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Abstract 

The development and application of genome mining tools has given rise to  ever-growing 
genetic and chemical databases and propelled natural products research into the modern 
age of Big Data. Likewise, an explosion of evolutionary studies has unveiled genetic 
patterns of natural products biosynthesis and function that support Darwin’s theory of 
natural selection and other theories of adaptation and diversification. In this review, we 
aim to highlight how Big Data and evolutionary thinking converge in the study of natural 
products, and how this has led to an emerging sub-discipline of evolutionary genome 
mining of natural products. First, we outline general principles to best utilize Big Data in 
natural products research, addressing key considerations needed to provide evolutionary 
context. We then highlight successful examples where Big Data and evolutionary 
analyses have been combined to provide bioinformatic resources and tools for the 
discovery of novel natural products and their biosynthetic enzymes. Rather than an 
exhaustive list of evolution-driven discoveries, we highlight examples where Big Data and 
evolutionary thinking have been embraced for the evolutionary genome mining of natural 
products. After reviewing the nascent history of this sub-discipline, we discuss the 
challenges and opportunities of genomic and metabolomic tools with evolutionary 
foundations and/or implications and provide a future outlook for this emerging and exciting 
field of natural product research.   
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1. Introduction 

Evolution is a process; therefore, evolutionary theory seeks to describe the series of 
events that have allowed life to appear, develop, and diversify. Natural selection, 
postulated by Charles Darwin more than one hundred and fifty years ago, is perhaps the 
most recognized of these theories, linking the natural histories of all living forms to their 
reproductive fitness1. In the years since Darwin, we have come to appreciate that 
evolutionary processes display enormous complexity and act through both selective and 
neutral forces of varying physicochemical, ecological, temporal, and population-level 
constraints2. Neutral, non-adaptive evolution was once thought to be discordant with 
Darwinian evolution; now we appreciate that evolutionary histories provide evidence of 
both selective pressures and neutral events3,4 . Founder effects, genetic drift, gene flow, 
and many other neutral mechanisms shape the genetic variation within populations upon 
which natural selection operates5. The enzymes of natural product (NP) biosynthesis are 
encoded in genomic information, and as such do not escape these forces of evolution 6,7. 
This distinction is as important to recognize, as it is easy to neglect: NPs with antagonistic 
functions, like antibiotics or other biocides, are typically assumed to be under positive 
selection to maintain the interactions with their molecular target(s) necessary to retain 
function. Paradoxically, the historical use of the term ‘secondary metabolism’, 
synonymous with trivial or unimportant metabolism, at the same time, suggests neutral 
evolution, free to drift from one structure to the next. This conundrum highlights the 
importance of better defining evolutionary principles during chemical and biological 
investigation of natural products.   

In this review, we aim at providing basic evolutionary principles as they have been 
embraced by genome miners interested in natural products-based drug discovery and the 
development of bioinformatics tools useful for this purpose. We discussed the origins of 
this sub-discipline (sub-section 1.1), as well as working definitions and core evolutionary 
and Big Data principles, both generally and specifically regarding evolution-driven 
genome mining approaches (sub-sections 2.1 and 2.2). We distinguish and highlight 
selected examples in which the confluence of Big Data and evolutionary genome mining 
for the discovery of natural products is more evident; and provide information to better 
understand and efficiently use these tools, but also to prompt newcomers and pave the 
way for the development of tools embracing the predictive power of the theory of evolution 
and the wealth of Big Data. Both databases and algorithms with relevant evolutionary 
features are presented in sub-sections 2.3 and 2.4. Selected examples of NPs research 
embracing evolutionary thinking - from enzymes to whole microbiomes - are provided in 
sub-sections 3.1 and 3.2. The selected cases highlight evolutionary thinking and include 
the few examples that involve tools of what we call evolutionary genome mining of natural 
products. The final sub-section 4 provides future directions for the development of this 
emerging sub-discipline as an important area of research to better understand NPs as 
whole and direct their biotechnological exploitation.  

1.1 Origins of evolutionary genome mining of natural products  
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Advances in DNA sequencing have allowed for the study of allelic variation and how it 
relates to different phenotypes and evolutionary pressures8. These genetic investigations 
have developed into entire fields of molecular and genome evolution research, most 
notably advancing the areas of population genetics and phylogenetics. Population 
genetics investigates the frequencies and dynamics of genetic differences in and across 
populations, aiming to understand how some gene variants are more or less frequent 
than others5. In contrast, phylogenetics seeks to relate gene variants to each other by 
inferring an evolutionary history that explains differences between both genes and 
species9. Indeed, one might argue that phylogenetics was the first molecular biology Big 
Data method used broadly in biology, and remains so, as it aims to unveil hidden patterns 
otherwise ambiguous using empirical knowledge alone 10. These inferences can be used 
to predict evolutionary histories through building networks of relatedness (e.g. 
phylogenetic trees) and reconstructing ancestral states, and therefore, in order to adopt 
evolutionary theory properly, these frameworks should be considered when approaching 
the evolution of NPs, especially when mining large datasets. 

