500 Yes
Proteobacteria 474 Yes
Firmicutes 21 Yes
Bacteroidetes 33 Yes
Cyanobacteria 32 Yes
Acidobacteria 15 Yes
Chloroexi 2 Yes
Myxococcotab 8 Yes
Planctomycetes 9 Yes
Verrucomicrobia 4 Yes
Armatimonadetes 2 Yes
Moduliexotac 1 Not to date

a At least one cultured representative exists within the phylum. b Formerly Proteobacteria (class: Deltaproteobacteria) within a relatively well-
studied group known as Myxobacteria, suggested as new phylum.36 c Denotes candidate phylum.
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contain genera that are prolic NP producers, and this potential
remains largely unrealized and ripe for targeted discovery
efforts. Assessment of the frequency of occurrence of large
genome representatives within each of the phyla would help to
further prioritize the list.

Though relatively few NP discovery efforts have focused on
cultivating understudied taxa, it has been well established that
this approach shows much promise to produce new NPs47–49

(studies oen refer to these as “rare” taxa, though we advise the
eld to adopt the more precise nomenclature “understudied”).
Successful strategies have included targeting understudied
bacterial types45,50–52 and employing novel cultivation technolo-
gies.53–57 But in the absence of innovative cultivation methods,
more traditional techniques may still show promise as a route
to new NP scaffolds. A common sentiment is that standard
cultivation methods regularly afford bacteria that produce
known NPs, but there is a marked absence of studies that
document the potential of the full culturable microbiome to
afford new structural scaffolds. Work found in Elfeki et al.
This journal is © The Royal Society of Chemistry 2021
showed that readily culturable environmental bacteria from
lake sediment (grown on ve common laboratory nutrient
media) have strong potential to produce new NPs.58 This is
contradictory to current practice that consistently exhibits
a high scaffold re-discovery rate, so it was opined that bias
colony picking practices, and as a consequence lack of micro-
bial diversity, have selected for a redundancy of taxa in some
libraries sourced for discovery over several decades. Though
this remains speculative, it was supported by Costa et al. upon
the isolation of 16 understudied actinomycete genera (among
them a total of 11 publications that report a NP) that were
readily observed and isolated from nutrient agar by hand, using
common cultivation conditions and untargeted colony picking
practices.59 Importantly, all of these colonies exhibited
morphology that was atypical of what is commonly described
for actinomycete bacteria, and likely have been overlooked by
traditional, phenotypic colony proling practices. Therefore, we
strongly recommend that the eld adopt untargeted colony
picking coupled to high-throughput methods for
Nat. Prod. Rep., 2021, 38, 292–300 | 295
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discriminating those colonies (described in next section) to
ensure that maximum NP chemical space with minimum
overlap is incorporated into a library from a given environ-
mental sample.

Of course, focusing on the isolation of representatives of
understudied taxa does not preclude the continued study for
new NP scaffolds from common culturable genera such as
Streptomyces or Bacillus, however innovative techniques should
be more widely employed to explore the full biosynthetic
capacity of these microorganisms. These practices typically
occur aer the creation of a microbial library and as a result are
beyond the scope of this viewpoint, though examples of these
include activating silent NP pathways using elicitors and tran-
scriptional regulators,60–62 using heterologous expression
systems,63 CRISPR-Cas9 genome engineering,64,65 resistance
gene-guided discovery approaches,66–68 and single cell
analyses.69
4 Microbial library generation: large
libraries are not necessarily useful.
Diverse libraries are needed

