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INTRODUCTION

Archaea, bacteria and unicellular eukaryotes are cer-
tainly the oldest forms of life on Earth. They originated 
about 3.5 Gyr ago and participated in the formation of 
the original biosphere. They first inhabited the earth's 
anoxic environment and then enabled its oxygenation 
(Falkowski et al., 2008; Fischer et al., 2016).

Although they played essential roles in ancient and 
modern environments, temporal patterns of evolution 
and diversification of microorganisms are poorly known 
because of the scarcity of fossil records whose tax-
onomic assignments are often problematic. With few 
notable exceptions (e.g. foraminifera, diatoms), most mi-
crobial cells do not produce mineralized structures and 

their often indistinctive shapes and structures preclude 
precise identification of fossilized microbial taxa based 
on morphological examination (Xie & Kershaw,  2012). 
Furthermore, even for taxa well represented in the fossil 
records, such as the Foraminifera, the existence of clades 
comprising naked unfossilized species may prevent a 
correct interpretation of their patterns of evolution over 
time when exclusively based on fossil data (Pawlowski 
et al., 2003). Thus, as opposed to ancient fauna and flora 
(McElwain & Punyasena, 2007; Raup & Sepkoski, 1982; 
Signor, 1994), the rarity of taxonomically assignable pa-
leontological specimens illuminates only a small sliver of 
the real past microbial diversity and makes it difficult to 
investigate microbial evolution, diversification and func-
tional significance across the different geological eras.
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Abstract
By deciphering information encoded in degraded ancient DNA extracted 
from up to million-years-old samples, molecular paleomicrobiology enables 
to objectively retrace the temporal evolution of microbial species and com-
munities. Assembly of full-length genomes of ancient pathogen lineages al-
lows not only to follow historical epidemics in space and time but also to 
identify the acquisition of genetic features that represent landmarks in the 
evolution of the host–microbe interaction. Analysis of microbial community 
DNA extracted from essentially human paleo-artefacts (paleofeces, dental 
calculi) evaluates the relative contribution of diet, lifestyle and geography on 
the taxonomic and functional diversity of these guilds in which have been 
identified species that may have gone extinct in today's human microbiome. 
As for non-host-associated environmental samples, such as stratified sedi-
ment cores, analysis of their DNA illustrates how and at which pace microbial 
communities are affected by local or widespread environmental disturbance. 
Description of pre-disturbance microbial diversity patterns can aid in evaluat-
ing the relevance and effectiveness of remediation policies. We finally discuss 
how recent achievements in paleomicrobiology could contribute to microbial 
biotechnology in the fields of medical microbiology and food science to trace 
the domestication of microorganisms used in food processing or to illustrate 
the historic evolution of food processing microbial consortia.
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For these reasons, the evolution and diversification 
of microorganisms have been largely inferred from 
molecular phylogenetic reconstructions that make 
use of DNA/protein sequences of extant species 
(Louca et  al.,  2018; Sanderson & Donoghue,  1996; 
Morlon,  2014; Nee, Holmes, et  al.,  1994; Nee, May, 
et al., 1994). However, these phylogenies are difficult to 
time calibrate, precisely because of the absence, gaps 
or imprecision of microbial fossil records that could be 
used as landmarks. Molecular phylogenies also hardly 
predict the potential existence and functions (ecologi-
cal roles) of extinct clades that are thought to exceed 
extant ones in number (Stilianos Louca et  al.,  2018; 
Tricou et  al.,  2022). To date, a global microbial life 
pattern of evolution remains largely unresolved and 
only few studies focus on their past diversification pat-
terns (Gubry-Rangin et al., 2015; Lebreton et al., 2017; 
Lorén et al., 2014; Louca et al., 2018; Marin et al., 2017; 
Morlon et al., 2012).

Furthermore, until a very recent past, most of diver-
sity and global phylogenetic studies also suffered from 
the lack of a global view regarding the magnitude of 
extant microbial diversity not only in terms of absolute 
number of taxa whose estimates vary by several or-
ders of magnitude in the case of Bacteria and Archaea 
(Lennon & Locey, 2020; Loucaid et al., 2019), but also 
in terms of phylogenetic diversity. Regarding this last 
aspect, the gap is rapidly closing thanks to the mul-
tiplication of metagenomics studies that give access 

to the genome sequences (so-called Metagenome 
assembled genomes, MAGs) of species belonging to, 
thus far, overlooked microbial clades (Hug et al., 2016; 
Nayfach et al., 2021).

While the previous paragraphs exposed the obstacles 
to which one is confronted when addressing microbial 
evolution, past diversity and contribution to ecosystem 
processes in a ‘distant past’, these obstacles partially 
vanish when referring to a ‘recent past’. This is made 
possible thanks to the emergence of paleogenetics/pa-
leogenomics that analyses microbial DNA preserved in 
ancient environmental samples as diverse as sediment 
cores, archaeological artefacts, long-buried animal/
human skeletons, or items preserved in natural history 
collections (Figure 1). Indeed, ancient DNA (aDNA, but 
also RNA or proteins) that survives through time to the 
death of any organism can be regarded as a fossil trace 
of the corresponding organism and can be interrogated 
to retrace the ‘recent’ evolution of the corresponding 
species or group of species (Arning & Wilson,  2020; 
Kistler et al., 2020; Orlando et al., 2021; Raxworthy & 
Smith, 2021; Siano et al., 2021). Besides specific taxa, 
aDNA studies also make the exploration of entire com-
munities of (micro)organisms from the past possible, 
providing a comprehensive vision of their diversity and 
functional roles in their original ecosystems.