While evolutionary frameworks increasingly appear in the study of NPs, the extreme 
interdisciplinarity of NP research has led to adoption of evolutionary principles at different 
rates in different subdisciplines, depending on scientific goals and availability of data and 
the technologies used for their generation and analysis. For example, NP chemists often 
focus on empirical and mechanistic data to direct future investigations, and by doing so, 
they reinforce working models of biosynthetic logic in well-studied enzymes, for instance, 
nonribosomal peptide synthetases (NRPS)11 and polyketide synthases (PKS)12. In 
contrast, phylogenetics, whether at the species, gene, or genome level, aims to unveil 
broader patterns and place them into evolutionary context. This is increasingly done for 
bacterial13–15, fungal16,17 and plant18,19 NP biosynthetic enzymes, and even across different 
taxonomic lineages that produce similar NPs20,21. Phylogenetic insights may have limited 
mechanistic value, but they can assist in posing novel mechanistic hypotheses that can 
be experimentally tested. The combination of both approaches is embraced by Dean and 
Thornton’s functional synthesis, which proposes that sequence analyses should be 
coupled with empirical, molecular experiments to retrace the evolutionary histories of 
biochemical processes and their phenotypes22.  

In recent years, these two apparently disparate schools of thoughts have converged, 
yielding new protein evolution theory23,24 and NP genome-mining applications 25–27. 
Indeed, the marriage of phylogenies and mechanistic insights, implicit in early protein 
evolution-rate studies28, is the essence of evolutionary genome mining of NPs. The genes 
involved in NP biosynthesis and function, a subset of which have been validated through 
mechanistic studies, can be used to reconstruct large-scale phylogenies of multiple genes 
and their proteins. The genetic patterns uncovered by this Big Data approach can then 
feed back into more mechanistic predictions, providing hypotheses to further validate via 
new empirical, mechanistic studies. As these patterns can be affected by both 
evolutionary forces and genetic mechanisms underlying them (in bacteria 6,7, fungi29–31 
and plants32,33 alike, yet each with their own intricacies) it is of utmost importance that 
these are clearly defined and appreciated by the natural products community when 
describing NP evolution.  
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2. Big Data and evolutionary genome mining of natura products: from key concepts 
to databases and algorithms 

Genomic assemblies from DNA sequencing data and a strain’s associated phenotypic 
and/or meta information are the source of Big Data needed for the development of NP 
evolutionary genome mining databases (training sets) and algorithms (tools). This stems 
from the fact that the interactions between the chemical products of natural product 
biosynthesis and their molecular targets are shaped by evolutionary processes that 
control chemical structure, regulation, and/or availability6. Thus, the enzymes that 
assemble natural products are subject to these evolutionary pressures as well6,34. 
Biosynthesis of natural products is typically a series of incorporating building blocks into 
a larger structure and adding stepwise chemical modifications. Precursors may be 
sourced from other parts of metabolism, the environment, or synthesized within the 
biosynthetic gene cluster itself 6,27. Some biosynthesis belong to large macromolecular 
machinery, like NRPSs11 or PKSs12, while others are single domain enzymes34. BGCs can 
be as simple as a few genes or as complex as many dozens of genes whose encoded 
enzymes work in concert to produce the final product(s). The enzymes at work within 
natural product biosynthesis are as diverse and varied as the chemical structures they 
biosynthesize, the molecular targets with which they engage, and the interactions within 
and between species that they mediate. Taking this context into account, we next define 
evolutionary and Big Data key concepts as the foundations of evolutionary genome 
mining of natural products databases and algorithms.  

2.1. Key Big Data concepts in Natural Products research 
Big Data refers to datasets that fit four major criteria: volume, velocity, variety, and 
validation. First, volume: Big Data must be big 35. This typically refers to having many 
different entries or examples or replicates, depending on your data type. The distinction 
between “normal” datasets and Big Data is an ever-changing definition: what is 
considered Big Data today will likely not be Big Data in the future. This is mainly due to 
scientific breakthroughs leading to technological improvements and data generation. 
Second, velocity: Big Data grows quickly, which is mainly prompted by technological 
advances. A useful example of volume and velocity is shown in Figure 1, highlighting the 
growth (volume) of genomes in NCBI over time (velocity). Third, variety: Big Data typically 
has several layers of information, which will be discussed below specifically for NP 
research. Finally, validation: a Big Data approach is only as good as its training data, so 
ensuring that training information is verified in some way is necessary for confidence in 
making forward predictions and identifying patterns. While validation is not strictly 
required for a dataset to be considered “Big”, applications will have limited value if they 
are based on unverified information. This may sound fairly obvious yet is something that 
needs to be explicitly stated. Gene annotations are a common example where validation 
becomes very important: comparing your gene of interest to a validated dataset (e.g. 
UniProt, SwissProt) yields classifications that are much higher confidence than if you 
were to compare to unvalidated datasets (e.g. NCBI-NR) where the annotations of the 
dataset itself are unvalidated and errors can compound 36. 
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As datasets grow bigger (volume) at faster rates (velocity), an unvalidated dataset made 
up only of predictions may have misannotations. These errors can lead to many more 
subsequent misannotations, which themselves can further exacerbate these errors 37. 
Thus, understanding the level of validation for your dataset is necessary to properly 
interpret your results. Together, these four Vs present analysis challenges, as Big Data 
is often too large or complex such that non-traditional or parallel computing tools are 
needed for analysis with ad hoc algorithms 38,39. In general, for a natural products 
researcher in the early 2020s, data becomes ‘Big Data’ when it is too large or too complex 
to do simple statistics in spreadsheet-based software (e.g. Microsoft Excel). These data, 
moreover, are hard to process and visualize with available tools within tolerable 
computing times.  

