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The extent to which any particular taxon supplies novel natural products
depends on biological and evolutionary differences, and on decisions made
by (or constraints on) biodiscovery scientists. The influences of different
sources of variability on the biodiscovery process were examined in a study
of the Cnidaria, a group recognised as an important source of novel marine
natural products. The number of species with at least one novel metabolite
within a genus was related to the number of species in the genus. This pattern
implies that different genera do not differ in the probability of containing a
species with novel natural products. Outlying points of this relationship were
consistent with the ease of obtaining material through culturing organisms. The
most productive five species were the sources of over 100 novel metabolites
each. The distribution of novel metabolites across species showed no signs of
exhausting novelty for the most productive source species. Novel metabolite
drug likeness (ADMET-score) varied among genera. However, this pattern of
variation was of the same degree as observed for molecular weights of
metabolites, suggesting that differences among genera are generated by the
decisions of analysts with different interests and do not reflect underlying
biology. Biogeographic patterns of soft coral species with novel natural
products were matched to regional species richness. Overall, the evidence
for phylogenetic or spatial influences on the chance of finding novel
metabolites was weak. The patterns are consistent with a constant chance of
finding novel natural products across different species, with some constraints
linked to ease of sampling or culturing and some reinforcement of biodiscovery
in species that have previously been the source of novel metabolites.
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1 Introduction

Marine species are important and continuing sources of
chemical novelty with many realized and potential applications
for marine natural products (Sigwart et al., 2021). Searching for
new applications in the process of biodiscovery involves
investments of time and effort. Ideally biodiscovery
investments should be optimized, but this can be difficult when
there are multiple potential targets and the pipeline involves a
range of decisions including those taken for collection, choice of
assays, and prioritization of extracts and fractions.

In considering which organisms to focus on for
biodiscovery, there are essentially two alternative hypotheses:
that potentially interesting molecules are randomly distributed
across different species or that novelty is non-randomly
distributed. The non-random hypothesis seems more likely,
based on cases where species traits are associated with natural
products, such as use of toxins (Kaas et al., 2012) or defensive
chemicals (Lindquist et al., 2000). A non-random distribution of
chemical novelty is supported when looking across marine
invertebrate phyla: the average number of new natural
products per species since 1990 was above 8 in Porifera and
Cnidaria and below 5.4 in Mollusca, Echinodermata and
Chordata (with other phyla being the source of few natural
products Leal et al., 2012). Consequentially, sponges and
cnidarians are repeatedly reported as among the most
important invertebrate sources of marine natural products
(Carroll et al., 2022).

Previous work on taxonomic associations with marine
natural products has tended to collate information at higher
levels such as phyla, subclass or order (although see details on
families and selected genera in Leal et al. (2012); Leal et al. (2013)
and Calado et al. (2022)). While analyses at genus or species level
are rarer, these may provide more insight into the biological
roles of natural products or improve the understanding of
associations between natural products and species-specific
traits. Alongside the number of natural products across genera,
it is possible that the type of natural products varies: that
different genera are the source of natural products with
particular properties.

In addition to the distribution of natural products across
phylogenies, there may also be biogeographic variation in
chemical novelty. Such variation could simply be a passive
reflection of species numbers, such that the number of natural
products is positively associated with regional species richness
(Leal et al., 2013; Calado et al., 2022). When the same number of
species was assayed, different marine locations in Australia did
not vary in assay activity, supporting the hypothesis that
bioactivity per species is not higher in more diverse locations
(Evans-Illidge et al,, 2013). The discovery of spatial variation in
chemical novelty may also be influenced by the distribution of
funding for relevant programmes and other access constraints
on research activity (Leal et al., 2012).
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In the current study, we extend the taxonomic resolution for
analysing patterns of natural products in the Cnidaria, the
second largest invertebrate source phylum for marine natural
products (Carroll et al., 2022). We tested the hypothesis that the
number of species with a novel natural product is related to the
number of species in a genus. Furthermore, the distributions of
natural product molecular weight and a drug-likeness score were
examined to evaluate whether different genera are likely to
provide compounds with different properties. The relative
distribution of novel compounds by species was also examined
to further understand the biodiscovery process. With respect to
biogeographic variation, we examined the global distribution for
the proportion of recorded species having at least one MarinLit
compound. Of particular interest is the order Alcyonacea, which
dominates as a source of compounds in the MarinLit database of
natural products. If there are no biogeographic effects, the
proportion of alcyonacean species with a MarinLit compound
should be constant.

