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Abstract 

Microbial natural products—low molecular weight compounds biosynthesized by microorganisms—form the foundation of important 
modern therapeutics, including antibiotics, immunomodulators, and anti-cancer agents. This perspective discusses and contrasts 
tw o emerging approac hes for uncovering natur al products of the past. On the one hand, ancestral sequence reconstruction allows 
r ecr eating biosynthetic pathways that date back hundreds of millions of years. On the other hand, sequencing and de novo assemb l y 
of ancient DNA r ev eals the biosynthetic potential of ancient microbial communities up to 100 000 years. Together, these approaches 
unveil an otherwise hidden reservoir of functional and structural molecular diversity. They also offer new opportunities to study the 
biological function and evolution of these molecules within an ar c haeological context. 
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Main text 
Micr obial natur al pr oducts—lo w molecular w eight compounds 
biosynthesized by micr oor ganisms—display a v ast structur al and 

functional div ersity. Often r eferr ed to as secondary or special- 
ized metabolites, these natur al pr oducts, while not always nec- 
essary for immediate survival, confer significant evolutionary ad- 
v anta ges to their pr oducers (Fisc hbac h et al. 2008 ). T hey pla y crit- 
ical physiological and ecological r oles, fr om acting as inter- and 

intracellular signaling molecules to serving as defensive agents 
against potential competitors or pr edators. Man y hav e been used 

as potent ther a peutic a gents; for instance, a vast majority of an- 
tibiotics ar e deriv ed fr om micr obial natur al pr oducts (Ne wman 

and Cr a gg 2020 ). The quest for nov el micr obial natur al pr oducts 
r eac hed its zenith during the golden era of antibiotic discovery in 

the 1950s and 1960s, spearheaded by the exploration of natural 
pr oducts fr om taxonomicall y div erse micr oor ganisms acr oss dif- 
ferent habitats. 

These compounds are the result of dedicated biosynthetic ma- 
chinery encoded within the producer’s genome . T he correspond- 
ing genes are often grouped into biosynthetic gene clusters (BGCs).
The advent of next-generation sequencing (NGS) has resulted in 

an explosion of genomic data. This data can come from individ- 
ual bacteria or from bacterial communities resulting in so-called 

metagenomic data (Paoli et al. 2022 ). Genome mining then enables 
the in silico identification of BGCs within these (meta)genomes. 
Tools such as antiSMASH are now commonly used for genome 
mining (Blin et al. 2023 ). In recent years, approaches to identify 
nov el natur al pr oducts hav e r elied on savvy combinations of isola- 
tion techniques and genome mining to access nov el natur al pr od- 
ucts (Hemmerling and Piel 2022 ). 
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The nascent field of paleobiotechnology introduces a novel di- 
ension to the discovery of microbial natural products: time . T his

erspectiv e pr esents two r ecent br eakthr oughs in the explor ation
f ancestral or prehistoric natural products . T hese two distinct
et complementary strategies for accessing these age-old micro- 
ial natur al pr oducts r el y on an in silico r econstruction of ancestr al
GCs and on the r esurr ection of BGCs from ancient DNA (aDNA).

Ancestral sequence reconstruction has been successfully pur- 
ued for almost two decades to access and functionally charac-
erize ancient biomolecules (Thornton 2004 ). This strategy, for in-
tance, w as emplo y ed to obtain an ancestral dinosaur pigment
Chang et al. 2002 ), alcohol dehydr ogenase fr om yeast (Thomson
t al. 2005 ), a steroid receptor (Thornton et al. 2003 ), an elonga-
ion factor of the Tu famil y (Gauc her et al. 2003 ), and precambrian
hior edoxin enzymes (Per ez-Jimenez et al. 2011 ), amongst others.
n a study published in 2023, this strategy was applied for a large
GC encoding a nonribosomal peptide synthetase (NRPS). These 
ega enzymes assemble peptidic natural products from amino 

cid building blocks . T he aim was to obtain potentiall y bioactiv e
atur al pr oducts fr om the past, focusing on glycopeptide antibi-
tics (GPAs), which are important drugs of last resort (Hansen et al.
023 ). 

Ancestr al sequence r econstruction r elies on a substantial
mount of high-quality database entries of related gene se- 
uences to infer reliable phylogenies. While it is virtually impos-
ible to dir ectl y show that the reconstructed sequences have ac-
ually existed in their predicted form, the advantage of ances-
ral sequence reconstruction lies in the large time span that can
e cov er ed (Thornton 2004 ). In the stud y, a putati ve paleom ycin
ynthetase was predicted to have existed in the Paleozoic era
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550–250 mya) (Hansen et al. 2023 ). In-depth phylogenetic analysis
llo w ed r etr acing distinct e volutionary e v ents that led to differ-
nt GPA classes. From various related gene clusters, a phylogeny
as constructed leading to an ancestral NRPS gene that would
roduce the hypothetical parental molecule termed paleomycin.
ased on current database entries, it was shown that gene dele-
ion and recombination progressively turned paleomycin into an
xtant natur al pr oduct. To v alidate the pr ediction, the ancestr al
aleomycin NRPS gene was synthesized and heter ologousl y ex-
ressed in an engineered host strain that would allow for var-