Standard genome mining approaches to uncover NP biosynthesis have been used to 
explore a wide range of taxa and environments, identifying “microbial dark matter” as a 
promising source of hidden chemical treasures. In evolutionary genome mining of NPs 
this becomes an essential consideration with potentially confounding factors. As shown 
in Figure 1, the first two ‘Vs’, volume and velocity, are currently covered by the sequence 
data in large databases. In NP research, however, data is not limited to genetics, but it 
has many other layers, including chemical, gene expression, ecological, and evolutionary 
data. For instance, the MIBiG40 data repository is a good example of ‘variety’, in that it 
includes multifaceted chemical and genetic data. It also has a high standard of validation, 
as the level of validation is listed for each entry. These advantages come at the cost of 
volume and velocity: keeping the standards of variety and validation high mean that this 
repository grows at slower rates than for example the NCBI genome database. Important 
to evolutionary genome mining, MIBiG and other repositories tend to be biased towards 
a limited number of taxa that have been investigated in great detail, like species of the 
genus Aspergillus in fungi17,29 or  Streptomyces41–45 within the Actinobacteria. While a bias 
towards this bacterial genus clearly exists, this issue is slowly decreasing with other 
genera such as Nocardia46, Amycolatopsis13, Salinispora47, Micromonospora48, 
Pseudonocardia49, Rhodococcus,50,51 etc. emerging as promising NP producers. Yet, bias 
in sampling remains a critical consideration in evolutionary studies as they can confound 
results and sometimes lead to erroneous conclusions, as argued recently in the case of 
Aspergillus29. 

In summary, Big Data available for evolutionary studies and genome mining of natural 
products come from several sources, including both broad and specialized chemical and 
genetic databases (see Tables 1 and 2). As an example, NCBI database contains over 
1.4 million bacterial and over 38 thousand archaeal samples at the writing of this 
manuscript, with data existing as either genomes, transcriptomes, or metagenomes. 
These data however are far from being informative into NP research unless they are 
organized and/or translated into other forms or layers of information and analyzed with 
suitable tools. Based on our own experience, Big Data for natural products research today 
implies algorithms fast enough to conveniently analyze the genomes and/or metabolomes 
of over 30 thousand strains or samples. These numbers will rapidly multiply in the future, 
and thus it is critical to continually reassess “natural classifications” seen in evolutionary 
relationships, keeping in mind that sampling bias of training data remains a fundamental, 
yet often overlooked, issue. Scalability of tools is also a consideration. For example, 
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multiple sequence alignments and phylogenies of hundreds or thousands of genes was 
once considered Big Data, and remains so, yet now we can perform phylogenomic 
comparisons across entire kingdoms of life on an inexpensive laptop computer or free 
public web server 25,27. This scalability of datasets and analysis tools can provide the 
genetic context necessary to perform evolutionary genome mining. 

 

Figure 1. Growth of the number of NCBI genomes (bacteria and archaea) and genera per year from 1999 
to 2019. Data from GTDB (release 95). Inset: number of genera represented by data in MIBiG. 

 

2.2. Key evolutionary concepts in Natural Products research 

Evolutionary pressures that drive the appearance and that overall shape the 
physicochemical and biomolecular features of natural products biosynthesis, can be 
incredibly dynamic and complex. Nevertheless, overarching principles of evolution of NP 
enzymes and/or pathways emerge. Just as biochemical principles (e.g. adenylation (A) 
domain specificity of NRPSs or chain elongation during PKS-catalyzed synthesis) are 
mechanistically fundamental for the understanding of NP biosynthesis, the following 
broad evolutionary principles, with a mechanistic bearing, can be considered:   

(i) Enzyme promiscuity drives pathway evolution through genetic expansion-and-
recruitment events, providing the building blocks to assemble, shuffle, and combine NP 
biosynthetic pathways52–54 . 

(ii) Once enzymes (or domains) are recruited into NP biosynthesis, they tend to cluster 
together as multidomain megasynthases and/or biosynthetic gene clusters (BGC)6,7,31. 

These two corollaries are valid across bacteria6,27,45,55 fungi17,29 and plants33,56–58 within 
their unique physiological, morphological, and chromosomal peculiarities. They also hold 
across different taxonomic lineages that share homologous NP biosynthetic enzymes59,60. 
It is starting to be widely appreciated that the phenomena from which these corollaries 
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derive can occur under strong positive selection, but growing evidence and theory 
suggests a key role for negative selection and neutral forces on BGC dynamics6. Once 
recombination events cluster enzymes together, either as multidomain enzymes or BGCs, 
the resulting pathways can recruit other auxiliary elements, such as regulators, domain-
domain interactors, transporters, and importantly, resistance genes34. As these principles 
were comprehensively demonstrated in the last decade or so, they were exploited by 
researchers for the development of the four main evolutionary genome mining tools that 
the NP community has used to identify and investigate novel pathways: (i) EvoMining26,27, 
(ii) ARTS25,61(iii) BiG-SCAPE45 and (iv) CORASON45. These tools are placed into the Big 
Data context and discussed in further detail in sub-section 2.4.  

Using phylogenetics to unveil the evolutionary patterns of NPs follows two main 
approaches. On the one hand, gene trees can be used to infer a gene’s evolutionary 
history and provide evidence for past events that have led to present-day data (i.e. 
branches or leaves of the tree). For evolutionary genome mining, gene trees can be useful 
in identifying expansions (e.g. duplications) and subsequent diversification of biosynthetic 
genes of interest. On the other hand, species trees describe the reconstructed 
evolutionary history of a set of species or individuals, and thus are useful for identifying 
larger-scale evolutionary events62. Critically assessing how the topologies of genes and 
species agree and disagree can shed light on important evolutionary events, such as 
horizontal transfers63. While NP research is focused on BGCs (a collection of genes), 
much can be learned from studying single-gene and species trees. Understanding the 
distribution and evolution of NPs within taxa, for example, is a prerequisite for effective 
sampling and bioprospecting strategies.  