The aim of this review is to highlight, through the de-
scription of selected examples, the different facets and 
main achievements of molecular paleomicrobiology. 

F I G U R E  1   Main types of historical samples used as sources of ancient microbial DNA. These samples can be extremely ancient as 
Bronze Age teeth or dental calculi or much more recent such as often less than 100-year-old herbarium plants. These samples have been 
used to study either specific (often pathogenic) microbial species or entire communities.
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In this article, which does not claim to be exhaustive, 
technical and theoretical issues of paleogenetics/
paleogenomics that have been reviewed many times 
and that are not at the heart of this article, will only be 
briefly mentioned (Brunson & Reich,  2019; Warinner 
et al., 2017). We separately illustrate and discuss stud-
ies that focus (i) on individual microbial taxa and those 
that probe (ii) entire microbial communities whatever 
the environment they originate from. Finally, we will 
conclude by suggesting what could be the potential 
contribution of molecular paleomicrobiology to the field 
of microbial biotechnology.

MOLECULAR PALEO​MIC​ROB​IOL​
OGY AS A DISCIPLINE

Time frame

Molecular paleomicrobiology, based on the analysis of 
degraded ancient DNA (or eventually RNA) is a disci-
pline that presents several specificities. It is based on 
a diachronic approach that documents the occurrence 
of microorganisms and their original genetic make-up 
directly in ancient samples as diverse as environmen-
tal (e.g. soils or sediments) or archaeological ones to 
compare the ancient samples to those of today. It is 
thus different from phylogenetic-based approaches 
that reconstruct past evolutionary events in silico, using 
information obtained on extant organisms. Although 
the prefix ‘paleo’ commonly refers to a ‘distant’ past, 
it seems preferable not to impose a minimum tempo-
ral threshold to molecular paleomicrobiology that stud-
ies organisms with often very short generation times 
that can acquire adaptive mutations in far shorter time 
spans compared to most ‘macroorganisms’. Thus, a 
study published in 2016 (Worobey et al., 2016) that in-
vestigated the initial events of the AIDS epidemics in 
North America in the 1970s based on the extraction 
and sequencing of degraded RNA molecules from circa 
40-year-old archived blood samples to reconstruct HIV 
genomes clearly belongs to the research field from 
both a technical and scientific point of view.

Ancient DNA (aDNA)

Indeed, a second specificity of the discipline, detailed 
in several technical reviews (Afouda et  al.,  2020; 
Orlando et  al.,  2021; Pedersen et  al.,  2015; Rivera-
Perez et al., 2016; Warinner et al., 2017), is to deal with 
aDNA, a material often difficult to access, limiting in 
quantity and degraded. Its extraction and manipula-
tion require the implementation, by specifically trained 
scientists, of particular protocols in dedicated labora-
tories (clean rooms, Cooper & Poinar, 2000; Orlando 
et al., 2021). As in 2023, the oldest DNA sample ever 

analysed was extracted from two-million-year-old fro-
zen sediments in Greenland and allowed reconstruct-
ing the entire ecosystem that shaped this region at that 
time (Kjær et al., 2022).

Ancient DNA is more complex to analyse compared 
to modern one due to the presence of postmortem 
damages (PMDs) resulting in DNA fragmentation and 
base modifications (Dabney et  al.,  2013, Figure  2). 
These PMDs are essentially the result of depurina-
tion and deamination. Depurination, that is the loss 
of adenine and guanine bases, is the consequence of 
cleavage of β-N-glycosidic bonds and is at the origin of 
DNA fragmentation producing very short fragments of 
mostly less than 100 bp in length. The rate of DNA frag-
mentation is however environment-dependent. While 
aDNA extracted from 100-year-old plant herbarium 
specimens is mostly made of fragments in the range 
40–150 bp (Staats et  al.,  2011; Yoshida et  al.,  2013), 
aDNA extracted from more than 10,000 years-old lake 
sediments can still be mostly made of fragments larger 
than 100 bp (Talas et al., 2021). Consequently, studies 
carried out on sedimentary DNA can implement me-
tabarcoding approaches based on the amplification 
of barcode DNA sequences sometimes larger than 
200 bp. This approach would be inoperative for highly 
degraded DNA samples.

As for ‘spontaneous’ cytosine deamination, it leads 
to the conversion of cytosine to uracil and results in 
the incorporation of adenine on the complementary 
strand instead of guanine during in vitro DNA synthe-
sis. Cytosine deamination occurs at a higher frequency 
in single-stranded ends of degraded DNA molecules. 
While the age of the specimen represents one of the 
main factors that control the magnitude of PMDs, 
other factors like local temperature, depositional con-
ditions, post-excavation handling, specimen treatment 
and source tissue also influence aDNA conservation 
(Arning & Wilson, 2020).