Perspectives from researchers at Wyeth, Novartis, Pzer, Merck,
Cetek, and Fundacion Medina have provided insight to front
end NP discovery strategies employed by the pharmaceutical
industry, in particular the generation and use of microbial
libraries.3,70–74 In the context of antibiotic discovery, massive
libraries of microorganisms and associated NP fractions were
screened in high-throughput bioassays, and aer many
successes over several decades, this pipeline was largely aban-
doned by pharma due to diminishing returns on investment,
a shi toward combinatorial chemistry approaches, limitations
of target-based assays, and the rediscovery of known
compounds.3,73,75–78 In regard to the latter, a major cause of this
was strain and NP redundancy in these libraries, which resulted
from a few practices: (1) strain libraries were oen created
based on commonmorphological phenotypes or 16S rRNA gene
sequencing, which do not fully account for NP produc-
tion;72,74,78,79 (2) bacteria isolation efforts focused almost exclu-
sively on the spore-forming taxa Actinobacteria and
Firmicutes,4,70,80 and as a consequence these taxa have yielded
the highest number of biologically active bacterial NPs discov-
ered to date. To overcome these obstacles, companies Naicons
and Medina are two notable examples of large-scale industrial
efforts to diversify the microbial taxa present in a library.81

Unfortunately, academic researchers oen lack resources to
build large, diverse libraries.

Contrary to the dogma that large libraries are needed to
discover new therapeutic leads, smaller, more diverse strain
libraries have the potential make NP discovery more accessible
to those with fewer resources, such as academic researchers at
smaller institutions. Until just recently, costs associated with
personnel, infrastructure, and supplies can quickly reach
hundreds of thousands of dollars in order to create and main-
tain a microbial and NP fraction library of appreciable size.
Further, heavy demands on young academic researchers
296 | Nat. Prod. Rep., 2021, 38, 292–300
(Assistant Professor, postdoctoral researcher, graduate student)
to publish preclude most from daring to invest the resources
and time to create a strain and NP fraction library as was done
in previous decades, which requires years of investment with no
obvious payback. Conversely, a streamlined library results in
fewer isolates that have to be grown, extracted, screened, der-
eplicated, and selected for larger scale compound isolation
studies. This effectively lessens the burden on downstream
steps in the discovery process, and allows a program to operate
under a smaller budget.81

To signicantly reduce these costs and mitigate the risks to
which young researchers are rightfully averse, recent efforts
have been made to maximize the amount of information that
can be obtained from a single bacterial colony in the context of
library creation. Clark et al. designed a matrix-assisted laser
desorption/ionization time-of-ight mass spectrometry
(MALDI-TOF MS) workow to extract protein and NP MS data
from unidentied bacterial colonies derived from environ-
mental samples in high-throughput.82 Using the open-access
soware IDBac, hierarchical clustering was used to organize
isolates by pseudo-taxonomic groupings based on protein MS
proles, then these subgroups were further distinguished based
on their degree of overlap within corresponding NP
spectra.59,82,83 Although the workow shares limitations
inherent in most MS methodologies (as discussed in the orig-
inal publication), it is fast and accessible for non-MS experts in
academia. Sample preparation and data analysis of 384 colonies
can occur in fewer than 4 h and provides a more cost-effective
way to generate libraries with diverse taxa and minimal NP
redundancy. Information obtained will not be comprehensive,
but the workow represents a signicant improvement to
current practice.

Using methods reported in Costa et al.,59 IDBac was used to
assess the degree of NP overlap in our bacterial strain collection
amassed over ten years of eld expeditions. This collection was
created based on manual selection of colonies from multiple
types of nutrient agar, considering only phenotypic traits. This
work has historically been done by industrial microbiology
experts, trained to identify specic taxa on a plate. We hypoth-
esized that biased colony picking practices based solely on
morphology or target taxa resulted in a signicant degree of
redundancy in this library. Cellular material from each isolate
was analyzed using the MALDI/IDBac pipeline. Fig. 2 shows the
metabolite association network (MAN) analysis of one subgroup
in the library – a group of Micromonospora strains that are all
classied as the same species. Visualization of these data
allowed for the estimation that a similar chemical space can be
covered using just 2 of the 8 entries in the library. In total, the
size of the library was reduced from 697 to 381 strains, aer
removing those that exhibited signicant NP overlap. Impor-
tantly, the streamlined library is able to cover similar chemical
space and was reduced in size by 45.3%. We view this to be
a large reduction in redundancy, particularly given that the
library spans 14 distinct geographic regions. We previously re-
ported reductions of up to 72% (833 to 233 isolates).59 Of course,
this analysis would achieve greater accuracy as isolates are
proled on additional media types, since the chemical space
This journal is © The Royal Society of Chemistry 2021
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Fig. 2 (Left) Dendrogram depicting 697 bacterial isolates that made up our in-house library, grouped by similarity of protein spectra; (right) large
nodes represent cellular material scraped from a bacterial colony, and smaller nodes representm/z values from the resultingmass spectrum. The
two blue highlights indicate isolates chosen to be retained in the new, streamlined library.
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pertaining to differentially regulated NP biosynthetic genes
would be included. This can be accomplished through use of
multiwell plates that contain diverse nutrient media, which is
quite amenable to MALDI-TOF MS sample prep and analysis.