For those interested in evolutionary genome mining of NPs, it is important to note that the 
above-mentioned approaches are the result of properly embracing phylogenetics and 
evolutionary principles, often implementing concepts and principles not typically studied 
by NP chemists. Figure 2 shows the main concepts that those interested in the use and 
development of these tools should take into account. As mentioned, the main two 
evolutionary mechanisms driving the appearance of novel NP biosynthetic pathways are 
diversification (enzyme promiscuity and BGC dynamics) and selection (positive, negative 
and neutral). However, it is only when these forces combine and impact the fitness of the 
NP-producing organism that pathways are assembled and reassembled during the 
course of evolution34. The main genetic mechanisms driving these evolutionary events 
have been identified and have been used in the development of NP evolutionary genome-
mining tools (thicker arrows, Figure 2). However, much remains to be deciphered 
regarding the evolution of NPs, especially in terms of their expression and function in the 
real environmental settings of their producing organisms, where fitness operates. Study 
cases are available (see sub-section 3), but their scarcity makes them anecdotal and thus 
more data is needed to develop mining tools based on Big Data principles to investigate 
this layer of complexity (thinner and/or dashed arrows, Figure 2). 
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Figure 2. Evolutionary genome mining of natural products in a concept-driven framework. Studies 
on the evolutionary histories of NPs, their biosynthetic genes, and their producing organisms are driven by 
analyses at different levels of organization. Individual analyses (bottom) focus on a Pathway/BGC and their 
molecular product(s) or chemistry. Examples of tools that predict NP chemistry from BGCs are shown in 
purple. These individual data can then be contextualized with comparative analyses (middle) across many 
conditions or strains/species, with an emphasis in the genetic events underlying the evolution of NPs BGCs. 
One example is Gene Expression studies (gray, RNAseq) where comparisons of transcriptional patterns 
can place genes in a broader biological context. Analyses at the level of ecological and/or evolutionary 
processes (top) are the most challenging, and as a field we have only just begun to understand how Gene 
Expression, BGC, NP chemistry, and other “lower-level” data contribute to molecular function, and in turn 
how function contributes to an organism's fitness (linked by dotted lines to highlight that there are not yet 
standardized methods, but there is opportunity to develop them integrating Big Data). This remains a major 
challenge, as fitness is often a function of the environment. Evolution occurs as a dynamic process in which 
the fitness impact of a BGC’s product influences the BGCs genetic components (e.g. diversification, 
selection, and other processes; see box). These in turn can feed back into fitness. Previously characterized 
genes and/or patterns of genetic events can then be used to identify and characterize BGCs de novo from 
genomic data (pink), either through rules-based or evolutionary methods.  

Page 9 of 34 Natural Product Reports



10 
 

2.3 Natural Products databases available for evolutionary genome mining 

As mentioned, data available for investigating natural products in the Big Data era comes 
from several sources. However, this information only becomes useful when organized on 
databases (training sets) that can be coupled with metadata of the organisms themselves, 
but also with information about the technology and methods used to generate the data. 
Examples of well-executed databases include the GNPS mass spectra public database64, 
the MIBiG repository with experimentally validated datasets40,65, and the bioinformatically 
predicted BGCs of the antiSMASH DB 66,67 (Tables 1 and 2). Recently, the first 
evolutionary database, i.e. ActDES, which is specific for the Actinobacteria, has been 
reported68. All of these databases, despite complying with the four ‘Vs’ in one way or 
another, including variety, are useful in comparative or evolutionary studies, but not 
sufficient as none of them provide a comprehensive multi-layer database including or 
embracing evolution. In turn, at this stage, it is down to the evolutionary genome miner to 
select and integrate the most suitable and relevant DBs from those provided in Tables 1 
and 2, within a phylogenomics framework. Selected DBs are highlighted throughout this 
review with the aim of emphasising their value in relation to the four ‘Vs’. 

Table 1. Genomic databases to explore natural products diversity and evolution.  

Database Name * Parameter Name Parameter Value Current Version (date)  

MIBiG 65 BGCs 1,923 2.0 (2019) 

IMG-ABC 69 BGCs 410,683 5.0 

antiSMASH-db 67 BGCs 147,517 3.0 

BiG-FAM 70 BGCs 1,225,071 1.0 

NCBI Genome Bacteria spp. 278,820 November 2020 

 Archaea spp. 5,625 November 2020 

 Eukaryote spp. 14,486 November 2020 

MGnify71 Metagenomes 32,746 November 2020 

IMG/M72 MAGs 52,515 November 2020 
 BGCs 104,211 November 2020 

CARD73 Alleles 213,809 February 2021 

 
Reference 
sequences 3,146 February 2021 

SRA (Bacteria) Datasets 1,466,494 November 2020 

SRA (Archaea) Datasets 38,592  November 2020 

NCBI WGS (Bacteria) Projects 941,266 December 2020 

NCBI WGS (Archaea) Projects 6,225 December 2020 
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Resfinder 4.074 Resistance genes 2,690 December 2020 

MG-RAST 4.0.375 Metagenome 447,497 January 2021 

* Most of the listed databases in Table 1 and Table 2 arguably satisfy the Big Data characteristics of volume 
and variety. Since there have been only few periodic releases for some of these databases, the velocity 
characteristics of Big Data can be appreciated for only a few of these. The month and year (date) of each 
database in Table 1 and Table 2, when last accessed, are provided. Exact dates for current versions are 
not provided as are not available.  

Table 2. Chemical databases to explore natural products diversity and evolution.  