Thus, besides the ‘wet lab’ manipulation of degraded 
DNA, paleogenetics, including molecular paleomicrobi-
ology, relies on a suite of adapted bioinformatics tools 
to extract relevant information from very short DNA se-
quences and to quantify chemical alterations that rep-
resent signatures of the ancient origin of the studied 
nucleic acids. Detection of these chemical modifica-
tions is performed by specific software like PMDTools 
(Skoglund et  al.,  2014) or mapDamage (Jónsson 
et al., 2013) which quantify C-T and G-A transitions at 
the ends of the aDNA fragments.

A dialogue between disciplines

Finally, a third specificity of paleomicrobiology fre-
quently requires close collaborations between microbi-
ologists and specialists of other disciplines sometimes 
from humanities, such as historians, archaeologists, 
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paleoanthropologists, paleopathologists, paleoclima-
tologists, geologists or curators of collections of natural 
history or anthropology. These collaborations are nec-
essary to localize, identify, date and access relevant 
historical samples with the highest probability to con-
tain usable DNA traces of the studied microbial species 
or microbial communities and also to ‘contextualize’ 
these samples in their original, historical environment 
(van der Kuyl, 2022).

SINGLE SPECIES APPROACH

Numerous molecular paleomicrobiology studies focus 
on a specific microbial taxon. Most of them are patho-
gens, primarily human ones, bacteria or viruses. The 
field of investigation is likely to widen rapidly, with the 
emergence of studies in the field of plant pathology as 
well as the availability of genomes of non-pathogenic, 
often uncultivable species reconstructed in silico (so-
called MAGs, for metagenome-assembled genomes) 
from massive sequencing data of ‘microbial paleo-
communities’ (Bos et al., 2019; Granehäll et al., 2021; 
Marx, 2016; Wibowo et al., 2021). This section of the 
manuscript takes as a main example the studies on the 
human plague that illustrate a posteriori the specificity 
of the discipline presented in the introductory section.

The history of the plague bacterium

Before paleogenomic studies of plague, there were a 
number of certainties about the nature of this disease, 

but also a number of uncertainties that could be not 
addressed using currently circulating bacterial strains. 
First of all, it is caused by Yersinia pestis, which was first 
isolated in China in 1894 during the last great plague 
epidemic (the so-called 3rd pandemic). The main res-
ervoir of this disease is wild rodents, and it is essen-
tially transmitted from animals to humans through the 
bites of infected fleas. This form of transmission leads 
to the bubonic form of the disease, which takes its 
name from the swelling of lymph nodes. The disease, 
in rarer cases, can be transmitted directly from humans 
to humans through the respiratory tract where it leads 
to a pulmonary infection that is also usually fatal. In the 
absence of appropriate treatment, the infection leads 
to very high mortality rates during epidemic episodes. 
Y. pestis, whose genome has been sequenced many 
times (more than 600 genomes available in GenBank 
in 2023), has been the subject of numerous experimen-
tal studies which have identified many genes involved 
in the virulence and aggressiveness of this bacterium 
in humans as well as in the insect vector (Demeure 
et al., 2019; Hinnebusch et al., 2021). Some of these 
genes are carried by plasmids.

None of the studies conducted on modern strains 
of Y. pestis could however confirm that the so-called 
‘plague’ epidemics, prior to the late 19th century one, 
were caused by the same pathogen despite the sim-
ilarity of symptoms reported in historical texts and il-
lustrations. The pandemic that broke out in China in 
the second half of the 19th century is referred to as 
the 3rd pandemic. It followed a first one called the 
Justinian pandemic (6th-8th century AD) and a sec-
ond one (14th-18th century) that peaked in Europe as 

F I G U R E  2   Main characteristics 
of ancient DNA. While DNA extracted 
from living organisms is made of long 
molecules, often exceeding 1 kbp in 
length and perfectly representative 
of the original organism's genomic 
sequence, ancient DNA extracted from 
historical samples has experienced 
post-mortem damages. They lead to DNA 
fragmentation (fragments often shorter 
than 100 bp) and base modifications 
altering the original sequence. Thus, 
cytosine deamination produces uracil, 
preferentially at the ends of the molecules. 
Photo credits: modern plant samples: 
©Herbier LY, FR-CERESE, UCBLyon1 
Recolnat portal (https://​explo​re.​recol​nat.​
org/​) under accessions LY0662689.
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the Black Death in 1347–1351, decimating up to 60% 
of the population locally. After a phase of decline, 
each of these pandemics gave rise to more localized 
epidemic episodes.

In this context, the paleomicrobiological approach 
is a priori the only one that could answer a set of ques-
tions, common to many other infectious diseases. (i) 
Are the historical cases of the disease (here the 1st 
and 2nd pandemics) attributable to the same infec-
tious agent? (ii) Did several distinct strains/evolution-
ary lineages of the pathogen circulate during a single 
pandemic? (iii) Are successive pandemics/epidemics 
due to the re-emergence of the evolutionary lineage 
that predominated during the previous pandemic? (iv) 
Can infections be documented in humans at earlier 
dates for which documentary sources do not exist? 
And (v), what can the analysis of ancient strains teach 
us about the temporal evolution of the pathogen's 
virulence?