In an academic setting, reduction by half or more is
a signicant achievement, particularly if a program aims to
create extract or NP fraction libraries. Although in some cases
researchers are not limited by the number of samples entering
into a downstream biological screen, they do face a barrier to
effectively dereplicate and/or pursue the number of bioassay
hits that contain overlapping NP space. Reducing the number of
required NMR, HPLC-, or UPLC-MS/MS runs and subsequent
data analyses by half would save appreciable time and money.
Aer employment of innovative NP dereplication tools such as
Global Natural Products Social molecular networking
(GNPS),84,85 downstream bioassay-guided fractionation (BGF)
will remain the most effective way to discover a bioactive NP.

The high-throughput nature of MALDI-TOF MS/IDBac anal-
ysis and ease by which libraries can be grown in multiwell agar
plates makes this pipeline a viable option for both academia
(where smaller libraries can be created by trained undergrad-
uate researchers) and industry (where robotic colony pickers
can be employed to create larger libraries). Since the process
requires single colonies of bacteria, stacks of multiwell agar
plates, and few reagents, the associated costs are minimal
compared to the effort required and the information received as
a result. Once a microbial library has been created, extensive
metabolomic surveys26 and comparative genomics/genome
This journal is © The Royal Society of Chemistry 2021
mining are effective tools to discover new NPs; these topics
have been covered extensively, and a few studies are mentioned
here.45,49,86–89 Finally, several steps surrounding colony-based
discovery are amenable to automation including plating envi-
ronmental samples on nutrient agar, colony picking and
transfer, application of colonies onto MALDI target plates,90

liquid handling for cryostorage, and biological screening of
colonies. Given the current availability of online tools and
funding mechanisms to purchase instrumentation, an auto-
mated pipeline that escorts hundreds to thousands of colonies
from environmental isolation plates to bioassay screening is not
as out of reach to academic researchers as it once used to be.
This ‘drug-lead discovery from a bacterial colony’ approach
stands as an achievable goal for microbial NP discovery
programs in academia that wish to employ a competitive,
untargeted discovery strategy.
5 Conclusion

The era of drug lead discovery from culturable bacteria is not
nearing its end, however its success relies on researchers' ability
to innovate strategies used to collect samples from the envi-
ronment, methods used to cultivate bacteria, and processes
used to create microbial libraries. Particularly in the past
decade, innovative methods have been developed to prioritize
microbial isolates in existing libraries (list not comprehen-
sive).91–96 Coupling these efforts with strong front-end der-
eplication techniques that take microbial taxa and NP
Nat. Prod. Rep., 2021, 38, 292–300 | 297
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production into account, will achieve low-redundancy libraries.
As a result this will ensure that diverse, minimally-overlapping
NP populations are input into downstream library mining
efforts. The resulting cost and time savings make untargeted
microbial NP discovery in academia much more accessible,
particularly to new research programs. Further, a NP discovery
program that does not have industry-scale resources at its
disposal may also be successful by targeting specic under-
studied taxa either by selective cultivation techniques or by
targeted MS-based interrogation of isolates from environmental
diversity plates. Either of these efforts are poised to have an
impact on downstream drug-lead discovery and development
efforts, andmay level the playing eld for smaller academic labs
to discover novel biologically active leads.
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