Database Name * Parameter Name Parameter Value Current Version (date)  

MACADAM76 Metabolites 7,921 1 

PubChem77 Compounds 111,456,896 November 2020 

GNPS64 
NP compounds 
Spectra 

18,163 
221,083 1 

NP Atlas78 Compounds 24,594 v 2020_06 

COCONUT79 Compounds 406,747 March 2021 

StreptomeDB80 Compounds 4,000 2 

PoDP81 
Paired (meta)genomes 
and metabolomes 4,853 

2021 
GitHub v0.9.2 

Siderophore DB Compounds 262 June 2021 

LOTUS82 NP compounds 276,518 February 2021 

* Refer to table notes in Table 1. 

 

2.4 Big Data and Natural Products evolutionary genome mining algorithms 

Communication between evolutionary biologists, computer scientists and mathematicians 
has historically led to biological insight, including the developments of population genetics 
theory and the transition matrices that are key to common genomic search algorithms like 
BLAST83. These disciplines have successfully converged again in recent years for the 
development of sophisticated NP genome-mining algorithms and platforms (Table 3). In 
this subsection, we list and explain major evolutionary genome mining of NPs approaches 
available to date with a focus on those that directly or indirectly rely on the use of the 
theory of evolution in any of its forms, either within the algorithms themselves or in their 
visualizations. The availability of genomic data (e.g. MIBiG, CARD, antiSMASH DB, 
Table 1) is fundamental, but probably more often will also be inputs from purely chemical 
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DBs (Table 2), e.g. GNPS, Paired Omics Data Platform [PODP], which can also serve as 
training data in supervised algorithms. Notably, some of these genomic-based algorithms 
already include input from chemical databases 64,77,78. Thus, the integration of data types, 
as in MIBiG or PODP, may provide training datasets with valuable links between genomic 
and chemical data, further embracing variety. This integration holds great promise and 
value to the field, but since it is only beginning to occur, it remains to be seen how regularly 
chemical data will be embraced by evolution-driven genome mining efforts.     

Currently, evolutionary genome-mining for the discovery of novel NPs84 aims to provide 
answers to two main questions, and by doing so, generate predictions: (i) which genes 
and/or BGCs produce metabolites not typically associated with central metabolism? and 
(ii) which genes or domains specific to a lineage represent innovation and diversification 
compared to ancestral states? As mentioned, several specialty databases (Table 1 & 2) 
are available and are used by the main evolutionary genome mining tools that the NP 
community has used to identify and investigate novel pathways: (i) EvoMining26,27, (ii) 
ARTS25,61 (iii) BiG-SCAPE45 and (iv) CORASON45. Following a similar rationale, a 
conceptual framework for mining siderophore BGCs based on their transporters has 
recently been reported85. Importantly, available tools can be used independently or in 
combination, and go in hand with species-level phylogenetic analyses which directly 
integrate NP biosynthesis (e.g. AutoMLST86) or analyses that are part of more generalized 
phylogenetic pipelines87. The combination of the latter, i.e. a species tree, with large-scale 
BGC prediction and their taxonomic distribution, is BiG-SLiCE output 88  

Supervised algorithms make use of the DBs mentioned in the previous sub-section in the 
form of training sets with validated labels about what is an NP BGC and what is not37. 
Here, the “correct” classifications are known for training data and used to make 
predictions about new data. These methods typically require heavy (and often manual) 
curation of training sets, and thus the importance of the fourth V, validation. So far, most 
of NP research adopting genome mining approaches employs supervised algorithms, 
mainly used in classification problems that require prior knowledge89. Unsupervised 
algorithms, instead aim to extract patterns and trends from unlabeled data90, similar to 
phylogenies. These can be helpful to identify data features (e.g. genes and domains) that 
are important for categorization, but since no “true” answer is known false-positive errors 
may be more frequent. Clustering or other grouping methods used in unsupervised 
methods attempt to give some structure to a dataset. Typically, supervised and 
unsupervised strategies are complementary, as it is the case in NP evolutionary genome-
mining (Figure 3).  
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Figure 3 (previous page). Evolution-driven genome mining tools. A. Evolutionary algorithms need as 
inputs genomes from taxonomically related lineages, where conserved protein families (orange) are 
selected for further exploration (ARTS/EvoMining). Conserved (orange and red) and extra (gray) copies of 
these families are identified and compared by a phylogenetic distance against proteins from NP databases 
(blue). Finally, the tree used in the phylogenetic distance is provided as a visualization, where predictions 
are included (green). B. Algorithms with an evolutionary visualization but without evolutionary driven 
distances does not restrict their input genomes to be phylogenetically related. Gene clusters obtained from 
these algorithms are gathered in gene cluster families (GCF) by classification methods. Finally, evolutionary 
visualizations can be provided, either as a whole-BGC network of phylogenetic tree (BiG-
SCAPE/CORASON) or as the occurrence of each GCF throughout a species tree (BiG-SLICE). 

Within NP research, supervised problems are used to identify and classify domains, 
genes, and BGCs. ClusterFinder85 was one of the first algorithms that attempted to 
classify regions of the genome as NP BGC (or not) by calculating a moving average of a 
“biosynthetic score”, calculated based on domain- and gene-level agreement with profile 
Hidden Markov Models of biosynthetic enzymes. Although ClusterFinder91 does not 
directly leverage evolutionary theory in its algorithm, it is indirectly inferring the 
evolutionary processes that shaped BGC regions throughout the genome. Many of these 
algorithms have been trained primarily (or exclusively) on bacterial data, and thus 
accurate and reliable identification of fungal BGCs remains a challenge. Fortunately, 
recent work has begun to take fungal-specific genes and genetic structure into account 
to address this issue92–94. A similar scenario in plants95 has now been encountered since 
the realization that BGCs actually exist in this large and prominent group of NP producing 
organisms.  