If certain diseases lead to bone alterations such 
as tuberculosis (bone tuberculosis) or leprosy, thus 
allowing human remains to be targeted for paleomi-
crobiological studies, this is not the case for plague. 
Nevertheless, the high mortality induced by the disease 
is known to lead to a modification of funerary practices 
characterized by the burial of bodies not in individual, 
but in collective graves. aDNA of Y. pestis has thus 
been successfully extracted essentially from the den-
tal pulp of teeth, a densely vascularized tissue, taken 
from skeletons found in collective graves of the differ-
ent pandemics (Bos et al., 2016; Harbeck et al., 2013; 
Spyrou et  al.,  2016; Susat et  al.,  2020). Several re-
search groups have independently been able to recon-
stitute entire genomes of Y. pestis either directly from 
systematic sequencing of the extracted aDNA, or after 
enrichment in Y. pestis DNA by sequence capture (Bos 
et al., 2016; Spyrou et al., 2016). This first set of results 
validated the hypothesis that the first two plague pan-
demics (6th-8th century and 14th-18th century) were 
indeed due to Y. pestis found in numerous sites cover-
ing a vast territory in Eurasia and several decades (Bos 
et al., 2016; Bramanti et al., 2021; Harbeck et al., 2013; 
Spyrou et al., 2022; Susat et al., 2020).

Integration of ancient and modern genomic se-
quences into a global phylogeny of the Y. pestis spe-
cies showed that strains from the same pandemic tend 
to cluster together to form distinct lineages, suggest-
ing that major pandemics do not result from the re-
emergence of strains that produced the previous ones 
(Bramanti et  al.,  2021; Hinnebusch et  al.,  2021). The 
earliest evidence of the evolutionary lineage of the sec-
ond pandemic dates from 1338 to 1339 and was found 
in Kyrgyzstan, suggesting that it originated in Central 
Asia (Spyrou et al., 2022). It was always members of 
this lineage that caused epidemic rebounds more than 
3–4 centuries later in Europe (Bos et al., 2016; Bramanti 
et al., 2021; Spyrou et al., 2022).

To address the diffusion of Y. pestis before the first 
documented pandemics, a systematic screening for the 
presence of the bacterium sequences in DNA extracted 
from human remains buried individually or collectively 
was necessary. This more tedious approach led to 
the reconstruction of 17 ancient Y. pestis genomes 
among a set of 252 human skeletons dating from 5000 
to 2500 years BP and over a territory ranging from the 
Iberian Peninsula in the West to Mongolia in the East 
(Valtueña et al., 2022). The ability to infect humans thus 
predates the recorded three pandemics (Rascovan 
et al., 2019; Spyrou et al., 2018; Valtueña et al., 2017, 
2022). The fact that many infected bodies were buried 
individually suggested that these cases of historical in-
fections may not have led to mass mortality.

We thus now have a substantial number of genomes 
of historical Y. pestis strains covering a period of time of 
more than 5000 years. As we have just summarized, the 
comparison of these genomes allows the construction 
of time-calibrated molecular phylogenies and traces 
‘objectively’ the course of epidemics and movements 
of these pathogens on different time and spatial scales 
(Rascovan et al.,  2019; Spyrou et al.,  2018; Valtueña 
et  al.,  2022). Besides phylogenetic reconstructions, 
confrontation of the gene content of ancient genomes 
with our current knowledge of the molecular basis of 
the modes of infection and virulence of the pathogen 
offers a unique opportunity to address the evolution of 
the modes of transmission and of the virulence of the 
pathogen over time.

In the case of Y. pestis, several of the key genes 
necessary for this bacterium to infect fleas and make 
them effective in transmitting the pathogen to hu-
mans and causing the bubonic form of the disease 
are known (Hinnebusch et al., 2021). The ability to in-
fect these insects requires for instance the presence 
of the ymt gene and a mutation in the ure2 gene that 
inhibits the production of a functional urease. The key 
ymt gene was absent in most strains found in the Late 
Neolithic-Early Bronze age (5000–3500 BP) which 
also seems to be able to produce a functional urease 
(Spyrou et  al.,  2018; Vågene et  al.,  2022; Valtueña 
et al., 2017). During this period the plague could have 
thus been predominantly transmitted from human to 
human without an intermediary insect host. However, 
the mode of transmission via flea bites is by far the 
most efficient and determinant for a massive diffusion 
of the pathogen. While early studies on Bronze Age 
strains suggested that acquisition of the ymt gene oc-
curred later, two recent studies independently found 
two Y. pestis strains carrying this gene as well as mu-
tations in the ure2 gene and other genes promoting 
flea infection. These two observations were made 
on skeletons excavated, one in Spain (3200 years 
BP) (Valtueña et  al.,  2022) and the other in Russia 
(3800 years BP) (Spyrou et al., 2018). These strains 
potentially capable of being transmitted by fleas may 
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therefore have spread unnoticed over a large geo-
graphical area at a time when other forms of patho-
gen transmission were predominant.

A second piece of information that may shed light on 
the aggressiveness on mammals of historical plague 
strains concerns the pla gene, a major virulence factor 
carried on the Y. pestis pPCP1 plasmid. Independent 
studies on different isolates from different geographi-
cal origins reported a specific ‘erosion’ of this gene 
in several strains of the second pandemics, after the 
end of the Black Death episode (after the 15th century, 
Bramanti et al., 2021; Susat et al., 2020). This ‘erosion’ 
corresponds to a lower sequence coverage of this gene 
compared to the rest of the pPCP1 plasmid sequence. 
Thus, only a small percentage of plasmids may have 
carried the pla gene. This could indicate that the strains 
at the end of the epidemic peak were affected in their 
virulence, although this remains to be experimentally 
demonstrated.