2 Methods

The marine natural product (NP) database MarinLit (http://
pubs.rsc.org/marinlit) was used to summarize the distribution of
novel compounds across higher taxonomic levels (classes and
orders) in Cnidaria (accessed 14/07/2022). MarinLit does not
necessarily distinguish between metabolites associated with a
species or one of its symbionts. For example, a group of
diterpenoid acids, the talascortenes, are associated with a
fungus Meng et al. (2020) but are listed under the host
anemone in MarinLit. There are also some cases of out of date
taxonomy in MarinLit. To avoid taxonomic confusion in
analyses of species and genera, we used an recently compiled
dataset (accessed December 2018, described in Laguionie-
Marchais et al., 2022) where the taxonomy of the associated
species had been checked using WoRMS (WoRMS Editorial
Board, 2022), and with metabolites known to be from viral,
microbial or bacterial symbionts removed from the dataset.

The hypothesis of a constant proportion of species with
novel natural products (i.e. a random distribution of marine
natural products) was tested using a regression of number of
species against genus size. In the context of a constant discovery
rate, a larger genus represents more species and therefore more
chances to find a natural product. The expected relationship for
a constant discovery rate is a straight line passing through the
origin. Deviations from a constant rate could reflect analytical
choices and related processes in the lab and/or biological
variation among species.

When examining the number of compounds listed per
species, a relevant null hypothesis is that the discovery of
natural products is a random process occurring independently.
This can be examined by comparing the number of novel
compounds in different species. An alternative to randomness
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is that both species-specific biology and choices made during the
biodiscovery processes may influence the pattern of discovery
within species. For example, if analysts concentrated on under-
explored species, this might produce a more even distribution of
novel compounds per species. Conversely, familiarity with
species, accessibility of samples, and other factors, including
variations in metabolites, may cause the distribution of novel
compounds to be heavily skewed toward certain species. In the
context of possible declines in discovery rate (Calado et al,
2022), any flattening of the curve of compounds per species at
the most productive tail of the novel compounds by species
distribution might suggest that the limits of novelty within
species are bring reached. Species-specific natural product
distributions can be summarized with plots of the frequency of
novel compounds by species rank. These types of plots are
comparable to species abundance distributions common in
ecological studies (Whittaker plots, e.g., Ulrich et al, 2010).
The best descriptor for the observed distribution of MarinLit
compounds was compared using a series of curves proposed for
Whittaker plots: the null model (compounds randomly
distributed across species), geometric series, lognormal, Zipf
and Zipf-Mandelbrot distributions. The best fitting model was
chosen by the lowest residual deviance and AIC with the radfit
function of the vegan package in R (Oksanen et al, 2020).
Models in radfit are based on Poisson error distributions
(MarinLit compounds are counts). Conventional summaries of
fit like r* are not appropriate for Poisson models; a measure
based on deviance residuals is reported instead (rp*, Cameron
and Windmeijer, 1996).