Identifying shared and novel features within and between taxonomic lineages is 
attempted by unsupervised algorithms, such as BiG-SCAPE, BiG-SLICE and CORASON. 
For example, BiG-SCAPE, and more recently BiG-SLICE, clusters BGCs into gene 
cluster families (GCFs) without requiring prior knowledge of these families. This is done 
after calculating distance scores between BGCs on the basis of shared protein families 
and BGC organization. After clustering, it can be useful to sort and/or connect these GCFs 
with each other into bigger “clans”, that are related but more distantly so than members 
of the same GCF. This broader context can be used to track evolutionary events of related 
BGCs and investigate how these events are distributed across gene and/or strain 
phylogenies. An alternative-yet-complementary approach employed by CORASON 
involves phylogenetic trees of shared enzymatic features, including in some instances 
whole-BGCs phylogenies. Importantly, these processes use supervised classifications of 
genes and domains to perform unsupervised clustering into GCFs, so they too require 
high quality (i.e. validated, or at least carefully curated) genomic and chemical databases. 

In contrast, EvoMining and ARTS, represent the first (and to our knowledge, thus far the 
only) heuristic algorithms that incorporate evolutionary thinking as part of the supervised 
approach itself, attempting to infer what is central metabolism and what may be 
secondary metabolism, with a certain degree of diversification hinting towards the 
appearance of an specialized pathway. Evolution is inferred as a distance metric, which 
can be seen as similar to a support vector machine algorithm96–98, but implemented using 
a tree to determine appropriate groupings (and thus classifications) for biosynthetic 
enzymes. Put in another way, it seeks to identify which query enzymes cluster more 
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closely with central metabolism and which cluster more closely with secondary or 
specialized metabolism. Extra gene copies are assessed by EvoMining as potential 
recruitments into NP biosyntheses, and these gene families may differ from one 
taxonomic lineage to another (Figure 3A).  

After classification into BGC families (e.g. with BiG-SLICE and/or BiG-SCAPE), further 
evolutionary context can be added in the visualization stage with CORASON according 
to the phylogenetic history of genes within the BGC or the strain-level phylogeny of the 
producing organism itself. In turn, CORASON identifies gene clusters in a genomes 
database and sorts them according to their evolutionary relationships. Tools such as 
MicroReact92 can also allow for visual exploration of large phylogenetic trees annotated 
with metadata. EvoMining and ARTS both start with labeled sets (genes that are either 
the primary copy or specialized metabolism copies that belong to other databases, e.g. 
CARD/MIBiG) and employ supervised methods where evolutionary distance is used to 
classify putative BGCs. As a consequence, their predictions are intuitively displayed 
phylogenetically. Other software suites that perform pangenomic visualization (e.g. Anvio 
99) are also useful in that they allow identification of families with potential gene expansion 
and/or recruitment events. Many recent tools aim to sort and visualize relations between 
BGCs: for example, MultiGeneBlast100 (implemented in antiSMASH), finds gene 
homologs in BGC comparisons. Given otherwise identified BGCs (e.g. by antiSMASH or 
other tools), BiG-SCAPE45 can classify them into BGC families and other visualization 
tools such as clinker101, FlaGs102 and TREND103 allow for interactive visualizations (Figure 
3B). 
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Table 3. Big Data algorithms for exploring natural products diversity and evolution. 

Algorithm Validation dataset Type of data Method Date 

ARTS 2.0 61 Bacterial kingdom 
genomes and 
metagenomes 

Genomes Duplication and 
BGC proximity, 
Phylogeny and 
resistance screen 

May 2020 

BiG-SCAPE 45 
 

Clusters from ~3,000 
genomes 

BGCs Jaccard Index 
plus Maximum 
Likelihood 
FastTree 

November 
2019 

EvoMining 2.0 27 ~100 conserved 
families from ~1,000 
genomes 

Biosynthetic 
genes 

Duplication and 
gene proximity to 
MIBiG, Phylogeny 

December 
2019 

BiG-SLICE 88 
 

BiG-FAM 
(1,225,071) 

BGCs Balanced Iterative 
Reducing and 
Clustering using 
Hierarchies 

August 2020 
 

CORASON 45 
  

~3,000 Genomes or 
BGCs 
(visualization) 

Blast plus 
FastTree 

November 
2019 

clinker 101 
 

NA BGCs 
(visualization) 

Hierarchical 
clustering 

January 2021 
 

FlaGs 102 
 

324 BGCs 
(visualization) 

BGC’s  
Hidden Markov 
Model 

September 
2020 

TREND103 
 

NA BGCs 
(visualization) 

Hierarchical 
clustering 

April 2020 

MicroReact 92 
 

NA Trees with 
metadata 
(visualization) 

libraries:Chart.js, 
Leaflet, 
Phylocanvas, 
React, Sigma 

November 
2016 

Anvi’o 99 
 

NA Pangenomes 
(visualization) 

Hidden Markov 
Models 

October 2015 
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3. Genomic and enzymatic evolution of Natural Products  

3.1 Evolution of the genome of NP-producing organisms 

Multiple studies have been conducted on the evolution of NP producers, providing useful 
indications for targeted bioprospecting. Biosynthetic potential and diversity appear to be 
related to the ecological niche of the producers, as was confirmed in multiple instances 
14,104–112. In some cases, though, phylogeny is more important, as observed in microbial 
taxa where secondary metabolism is most similar in closely related organisms rather than 
those isolated from the same source110,113. Such investigations showcase possible 
promising targets for NP research, be they specific known14,113 or understudied taxa14,51,110 
or different environments/niches104,105,107,109,111. As such, it is clear therefore that evolution 
can be applied for the discovery of novel natural products, which can powerful if properly 
embraced.  