Beyond plague, other pathosystems

While plague has, thus far, certainly been the focus of 
the largest number of studies in the field of paleomicro-
biology; similar scientific questioning has been elabo-
rated on other pathogens. They belong to the bacteria 
(e.g. Mycobacterium sp.) but also to the viruses (e.g. 
the Hepatitis B virus) or the Eukarya (e.g. the Oomycete 
Phytophthora infestans) and infect either animal/hu-
mans or plant species. In different instances, the re-
sults reported contrast with those obtained for plague.

In the case of bone tuberculosis, essentially resulting 
nowadays from infections by Mycobacterium tuberculo-
sis, it has been demonstrated that the symptoms ob-
served on human skeletons from 950 to 1550 CE along 
the coasts of South America, prior to the European in-
vasions that may have brought M. tuberculosis to this 
region, were the result of infections by the species M. 
pinnipedii (Vågene et  al.,  2022). This species prefer-
entially infects Pinnipeds, such as fur seals abundant 
in this region. The presence of this infection in human 
communities along the coast can be explained by re-
current transmissions from animals to humans result-
ing from the proximity between these two species, the 
former of which being hunted for its meat. However, 
the presence of such infections on skeletons found 
further inland raises questions about possible human-
to-human transmission by one or more lines of M. pin-
nipedii that would have adapted to this new host and 
that may have gone extinct (Vågene et al., 2022).

Regarding the progression of ‘successive waves’ 
of different genotypes of a pathogen in the same geo-
graphic area, it has been reported for other microbial 
species belonging to different taxonomic groups in 
different time periods. Thus, the systematic screening 
of more than 130 human remains from Eurasia and 

America covering a period from 10,500 BP to 400 BP 
has allowed to trace the evolutionary history of the hep-
atitis B virus whose infection does not leave any visible 
trace on skeletons and does not lead to mass mortality 
(Kocher et al., 2021). In Western Europe, at least 5 evo-
lutionary lineages of the virus followed one another over 
this period. One of them in particular, called WENBA, 
prevailed for nearly 4000 years from about 7500 to 
3500 years ago, that is a period straddling the Neolithic 
and the Bronze Age, before being apparently eliminated 
and replaced by a new genotype that is still found today 
in Europe. The dissemination of the WENBA lineage 
found on several Early European Farmer's skeletons 
coincides with the Hunter-Gatherers/Farmers transition 
in Europe. It is interesting to note that a descendant of 
the WENBA lineage, not found for nearly 3500 years, 
has recently reappeared in today's human populations, 
often in association with HIV carriers. The source of 
this re-emergence of a lineage thought to be extinct 
remains to be identified (Kocher et al., 2021).

Another example of historical epidemiological moni-
toring concerns the Oomycete Phytophthora infestans, 
agent of the Potato blight. Its introduction from America 
to Europe in the first half of the 19th century led to the 
destruction of this crop and triggered the great famine 
in Ireland, which caused more than a million deaths and 
resulted in a wave of emigration from Europe to North 
America. Genome sequencing of this species was per-
formed using (degraded) aDNA extracted from potato 
leaves, stored in herbaria, which displayed typical leaf 
lesions (Martin et al., 2013; Yoshida et al., 2013). These 
specimens were collected mainly in Western Europe 
but also in North America between 1845, the proba-
ble date of the first introduction of the pathogen into 
Europe, and the end of the 19th century. All isolates 
collected along the 19th century had genomes very 
similar to each other but distinct from the genomes of 
strains currently circulating in Europe. Thus, it appears 
that the initial introduction into Europe was from a sin-
gle strain or from closely related strains that circulated 
throughout the 19th century only to be replaced by new, 
genetically distinct isolates (Yoshida et al., 2013).

As in the case of Y. pestis, functional information was 
also deduced from the analysis of P. infestans genomes 
that circulated in Europe in the 19th century. They pos-
sessed a functional AVR3KI avirulence gene, whereas 
modern strains possess the AVR3EM allele of this gene 
(Martin et al., 2013; Yoshida et al., 2013). When a P. in-
festans strain carries a AVR3KI allele it cannot infect 
a potato cultivar carrying the cognate R3a resistance 
gene (Bieker et  al.,  2020; Yoshida et  al.,  2013). This 
R3a resistance gene was however absent in potato 
lines grown in Europe in the 19th century. Its introgres-
sion into modern potato cultivars to fight P. infestans 
led however to the emergence of strains of the patho-
gen carrying the new AVR3EM allele that bypassed the 
resistance conferred by the R3a gene.

 17517915, 2024, 1, D
ow

nloaded from
 https://envirom

icro-journals.onlinelibrary.w
iley.com

/doi/10.1111/1751-7915.14390 by N
ational M

useum
 O

f N
atural H

istory, W
iley O

nline L
ibrary on [07/03/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



      |  7 of 18PALEOMICROBIOLOGY: TRACKING PAST MICROBIAL LIFE

ANCIENT MICROBIAL 
COMMUNITIES —SPECIFIC ISSUES

Unlike studies targeting a single species, the analyses 
of ancient microbial communities must take several 
factors into account that may have biased the relative 
abundance of the different species within the pool of 
ancient DNA extracted from the samples under study.