The properties of MarinLit compounds found in different
genera were compared using molecular weight and the ADMET-
score, a drug-likeness measure based on 18 properties (e.g.,
carcinogenicity, oral toxicity and intestinal absorption)
predicted from structure-activity relationships (Guan et al,
2019). ADMET-scores range between 0 (not favourable) and 1
(favourable), and are able to distinguish between approved and
withdrawn drugs (Guan et al., 2019). Admet properties for each
compound were generated using the web server admetSAR 2.0
http://Immd.ecust.edu.cn/admetsar2/ (Cheng et al., 2012; Yang
et al., 2018). The final ADMET-score is the average of the scores
for each property, weighted for the accuracy of the prediction,
the clinical importance of the property, and the proportion of a
set of reference drugs with the property (Guan et al., 2019). The
ADMET-scores in the current study are the same data as used in
Laguionie-Marchais et al., 2022). A metabolite’s ADMET-score
can be used to help screen molecules that are likely to fail during
later stages of drug development and Cnidaria ADMET-scores
correlate with other measures of drug-likeness, including a
multivariate distance to drug-like chemical space, the relative
drug likelihood (Yusof and Segall, 2013) and the number of
exceptions to the rule of 5 (Laguionie-Marchais et al., 2022).
Molecular weight was used to estimate the role of chance in
genus-level variability of observed properties. It seems very
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unlikely that differences in the molecular weight of metabolites
reflect real differences in the mean sizes of compounds among
genera. Differences in molecular weight of MarinLit compounds
will reflect the choices of analysts, extraction protocols and other
processes in the biodiscovery process. Hence, the test of distinct
properties among genera is not based just on ADMET-score
results. The patterns for ADMET-scores should be more striking
than those for molecular weights to infer that any biological
patterns are stronger than those generated by elements of the
biodiscovery process subject to analytical choices.

Comparisons of mean properties among genera may not be
independent, as some genera are more closely related (e.g., in
same family) than others. These evolutionary relationships
disrupt the assumed independence of observations in statistical
models. Tests of the genus effect on metabolite properties were
therefore caried out using phylogenetic generalized linear
models (Freckleton et al., 2002). This approach includes a
covariance matrix that models the dependence between
observations associated with phylogeny. Branch lengths in the
phylogeny are multiplied by a constant, A, which provides a
weighting for the strength of the covariance, with the optimum
value found using maximum likelihood. As A approaches 0, the
observations approach statistical independence. Phylogenetic
generalized linear models were fit to the molecular weight and
ADMET-score data using the pgls function of the caper package
in R (Orme et al,, 2018). Initial branch lengths were set to 1 for
each level of the hierarchy: class, subclass, order, family and
genus as no complete set of branch lengths from molecular data
is available.

Alcyonacea represent the cnidarian order with the largest
number of MarinLit compounds (Leal et al., 2012). This group
was used to examine the biogeographic pattern of discovery in
more detail, using the relationship between species in an area
and number of those species with at least one MarinLit
compound. Bins of 3° x 3° were used for global coverage.
Latitude and longitude do not produce equal-area samples, but
hypotheses about the relative number of species with MarinLit
compounds are not affected by this. The estimated global
biodiversity patterns were derived from species records in the
Global Biodiversity Information Facility, GBIF.org (accessed 31/
11/2021 with data DOI https://doi.org/10.15468/dl.edsukx).

3 Results

The orders of Cnidaria have uneven proportions of MarinLit
compounds (Table 1). A few orders of Anthozoa that contain
fewer than 100 species have no records for natural products
(Penicillaria, Spirularia, Corallimorpharia and Helioporacea).
Other cnidarian orders have no or relatively few MarinLit
compounds per species (Cubozoa, Hydrozoa, Myxozoa,
Scyphozoa and Staurozoa). The Alcyonacea class (soft corals)
dominate as a source of natural products. Scleractinia (stony
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TABLE 1 Distribution of novel marine natural products recorded in the MarinLit database across cnidarian classes.

Class Subclass Order
Anthozoa Ceriantharia Penicillaria
Spirularia
Hexacorallia Actiniaria
Antipatharia
Corallimorpharia
Scleractinia
Zoantharia
Octocorallia Alcyonacea
Helioporacea
Pennatulacea
Cubozoa
Hydrozoa
Myxozoa
Scyphozoa
Staurozoa

Only Anthozoa subdivided by orders as relatively few compounds are listed for other classes.

corals) has the second largest number of MarinLit compounds,
but this represents less than a tenth of the number of metabolites
per species that Alcyonacea represents.

The number of species with at least one MarinLit compound
was related to the size of the genus, consistent with a constant
rate per species discovery among genera (Figure 1, slope = 0.095,
p <0.05, * 39.5%, Fi 365 = 238.3). The outliers on the right hand
side of Figure 1 are Sinularia (above fitted line) and
Dendronephthya (below fitted line). These are both
conspicuous soft coral genera.