Comparative genomic analyses have shown that most bacterial taxa harbor only a few 
BGCs while some dedicate a large proportion of their genomes to specialized or 
secondary metabolism 46,87,105,106,108–110,112,114–116.The quantity and diversity of BGC content 
differs among the taxa, with extreme cases reported47,104. How disperse the phylogenetic 
distribution of a BGC is, can allude to the various effects selection has had on its related 
pathways117. Most notably, horizontal gene transfer (HGT) is a relatively frequent 
phenomenon in BGCs, which is one likely explanation for their extended distribution 
across distant taxa and their observed diversity6,13,64,105,106,108,114,118–121. While HGT is 
observed frequently in BGCs compared to other genetic elements, it is important to note 
that the evolutionary timescales involved are still quite large6,106,122and depend on both 
population structure and genetic identity of donor and recipient6,106,122. Vertical inheritance 
of BGCs within the same lineage is the dominant means through which biosynthetic 
information is transferred 6,123 This is a key distinction that should be made when studying 
the evolution of BGCs, as the more subtle vertical evolutionary dynamics happen from 
generation to generation, while HGT events are typically observed at timescales closer 
to thousands, millions, or billions of years. 

Thus far, all analyses mentioned in this subsection were not conducted on a Big Data 
scale. Indeed, the information discovered so far is being confirmed by multiple 
independent inquiries, yet still issues of small taxonomic coverage and sampling biases 
remain. In 2014, three articles were published that followed a more global approach to 
NP producer genomics. Cimermancic91 and co-authors analyzed more than 1000 
genomes from across the bacterial kingdom and created a "global map" of biosynthesis, 
encompassing ~33,000 predicted BGCs.  Doroghazi44 and co-authors focused on one 
phylum and, using different metrics and methods than Cimermancic, reached a similar 
conclusion by collecting information on the producers capacity and potential. At the same 
time, Medema120 and co-authors examined a large number of known BGCs and proved 
that the rates of evolutionary events within such units are much higher than in clusters of 
primary metabolism. Since these studies were first published, the available data has 
multiplied and so too have the methods for processing them; more universal-scope 
analyses will soon follow and give the answers to questions that remain open, including 
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how and when biosynthetic diversity evolved116 or the capacity of nature to keep providing 
us with new compounds124.  

The above-mentioned studies have focused on microbes that have been cultured under 
laboratory conditions. However, the number of unculturable organisms is vast and 
metagenomic analyses have begun to unravel their hidden biosynthetic potential, 
indicating promising new sources for NP bioprospecting (see next paragraph). 
Furthermore, investigating evolutionary patterns based on environmental samples can 
shed light on the functions of the NPs found in nature as well as their raison d’etre within 
their microcosm125. This is important as NP evolution occurs at the population level, as 
highlighted by recent examples where population genomics frameworks have been 
adopted to mine NPs in genomic data, both in fungi and bacteria29,104,126–129. Such 
approaches have even proven valuable at the bacterial colony-level of a domesticated 
model laboratory strain, i.e. Streptomyces coelicolor130,131. 
 
Soil metagenomic surveys in urban greenspaces, grassland meadows, and areas 
covering up to continent-wide scale have reported microbial diversity patterns85,132–135 . 
These patterns are drastically affected by the environment and massive sequencing 
efforts are required to comprehensively capture their diversity, even at kilometer scale. 
High throughput functional studies involving creation of large-insert metagenomic libraries 
provides a novel approach to examine the functional and phylogenetic diversity of 
sampled ecosystems136–138. Economically attractive approaches using amplicon 
sequencing have been used to prove the domain-level diversity of environmental NPs. 
Such approaches have provided clues to answer the long standing question of which sites 
should be surveyed to maximize the discovery of novel natural products 64,85,109,139–142. 
Massive amounts of shotgun metagenomic data are already easily available from public 
repositories. Analyzing these Big Data to infer significant NP patterns has now become 
the next bottleneck and faster algorithms and easy to use tools are badly required to mine 
the potential resource. Additionally, detailed documentation, standardized sampling 
procedures, and still more metadata are required to be incorporated into public databases 
in order to exploit patterns and extract useful information. 

3.2. BGC and multidomain enzyme evolution  

The evolutionary history of BGCs can be studied by building separate and/or 
concatenated trees of their genes and protein products. These can have very different 
topologies than the species trees of the NP producers themselves, suggesting 
unconventional  sequence transmission events, such as Horizontal Gene Transfer (see 
previous section), gene conversion, intra-genomic recombination120, and others. 
Together, these trees and functional information of NP genes can be used as a foundation 
to predict the activity of yet-unknown compounds and suggest potential links between 
fitness and the evolutionary forces at work. 

Natural products exhibit extremely diverse chemistry. Their evolutionary complexity is no 
less complex. Domains evolve in the context of genes, genes in the context of BGCs, and 
BGCs in the context of their the producers’ genomes6,143. Further, how these metabolites 
contribute to the fitness of their producing organisms depends largely on their 
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environmental niche, which is often completely unknown or has poorly-understood factors 
and boundaries144. Because of this interdependence between multiple levels of 
organization, evolution does not affect clusters uniformly120. Indicatively, trans-
acyltransferase (trans-AT) AT domains have evolved independently from cis-AT AT 
domains: the latter cluster into NP-specific clades and are known to be acquired vertically, 
while the prior are present in many different phyla and appear to be transferred 
horizontally145. Based on the clades formed in trans-AT AT and KS trees, it appears their 
evolution is strongly linked to their elongation substrate specificities 106,120,145,146. Indeed, 
computational pipelines such as transPACT147 place KS sequence information into a 
phylogenetic framework to predict substrate specificity for unknown sequences. cis-AT 
and trans-AT PKS variants can produce similar metabolites even though they have 
distinct evolutionary histories. This case of evolution may be influenced by the modularity 
of Type I PKS clusters that can be more plastic due to intragenic recombinations and may 
allow for adaptability in a wide range of ecological niches 145 