The first factor is the contamination of ancient ma-
terial by an external source, which may itself be an-
cient and therefore characterized by the presence of 
DNA with post-mortem damages. For example, in the 
case of buried animal/human remains, the surround-
ing substrate (soil) may have contaminated these re-
mains. These contaminations can be evaluated and 
removed a posteriori from the sequence datasets 
using bioinformatics approaches. Thus, to validate 
microbiome preservation in different ancient dental 
biofilm samples, Fellows Yates, Velsko, et al. (2021), 
developed a multistep procedure that included (i), 
metagenomic binning of the data to the NCBI nucle-
otide database for a taxonomic assignation and, (ii) 
subsequent validation of the identified microbial taxa 
by comparison with oral and non-oral reference mi-
crobiomes. Another popular approach is the use of 
the SourceTracker software (Knights et  al.,  2011), a 
tool based on Bayesian methods that compare the 
microbiome dataset under study with datasets of 
published microbiomes from the same and different 
environments. Similarly, the R decontam package al-
lows for the removal of laboratory and environmental 
contaminants prior to subsequent analysis of microbi-
omes (Davis et al., 2018).

In certain environments, such as lake or marine sed-
iments, active or dormant microorganisms may also 
naturally cohabit with ancient nucleic acids from micro-
organisms that have disappeared. In paleomicrobiol-
ogy, it is not easy to distinguish between these different 
sources and this can lead to erroneous conclusions 
about the temporal evolution of microbial communities. 
In environmental microbiology, it is traditionally consid-
ered that DNA persists longer in the environment after 
the death of cells than RNA, which is a more labile mol-
ecule whose presence would indicate the presence of 
active living cells. Thus the detection within an envi-
ronmental archive of RNA associated with a specific 
taxon should prompt its exclusion from downstream 
analyses. However, recently published results suggest 
that RNAs may themselves persist in the environment 
for several decades (Pearman et al., 2022). Therefore, 
as a precautionary measure, paleoenvironmental anal-
yses, particularly on sediment cores, should primarily 
focus on microbial taxonomic groups whose short- to 
medium-term survival in sediments is unlikely. This is 
the case, for example, for many strictly photoautotro-
phic organisms such as cyanobacteria or unicellular 
eukaryotic algae.

Contamination of ancient material may also be en-
dogenous, due to the secondary development of mi-
croorganisms during the conservation or fossilization 
process. This was suggested in the study of herbarium 
samples of Ambrosia and Arabidopsis plants (Bieker 
et al., 2020). Most of the plants preserved in herbaria 
contained sequences attributed to the ascomycete 
fungus Alternaria alternata that were never found in 
modern samples of plants of these species. This ob-
servation led the authors to suggest that this fungus 
colonized the plants in the herbaria after they had been 
collected.

Another factor that is difficult to assess is the 
differential conservation (of DNA) of the different 
species in the microbial communities, leading to ar-
tifactual changes in their relative abundance. These 
changes could occur at different stages in the con-
servation process. In aquatic ecosystems, in the case 
of lacustrine cyanobacterial communities, differential 
sedimentation of planktonic cells has been reported. 
Nwosu et al. (2021) observed an over-representation 
in sediment traps, placed at the bottom of a lake, of 
species producing aggregates or colonies of cells 
compared with other species, which, although abun-
dant in the water column, are characterized by small 
individual cells producing gas vesicles. These latter 
species are not only less likely to sediment rapidly, 
but are also more vulnerable to predation and the 
rapid degradation of their DNA (Nwosu et al., 2021). 
In addition to this direct evidence made on extant 
samples, observations made on ancient material also 
suggest differential conservation of the genetic ma-
terial of certain taxa after their death. This was re-
ported for a desiccated microbial mat dated around 
1000 yr BP collected in Antarctica. Analysis of the 
DNA and proteins extracted from this mat revealed 
very different taxonomic profiles of the microbial 
communities (Lezcano et al., 2022). Among the DNA 
sequences, the authors observed a high prevalence 
of Clostridiales and Actinomycetales and a virtual 
absence of cyanobacteria. The taxonomic affiliation 
of the extracted proteins, on the other hand, reveals 
a high abundance of cyanobacteria and a quasi-
absence of Clostridiales and Actinomycetales. This 
latter observation reflected better the presumed na-
ture of the studied material. It was hypothesized that 
certain microbial taxa, particularly those producing 
spores such as the Clostridiales, are characterized 
by a slower postmortem degradation of their DNA 
and are therefore over-represented in the archives. 
It should however be noted that this study was con-
ducted using a metabarcoding approach, which only 
allows analysis of the fraction of extracted fragments 
whose size exceeds the size of the amplified marker. 
In that way, DNA less degraded is favoured over the 
very short fragments that may be more representative 
of ancient communities.
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To minimize the complex problem of artefactual 
modification of the relative abundance of taxa over 
time, it is possible to discuss the results only in terms 
of the presence or absence of taxa within the commu-
nities. However, this only makes sense in cases where 
these taxa play a very specific role, as is the case for 
pathogenic species. Thus, Bonczarowska et al. (2022) 
systematically searched for human pathogen se-
quences (bacteria and viruses) in DNA extracted from 
the teeth of 70 individuals buried in the same German 
village during the Merovingian period (fifth-eighth cen-
tury CE). On twenty-two individuals (31%) were found 
at least one of the following 4 pathogens: Hepatitis B 
virus, Smallpox virus or Parvovirus B and the leprosy 
agent, Mycobacterium leprae. Seven cases of double 
infection and one case of triple infection suggested that 
several of the pathogens were endemic within the pop-
ulation and that overall this village community had a 
poor health status.