Number of compounds Compounds species™

0 0
0 0
61 0.05
24 0.09
0 0
161 0.10
92 0.33
4627 1.36
0 0
96 0.42
3 0.06
85 0.02
0 0
0 0
0 0

The number of compounds per species was strongly skewed
(Figure 2). Just considering species with at least one MarinLit
entry, there was an average of 12.8 natural products per species.
However, five species were each the source of over 100 natural
products in MarinLit (Briareum stechei, Clavularia viridis,
Briareum asbestinum, Sarcophyton glaucum, Antillogorgia
elisabethae). There was no indication of a saturation or
flattening of the discovery curve with species that have been
the source of many compounds. There was also no flattening of
the curve around the mean compounds per species as would be
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FIGURE 1

Number of species with at least one MarinLit compound recorded in different cnidarian genera. Fitted line is a regression passing through the

origin (r* 39.5%).
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Number of MarinLit compounds

FIGURE 2

T
150
Rank of species

L B e e e e e e
200 250 300 350

Number of compounds in different cnidarian species ranked from high count to low count species. The fitted line is a Zipf-Mandelbrot
relationship (rp 99%), which described the pattern more closely than alternative statistical models.

expected under a purely random process. Overall, a Zipf-
Mandelbrot relationship described the observed distribution
better than alternative models (AIC 1239.4, rp> 99%).

Mean metabolite properties differed between genera (Figure 3).
Genus explained just under a fifth (r* 19%, Fo7205 = 1.795, p < 0.05)
of the variability in the drug-likeness measure (ADMET-score). In
contrast, genus was associated with one quarter of the variability in
molecular weight of metabolites described in different genera (r*
24.9%, Fo;555 = 2.101, p < 0.05). In both cases, the maximum
likelihood estimate of the taxonomic covariance (A) was 0,
indicating no additional influences on molecular weight or
ADMET-score associated with family, order or subclass
taxonomic level.

Maps of species richness derived from GBIF data
demonstrate some shortcomings of the available data
(Figure 4A). While there are gaps in deeper water, the
coastlines are generally covered. Relatively higher species
richness is evident in areas like the great Barrier Reef off
Australia and in the Caribbean. The number of species with at
least one MarinLit compound in each 3° x 3° bin was positively
related to the total number of species in the same area (Figure 4B,
p <0.05, * 72.6%, Fy,1207 = 3192). The remaining residual pattern
indicates potential over- or under sampled areas (Figure 4C).
Clusters of positive residuals (potentially more explored) areas
are in the East and South China Seas, off the Australian coast, in
the Caribbean and the Mediterranean. Potentially less explored
3° x 3° bins do not seem to show such distinct clustering,
although areas adjacent to Florida, New Zealand and Hawaii
may represent coherent areas of lower residuals.

4 Discussion

The patterns of MarinLit compounds in Cnidaria can mostly
be explained in terms of the logistics of biodiscovery research
practices rather than underlying biology. It is perhaps not
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surprising that there is a focus on species rich orders and taxa
that grow with sufficient biomass for collection (Leal et al., 2012).
The availability of biomass (e.g., where colonies are small and
delicate) is likely to have influenced the relatively low number of
natural products from Hydrozoa. Similarly, jellies in the
Cubozoa, Scyphozoa and Staurozoa may be low in biomass or
have unpredictable distributions. Myxozoa are generally
microscopic parasites, so unlikely to be the focus of traditional
biodiscovery. Other factors may affect the amount of work
carried out in specific taxonomic groups. Ceriantharia are
typically solitary burrowing anemones where sampling may
require destructive digging. Similarly, many hard corals may
need to be smashed or broken to collect biomass, with collectors
potentially uncomfortable about sampling in very destructive
ways. Further influences on the species that have been sampled
may arise due to conservation and trade legislation. For example,
the Convention on International Trade in Endangered Species of
Wild Fauna and Flora (CITES) requires export controls on
several Cnidaria groups, including black corals (Antipatharia
spp.), stony corals (Scleractinia spp.), blue corals (Helioporidae
spp.), organ-pipe corals (Tubiporidae spp.), Coralliidae
(precious corals), fire corals (Milleporidae spp.), and lace
corals (Stylasteridae spp.).