Although much of NP evolution is thought of at the level of BGCs or genes, important 
evolutionary changes can also happen at even smaller scales. Substrate specificity of 
different NP enzymes is often dictated by the three-dimensional organization of their 
active sites and/or protein-protein interaction surfaces, so subtle changes to the protein 
sequence of these areas can steer specificity (and promiscuity) in multiple evolutionary 
directions. In some cases, these changes correlate with phylogeny, so knowledge of the 
evolutionary mechanisms behind BGCs can allow for collecting reliable information from 
domain phylogeny. NRPS domains also show evolutionary patterns linking phylogeny and 
chemistry145. Similar to the trans-AT KS domains of the PKS clusters, A-domains of 
NRPSs cluster into clades according to substrate specificity, while C-domains are highly 
conserved and follow a BGC-specific pattern 20,106,120. Computational methods such as 
SANDPUMA148 and others have used this phylogenetic signal to reliably predict the 
substrate specificity of A-domains. Recently, “Substrate level” evolutionary signals, like in 
trans-AT KS and NRPS A-domains, can be used to predict substrate specificity, while 
“pathway level” evolutionary signals, like in NRPS C-domains can be used to predict 
BGC-level patterns of similar molecules47. 

 

4. What lies ahead? Needs and opportunities for evolutionary genome mining of NPs.  

Evolutionary genome mining of natural products in the Big Data era has inherited the 
tradition of phylogenetics, in the sense that natural history coupled with genetic and 
chemical observations can provide mechanistic insight. With this heritage comes the 
promise of discovering “The Known Unknowns, Unknown Knowns, and Unknown 
Unknowns of Secondary Metabolism”, which has important implications in gene 
expression and the distinctions between “cryptic” and “silent” BGCs.84 Although genomic 
and metabolomic speciality databases have made considerable progress, we envisage 
an ever-growing need for novel speciality datasets merging different layers of information. 
A promising current endeavor is the assemblage of metabologenomics databases, where 
genetic information and predictions are merged with chemical data (e.g. Paired Omics 
database81). Nevertheless, the systematic inclusion of other data types, including 
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evolutionary relationships, remains a challenge. One notable evolutionary database has 
been recently released for Actinobacteria 68, but those with larger scale and broader 
taxonomic coverage are much needed. These high-variety databases promise new 
insights in the NP field as a whole. Similarly, the accompanying algorithms needed to 
efficiently compute high volume datasets will allow us to perform these analyses at scale 
and keep pace with the technological advances that generate data at high velocity. In the 
near future we expect these data to go beyond only genomes, metabolomes, and 
metagenomes and begin to encompass ecological and functional metadata149.   

Biosynthetic enzyme domains are the focus of current, and likely future, algorithms. This 
presents unique challenges for enzyme families whose classifications are problematic 
and/or understudied in the community. For instance, chemists have provided insights into 
why sequence-based phylogenies are insufficient for certain enzymes: transition-state 
intermediaries can be highly reactive and plastic, and therefore sequence space is less 
constrained than in enzymes with well-defined active sites150. Examples of this include 
the terpene cyclases, cytochrome P450s, hydrolases and type III polyketide synthases, 
amongst others. In these examples, analyses could benefit from alternative methods to 
establish relationships useful to provide classification and dataset structure. In turn, this 
may provide more informative training sets within well-structured databases, increasing 
the quality of predictions surrounding these important classes of natural products 
biosynthetic enzymes. It should be noted that classification of some of these enzymes 
within abovementioned DBs, such as antiSMASH DB, does not necessarily mean that 
this problem has been sorted out (see validation; previous sections). Pangenomic 
analyses99,151 to identify expanded enzyme families within lineages may provide an 
interesting possibility to classify enzyme families on evolutionary grounds. 

Here, by reviewing the nascent history of evolutionary genome mining of natural products 
as a sub-discipline, it has become apparent that a prerequisite for the development of 
successful algorithms is the realization and characterization of genetic events driving the 
evolution of biosynthetic enzymes in their genomic context (e.g. BGCs). As such, we 
highlight the following evolutionary concepts with the promise to link evolution to genetic 
and chemical mechanisms. It has become clearer that “natural” evolution of natural 
products can be governed by dynamic processes that result in functional replacements. 
For example, in convergent evolution of chemically related scaffolds with diverse 
biomolecular activities152, whose biosynthesis is directed by non-related BGCs that 
produce functionally similar molecules. It has also become clearer that biosynthetic 
pathways can be encoded by physically unrelated loci (in contrast to BGCs), which may 
consist of sub-clusters153, and that the same BGC can produce diverse natural products 
with different biological functions in response to the environmental conditions154. This 
intragenomic cross-talk might be seen as a simplified version of the metabolic exchange 
between different organisms within a microbiome, for which evolutionary experimental 
and conceptual frameworks have been developed 155–157. Both levels of metabolic cross-
talk represent an immanent Big Data challenge: to genomically mine large datasets to 
correlate physically unlinked loci and propose metabolic relationships72,109 How to best 
embrace evolutionary processes, many of which we are only beginning to understand, in 
Big Data genome mining for natural products remains an exciting yet challenging 
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endeavor; one that will surely provide many possibilities for the future of this emerging 
sub-discipline. 
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