Despite these warnings, molecular paleomicrobiol-
ogy remains the only approach for probing the diversity 
of past microbial communities, whose members, some-
times all of them, have left no fossil record. Nevertheless, 
this assertion is also true in the case of the very few 
microbial groups that are widely studied in micropale-
ontology, such as the Foraminifera. Thus, a metabar-
coding study targeting this taxon in a marine sediment 
core covering more than 1000 years of sedimentary de-
posits identified nine times more molecular taxa than 
morphological ones producing hard shells preserved in 
sediment (Pawłowska et al., 2014). This ‘excess’ of mo-
lecular taxa can be explained by the existence of cryptic 
species producing morphologically similar hard shells, 
as well as by the existence of numerous taxa that do not 
produce these fossilized structures.

In this section dedicated to communities, we will 
distinguish studies exploring free-living microbial 
communities from studies of ‘host-associated’ micro-
bial communities. This distinction is justified by the fact 
that to date, studies of free-living communities have 
mainly involved the analysis of DNA extracted from 
sediment cores using metabarcoding approaches. As 
for studies on ‘host-associated’ communities, besides 
exploring more diverse sample types (Figure 1), they 
mainly follow a systematic high-throughput DNA se-
quencing approach. This approach allows de novo 
reconstruction of microbial genomes and detailed 
functional analysis of the role of microorganisms in 
ancient ecosystems.

FREE- LIVING ANCIENT 
MICROBIAL COMMUNITIES

Free-living ancient microbiomes, or ‘non-host associ-
ated microbiomes’, encompass microbial communities 

entrapped in environmental matrices as diverse as 
freshwater or marine sediments, ancient soils, perma-
frost, or ice cores (Figure 1). The study of aDNA from 
these samples, often referred to as sedimentary DNA 
(sedaDNA), makes it possible to reconstruct the his-
tory of ecosystems over geologic times and to reveal 
shifts and changes in microbial communities that have 
occurred in response to natural or anthropogenic con-
straints. At present, most studies have been performed 
on sediments and few data are available on ancient 
soils (Clark & Hirsch, 2008) and permafrost (see below 
‘Future perspectives’).

Freshwater and marine sediments

Freshwater (e.g. lake), and marine sediments ar-
chive DNA not only from aquatic benthic and pelagic 
(micro)organisms, but also from terrestrial ones en-
capsulated in wind-dispersed propagules (e.g. fungal 
spores) or that are transported horizontally by rivers 
to their estuaries where they sediment. Therefore, 
the study of sedimentary DNA (sedaDNA) composi-
tion does not only illustrate past aquatic biodiversity 
but also the global diversity of surrounding terrestrial 
ecosystems, including their fauna and flora (Kjær 
et  al.,  2022; Wang et  al.,  2021). Thus, the analysis 
of sedaDNA extracted from a Latvian lake sediment 
core, allowed Talas et al. (2021) to retrace the evolu-
tion of both aquatic (23% of the molecular taxa) and 
terrestrial (40%) fungal communities over a period of 
more than 10,000 years encompassing the Holocene. 
Besides taxonomic assignation, functional assig-
nation to different trophic modes (e.g. saprotrophs, 
animal of plant pathogens or symbionts) provided in-
direct information regarding the occurrence of plant 
genera (Alnus, Salix,…) known to be specifically as-
sociated with particular fungal pathogenic or mutual-
istic species.

Studies focusing on restricted geographic areas 
allowed monitoring on a fine temporal scale how 
human activities strongly, and maybe irreversibly, 
impacted coastal microbial, and more specifically 
microeukaryotic communities. In the bay of Brest, 
on the French Atlantic coast, after a long period of 
global stability since the Middle Ages, communities 
of eukaryotic microorganisms ‘suddenly’ changed 
from the Second World War onwards and since then 
never turned back to their initial composition (Siano 
et al., 2021). Dinoflagellates and Stamenopiles were 
the most affected groups with the almost complete 
disappearance of taxa that durably dominated the 
communities since the middle age and their re-
placement by other taxa such as the potentially 
harmful, toxin-producing Alexandrium algae. Such 
changes parallel and can certainly be attributed to 

 17517915, 2024, 1, D
ow

nloaded from
 https://envirom

icro-journals.onlinelibrary.w
iley.com

/doi/10.1111/1751-7915.14390 by N
ational M

useum
 O

f N
atural H

istory, W
iley O

nline L
ibrary on [07/03/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



      |  9 of 18PALEOMICROBIOLOGY: TRACKING PAST MICROBIAL LIFE

simultaneous abrupt changes in local human activi-
ties that also left identifiable traces in sediments in the 
form of accumulation of inorganic and organic pollut-
ants or changes in sediment accumulation patterns 
attributable to agricultural practices. Similar dramatic 
changes in the composition of coastal microbial com-
munities have also been reported by Barrenechea 
Angeles et  al.  (2023) who studied the temporal dy-
namics of bacterial, eukaryotic and Foraminiferal 
communities in a sediment core sampled in the bay 
of Pozzoli (Mediterranean Sea, SW Italy). Changes 
in microbial communities recapitulated the differ-
ent phases of the heavy industrial development of 
the surrounding area in the period 1851–1992 that 
left geochemical signatures in the core layers. Both 
these studies (Barrenechea Angeles et  al.,  2023; 
Siano et al., 2021) highlight the initial status of micro-
bial communities before human impact. This status 
could be considered as a baseline value that rep-
resents the target to reach in a restoration operation 
of the polluted sites.