The hypothesis that species with at least one novel natural
product are evenly distributed across genera was accepted, with
genus size having a clear influence on MarinLit listing (Figure 1).
The fitted line suggests an approximately 10% discovery rate of at
least one natural product per species. Although the random
discovery model was a statistically significant descriptor of the
distribution of natural product associated species across genera,
the r* value was 39.5%, indicating that other factors may also
have a role. Looking at the most extreme outliers, both Sinularia
and Dendronephthya contain conspicuous species. However,
Sinularia spp. (leather corals) are widely kept in aquaria and
considered to be more easily cultured (e.g., compare Sinularia
spp. kept for eight years in a flow through aquarium with no

frontiersin.org
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Box plots for (A) ADMET-score and (B) molecular weight of MarinLit compounds compared among genera. Full genus names (n = 98) are given

in supplementary information.

additional feeding Tsai et al. (2015), to comments on “difficult to
maintain” Dendronephthya by Wijgerde (2015)). The ease of
culturing may contribute to Sinularia spp. receiving more
attention from biodiscovery studies, reflected in the positive
outlier observed.

The distribution of natural products per species follows a
scaling relationship seen in many phenomena, such as city size
(e.g., Hackmann and Klarl, 2020), word frequency in languages
(e.g., Meadow et al., 1993), and co-authorship networks (e.g.,
Ausloos, 2014). There is no indication that the discovery rate of
natural products decreases for the most productive species.
Macroalgae have a similar pattern of natural products per
species, although no statistical model was fitted in Leal et al.
(2013). Scaling relationships invite multiple explanations, but
can be difficult to interpret. Influences on biodiscovery
presumably reflect relative accessibility and ease of working
with source biomass. Some of the top-ranked cnidarian species
grow in shallow waters and are amenable to culturing. Other
influences may also be relevant. For example, the same author
occurs in over 50% of papers describing compounds from

Frontiers in Marine Science

Briareum stechei, a different author is associated with over
50% of papers on MarinLit for Clavularia viridis. Scientific
productivity is affected by many factors, but it is possible that
success with identifying a novel natural product leads to more
funding or interest in the source species or laboratory. This
would have the effect of intensifying research on particular
species, potentially producing the skewed distribution of
novelty per species observed. Such reinforcement of success
processes have long been recognized in the process of science
as “Matthew effects” (Merton, 1968).

Although mean ADMET-score of natural products differed
between genera, the observed signal was not as strong as that of
molecular weight. The average molecular weight of natural
products from different species could reflect biological
influences or choices made by scientists. There may, for
example, be evolutionary selection pressures for smaller
metabolites if larger molecules performing the same function
have a higher energetic cost of production. More information on
metabolic pathways and function of metabolites, however,
would be needed to explore any proposed selection pressures
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on average metabolite size. Other influences on observed
MarinLit compound molecular weights may be introduced by
analysts ignoring small metabolites likely to be volatile, or larger
molecular weights that are less likely to be drug leads (Lipinski
etal,, 1997). Such decisions by analysts might be likely to narrow
the range of molecular weights for MarinLit compounds.
Without an obvious evolutionary hypothesis for the variation
among genera in MarinLit compound molecular weight, the
simplest hypothesis is that the observed differences reflect the
analytical choices and interests of groups working on particular
species. The observations made in the previous paragraph about
scientists’ potential specialization on particular species offers
various routes by which individual analytical choices can feed
into different molecular weight compounds discovered in
different genera. In this respect, the variance explained (as 1?)
for molecular weight is an estimate of the aggregate effect of
many scientific choices. The corresponding r* for among-genera
variation in ADMET-score was no greater than what seems to
have occurred for molecular weights during the biodiscovery
process. Observations of ADMET-score are therefore consistent
with the idea that differences reflect analytical choices rather
than biology. The lack of a biologically-determined effect is also
consistent with the lack of a covariance in metabolite properties
at taxonomic levels above genus.

