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Microbial resource mining from ancient biofilms
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Microorganisms can produce various secondary metabolites, laying the  teeth-surface biofilms of the Middle and Upper Paleolithic. Through integrat-

foundation for natural products mining. Here, we present comments on a  ing state-of-art techniques into microbial ecology, we also propose future
recently published study,' in which natural products were discovered from the  directions for better exploitation of resources from environmental microbiota.

Space dimension

N
Hydrothermal vent Polar region

Single-cell Ancient DNA in
sequencing NATURAL PRODUCTS permafrost

Traditional
culture isolation

3
S
EN
%
[}
%

Metagenomic Environmental
analysis microbiota

| =

(>4
g&
% N
(4
§

Machine learning Sl //

Figure 1. The three dimensions for natural products mining.

The study of microorganisms began with their first recognition under the  diversity, and play fundamental roles in many ecosystems. Microorganisms
microscope as distinct life forms. Since then, increasing evidence has  also possess a wide variety of biosynthetic gene clusters (BGCs) to produce
suggested them to be the most widely distributed and diverse group of  secondary metabolites, including antibiotics, indicating their potentials in the
organisms on the earth. They have enormous taxonomic and functional  exploitation of natural products. Research over recent decades has shown
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that most natural products are found in a small number of cultivable micro-
bial taxa, while the presence of difficult-to-cultivate microorganisms has
significantly limited the mining of microbial resources. The development of
metagenomics has allowed the investigation of the functional potential of
microbial communities, including both culturable and unculturable microor-
ganisms.” The study of functional genes in metagenomic datasets provides
new insights into the distribution and diversity of known genes, as well as
facilitating the discovery of novel functional genes.” In addition to metage-
nomics, single-genome information on the unculturable microorganisms can
be extracted from assembled metagenomic contigs through genome binning,
which separates and classifies the contigs based on organism-specific char-
acteristics (e.g., GC content) and compositional features (i.e,, relative abun-
dance).” These single genomes are defined as metagenome-assembled
genomes (MAGs), and the combined use of metagenomic analyses and
genome binning can reveal the diversities of uncultured microorganisms in
different ecosystems. For example, after integration of metagenomes and
microbial genomes from marine biofilms collected from three different ocean
provinces, BGCs from previously uncharacterized gene families were discov-
ered, revealing previously ignored biosynthetic potentials in marine microor-
ganisms.” However, all these studies have been confined to the mining of
genetic resources from the DNA of "living" cells, while ignoring ancient DNA
sequences from “dead" microorganisms.

In a recent study," Klapper et al., through metagenomic analyses of dental
plaque biofilms from ancient human samples, enlarged the scope of genome
mining in natural communities to include microorganisms that are no longer
currently "living". As shown in Figure 1, the authors collected dental biofilms
from Neanderthals and archaeological humans, and performed metage-
nomic sequencing and analysis." They employed MEGAHIT assembly using
FreeBayes software to correct damaged genes, leading to improved recovery
of ancient DNA information.! The assembly results of the deeply sequenced
metagenomes exhibited similarities to modern metagenomes, highlighting
the effectiveness of deep sequencing in exploring fragmented ancient DNA
sequences.’ Using genome binning methods, they finally reconstructed 459
MAGs.' Interestingly, the genus that had the highest number of high-quality
MAGs was Chlorobium, which is not typically found in oral microbiota or buri-
als but often occurs in freshwater biofilms." As Chlorobium strains are proba-
bly autotrophic, the authors speculated that microbial colonization and
biofilm formation occurred on exposure to contaminated freshwater before
burial." Next, the Chlorobium MAGs were analyzed using antiSMASH, a popu-
lar tool used for BGC prediction, to reveal four different types of clusters that
appear to be mainly for the biosynthesis of butyrolactones and terpenes.' As
butyrolactones are signaling molecules that have not been previously
reported in the order Chlorobiales, the authors opted to conduct further anal-
ysis on butyrolactone BGCs.' To this end, a comparison of the genetic struc-
ture and sequences of modern and ancient butyrolactone BGCs clearly
showed that all ancient and several closely related modern butyrolactone
BGCs share similar genetic characteristics near the AfsA-like synthetase
gene (plfA). Furthermore, to demonstrate the biosynthetic capacity, three key
genes (afsA-like synthase, oxidoreductase, and the cgsS-like sensor
kinase/phosphatase gene) for the synthesis of a butyrolactone-type metabo-
lite in a bacterium (Chlorobium MAG EMNOQT 021) were heterologously
expressed in different sets. Co-expression of p/fA with the adjacent oxidore-
ductase gene (p/fB) was demonstrated to produce new families of natural
products termed paleofuran A and paleofuran B." These findings thus
showed the feasibility of exploring natural products from samples of ancient
microbiomes and also expanded the understanding of the compositions and
functions of ancient microbiomes.' However, the study has several limita-
tions. For example, it focuses only on Chlorobium for natural products mining,
while genomic information on other popular bacterial groups (e.g., Strepto-
myces, which has strong biosynthetic capacities) may have been ignored or
difficult to obtain. In addition, the impact of culture conditions, such as pres-

sure, salinity, and light, on the production of secondary metabolites in the
heterologous expression system has not been investigated. Nevertheless, the
innovation of the metagenomic analysis of ancient DNA provides a promis-
ing avenue for the exploration of natural products from these samples.

The study by Klapper et al,' represents a new direction for microbial
resource mining. As a future perspective, this may allow the exploration of
potentially useful microbial DNA from more areas on the earth and using
more state-of-art techniques. For example, it has already been recognized
that the mining of resources from extreme environments is a promising
means of discovering novel bioproducts. The good news is that with the
development of sampling techniques and equipment, researchers can now
reach previously untouched locations”, such as the hadal zone, the earth's
polar regions, and the hydrothermal vent, for the collection of biosamples.
This is particularly interesting as the permafrost in the Arctic area has been
suggested to preserve ancient DNA, which may carry even more information
than that present in biofilms from the ancient human teeth. However, current
studies are still mainly focused on the environmental adaptations of microor-
ganisms and their roles in biogeochemical cycling, and the exploitation of
microbial resources from these extreme environments remains challenging.
One reason for this is the difficulty in reconstructing bacterial genomes due to
the low sample biomass obtained. As a possible solution to this problem,
single-cell sequencing can also provide a great deal of information to
improve our understanding of the microbial metabolic potential, and this
technique has already been applied to certain environmental samples. In
addition, the development of analytical techniques, such as those enhanced
by machine learning, can facilitate the exploitation of microbial resources.
Finally, as an alternative to the collection of environmental samples combined
with omics, cultivating the currently uncultured microorganisms merits criti-
cal thinking, as it promotes both the "mining" and the “production”. In recent
years, enrichment culture experiments have been conducted to cultivate new
microbial species in the laboratory and acquire complete genomic informa-
tion. Enrichment cultures of human gut microbiota have revealed many previ-
ously unknown microorganisms. Nonetheless, a similar approach has not
been widely used on environmental samples. In short, challenges and oppor-
tunities coexist, and microbiologists need to address these in a variety of
contexts.
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