ous late-stage modifications . T he latter wer e r equir ed for con-
 erting the pr ecursor peptide into a bioactive GPA. While the
ore scaffold is assembled by the ancestral NRPS, the modifica-
ions were introduced by modern tailoring enzymes—homologs
f which were predicted to be encoded in the ancestral BGC. The
r oduction of differ ent paleomycin congeners w as confirmed b y

iquid c hr omatogr a phy coupled with tandem mass spectrome-
ry (LC–MS/MS) and molecular networking. Mor eov er, cultur e ex-
racts of the heterologous host producing paleomycin sho w ed the
xpected activity against Bacillus subtilis . Additionally, an evolu-
ionary analysis of the adenylation domains (A domain), which
r e r esponsible for installing the amino acid building bloc ks in the
RP biosynthesis was conducted. The A domain substrate speci-
city of modern and ancestral GPA NRPS A domains was assessed,
nd structural information gained by X-ra y crystallography. T his
llo w ed to demonstrate that the A domain evolution proceeded
hrough point mutations leading to a shift in substrate specificity.
v er all, e volutionary information for this distinct NRPS system
ould be obtained, which helps our general understanding of how
RPS BGCs e volv e. 
A complementary strategy, also published in 2023, relied on

he reconstruction of microbial natural products from aDNA
Klapper et al. 2023 ). The genetic data stem from well-preserved
ources of bacterial DNA, such as dental calculus (Fellows Yates
t al. 2021 ). This calcified dental plaque contains exceptionally
ell pr eserv ed DNA of the bacterial community residing in the
ral cavity (Warinner et al. 2014 ). Extensiv e arc heological ex-
a vations ha ve led to an impressive amount of samples that
an now be found in the community curated database Ancient-
etagenomeDir (Fellows Yates et al. 2021 ). In order to obtain se-

uence information from ancient calculus, the entr a pped DNA
as extracted and sequenced using NGS. The study used den-

al calculus of 12 Neanderthals and 52 anatomically modern hu-
ans ranging from 100 000 years ago to the present (Klapper et

l. 2023 ). In comparison to modern DN A, aDN A isolated from
ental calculus is m uc h shorter in length, which renders sub-
equent genome assembly difficult (Dalén et al. 2023 ). Increas-
ng sequence depth and optimization of the assembly strategy
ave access to long contigs that were binned into 459 bacterial
etagenome-assembled genomes (MAGs). The ancientness of se-

uences was assessed using PyDamage, based on the quantifi-
ation of a ge-r elated DNA dama ge (Borry et al. 2021 ). Notabl y,
he MAG with the highest degree of completeness could be at-
ributed to bacteria of the genus Chlorobium . Although these bac-
eria are not typically associated with the oral microbiome, they
isplayed the same a ge-r elated dama ge pr ofile as bona-fide or al
axa from the same samples. Further analyses confirmed their
resence as a genuine member of the paleolithic Neanderthal oral
icrobiome. 
The MAGs and unbinned contigs were subjected to in silico

nalysis in order to identify biosynthetic genes. Specifically, an-
iSMASH (Blin et al. 2023 ) was used to identify an unprecedented
GC that is shared by seven Middle and Upper Paleolithic indi-
iduals . T his analysis then enabled the heter ologous pr oduction
f a class of pr e viousl y unknown metabolites that were named
paleofur ans.” Structur e elucidation based on high-resolution MS
nd nuclear ma gnetic r esonance spectr oscop y as w ell as chemical
ynthesis allo w ed to determine the structur e of the nov el paleo-
urans. 

In contrast to ancestral sequence reconstruction, the aDNA-
ased search is not limited to a specific BGC family that r equir es a
eliable set of database entries . T his allows assessing the compre-
ensive biosynthetic potential of individual ancient micr oor gan-

sms. Ho w e v er, not all micr obiomes pr eserv e equall y well. Dental
alculus, permafrost, or in some cases paleofeces or coprolites al-
ow for DNA to pr eserv e well over time but for many microbiomes
ccess to ancient DNA is not possible. In general, aDNA older than
 few million of years would be difficult to sequence and to as-
emble due to the continuing degradation into very short DNA
r a gments. 

Due to the highly fragmented nature of aDNA, it is difficult to
btain long sequences that would encode more complex biosyn-
hetic mac hinery, suc h as NRPSs in their full length. Evaluation
f the completeness of a potential BGC thus becomes a central
art for functional downstream analyses. Complete BGCs are re-
uired for subsequent gene synthesis and construction of ex-
r ession v ectors or integr ation in the genomes of “modern” bac-
eria. Upon induction, these biosynthetic genes are then trans-
ated into enzymes that allow for the generation of natural prod-
cts. Experimental validation of a variety of reconstructed BGCs—
oth, fr om ancestr al sequence r econstruction or aDNA de novo
ssembl y—will become mor e feasible with de v elopments and de-
reasing costs in gene synthesis . Furthermore , automated ap-
r oac hes using well-established expression platforms may help
o fasten the discovery process of ancient molecules in the
uture. 

In summary, both a ppr oac hes as well as a combination thereof
ill allow us to better understand how natur al pr oducts hav e
 volv ed ov er time, and to infer the ecological r oles of ancient
olecules. Importantl y, paleobiotec hnology will allow access to

atur al pr oducts of bacteria that ma y ha ve gone extinct. It will
e exciting to investigate the biological functions of many more
f these ancient natural products once the throughput of these
 ppr oac hes has been increased. 
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