Using MarinLit compounds is a weak test of species-specific
differences in natural product type. MarinLit records the first
description of a natural product, but the same natural product
may occur in other genera and such duplicated findings are less
likely to be published (and are not included in the database).
Metabolomic approaches, including standardised protocols and
definition of metabolic ‘fingerprints’ (e.g., Mueller et al., 2020)
would be a more powerful way of investigating evolutionary
links to metabolite composition. Trait information (e.g., growth
form) may also be a useful source of information to understand
the prevalence of metabolites of interest across different groups
once databases (e.g., Marine Species Traits editorial board, 2022)
are complete enough for such analyses.

Further complexities with establishing taxonomic links to
novel compounds arise through processes that cause the presence
or concentration of metabolites to vary. Hence, a metabolite may
be undetectable at the time of chemical analysis, even in species
that are able to produce the compound. Such variability may
occur due to ontogenetic changes, size (Maida et al., 1993), life
history stage or sex (Fleury et al., 2016). Similarly, the presence of
competitors may stimulate production of metabolites (Maida
et al., 1993; Fleury et al., 2004; Singh and Thakur, 2016), with
other biological interactions like infection or parasitism also likely
to affect expressed levels of compounds. Different environmental
conditions will influence metabolite concentrations (Kelman
et al., 2000), these could be spatial or temporal (e.g., seasonal)
influences on species’ biology (Marti et al., 2005).

The geographic distribution of biodiscovery in Alcyonacea is
strongly related to underlying patterns of species richness. The
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process of science may have inflated the observed correlation as
productive groups may submit more complete occurrence
records to GBIF, while also being associated with biodiscovery
labs (e.g., Evans-Illidge et al., 2013). However, the results are
consistent with previous findings of biodiscovery associated with
richness hotspots (Leal et al., 2012; Leal et al.,, 2013). Analysis of
the residual variability suggested areas of slightly greater
research intensity consistent with areas accessible to regions
with historically greater funding (IOC-UNESCO, 2020) and also
identified in Leal et al. (2012). As the GBIF data do not have fully
global coverage, it was not possible to evaluate the intensity of
biodiscovery in some regions (e.g., deep sea).

The overall picture of biodiscovery in Cnidaria is that,
beyond an initial filtering of taxonomic groups unsuitable due
to sampling and conservation considerations, exploration has
been a passive process: following patterns of species richness in
genera and among areas. This is perhaps a surprising conclusion,
as individual analysts seem unlikely to have chosen study species
at random. However, the role of individual choices is lost in an
aggregated effort which leads to relatively consistent discovery
rates for species containing at least one novel natural product,
with outliers that seem to indicate genera that are harder or
easier to work with.

The distribution of novel compounds by species reflects
processes affecting lab productivity, but shows no sign of an
upper limit to the number of novel compounds in a species. This
is also a surprising conclusion as it has been suggested that
potential exhaustion of chemical diversity is one of the possible
reasons for a decline in the rate of novel metabolite description
in marine invertebrates (Calado et al., 2022). The metabolomes
of Cnidaria are not characterised, although presumably they
contain many thousands of metabolites (a recent database for
yeast includes 16042 compounds, Ramirez-Gaona et al., 2017),
so the exhaustion of further novelty in Cnidaria is difficult to
assess. However, the lack of a plateau in the species-specific
natural product distribution implies that more novelty remains.
Furthermore, instrumentation and analytical approaches are
reducing the amount of material needed to identify novel
natural products (Molinski, 2010; Freire et al., 2022).

At the moment, arguments could be advanced for both
biodiscovery strategies proposed by Leal et al. (2012): a)
focussing on well-studied genera or species that are amenable
to biodiscovery work and have already yielded many new natural
products or b) focussing on understudied taxonomic groups or
regions. It may be possible to examine trade-offs between the two
approaches by considering the size of the apparent deficit (as a
negative residual in MarinLit species per genus, or negative
residuals in fraction of MarinLit species in an area). The
relatively high degree of variation in natural product discovery
that reflects species richness (in genera or areas) implies that
exploration of Cnidaria is at an early stage. The relationships
examined in this study may become modified in the future, with
evidence for specific phylogenetic influences on the patterns of
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novel natural products as metabolomes are explored further
both within and between species.
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