Besides studies targeting a single geographic site 
that recapitulates its local history, multisite studies 
allow evaluating the impact of more widespread en-
vironmental changes. By studying sediment cores 
sampled in ca 50 lakes in France along a ca 2000 m 
elevation gradient (Barouillet et  al.,  2022; Keck 
et al., 2020) aimed at assessing the impact of the so-
called Anthropocene ‘great acceleration’ on freshwa-
ter ecosystems. For each core, DNA was extracted 
from one layer that was deposited in the 19th century 
and from a second more modern one representative 
of extant microbial communities. Metabarcoding anal-
yses targeting either the whole eukaryotic microbial 
communities (Keck et al., 2020) or more specifically 
the ciliates (Barouillet et al., 2022), gave convergent 
results. In a global comparative analysis, it emerged 
that modern eukaryotic communities of the 50 lakes 
displayed greater similarity between them than their 
19th-century counterparts. This spatial homogeni-
zation was stronger for lakes located below 1400 m 
above sea level than for those located above. In 
France, this altitude globally marks the upper limit of 
permanent human settlements and territories above 
this line are unlikely to be directly impacted by inten-
sive farming practices that may represent the main 
causes of diversity changes. Functional assignation 
of molecular taxa also highlighted pervasive shifts 
in the functional profile of lake eukaryotic microbial 
communities. Modern communities were significantly 
enriched in mixotrophic and photosynthetic taxa at the 
expense of primary consumers, parasitic and sapro-
trophic species that were possibly counter-selected 
by eutrophication of the lacustrine ecosystems indi-
cated by the higher organic carbon concentrations 
found in the most recent sediment layers.

HOST- ASSOCIATED ANCIENT 
MICROBIAL COMMUNITIES

Host-associated microbial communities can be affected 
by the characteristics of their host (species, genotype), 
its lifestyle (e.g. its diet, its health status) and the en-
vironment in which it evolves and where part or all of 
its microbiome is recruited horizontally. Several stud-
ies have examined the relative importance of the host, 
geography, ecology and environment in the evolution 
of these communities, which contribute to the fitness 
and health of their host and partly determine its selec-
tive value.

Diversity of source materials

Dental calculus

As in the case of studies targeting a specific micro-
bial species, many paleomicrobiology studies of host-
associated communities regard humans and related 
species (hominids, monkeys). The most numerous 
studies focus on the oral ecosystem where mineraliza-
tion of dental plaque leads to the formation of dental 
calculus (Figures  1 and 2). It protects the microor-
ganisms that are present in this environment, whose 
DNA remains preserved over very long periods of time 
(Ozga & Ottoni, 2023). Interestingly, the ancient DNA 
of dental calculi from skulls preserved in natural his-
tory collections is now being studied not in a historical 
context, but simply because it allows studying oral mi-
crobial communities associated with rare animal spe-
cies in danger of extinction, whose extant populations 
have become difficult to sample. An illustration of this 
approach is the study carried out on three extant spe-
cies/sub-species of Gorillas, whose skulls were pre-
served in various natural history collections (Moraitou 
et  al.,  2022). Sequencing of degraded DNA from the 
corresponding dental calculi indicated that the nature of 
the Gorilla's diet (ecology), more than the phylogenetic 
proximity of Gorilla species, determined the composi-
tion of the oral microbiome.

Paleofeces and coprolites

These remains represent dried and mineralized 
fossilized faeces respectively. A paleomicrobiological 
analysis of coprolites has already provided 
information about a variety of organisms, including 
micro-eukaryotes, bacteria, and archaea, present 
in this material, thus enhancing our understanding 
of ancient human diet, gut microbiota, and intestinal 
and systemic diseases (Appelt et al., 2016). Faeces 
are more rarely preserved with their original intestinal 
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microbiome, but exceptional cases of preservation do 
exist, such as in salt-rich environments (salt mines) 
(Maixner et  al.,  2021) or dry desert ones (Wibowo 
et al., 2021) that allow for a rapid desiccation of the 
samples.

Zoological collections

In the animal kingdom, studies are however not limited 
to mammals, several papers have for instance reported 
the composition of the gut microbiome of specimens of 
other animal taxa preserved in alcohol in natural his-
tory collections. This is the case of related Mexican 
Herichthys endemic fish species that; for several speci-
mens; were stored for about 50 years in alcohol (Mejía 
et al., 2022), or for terrestrial snails, several of which col-
lected 98 years before analysis (Chalifour et al., 2022). 
As in the case of dental calculus, mineralized struc-
tures are however more likely to preserve DNA for 
longer periods. Thus, Scott et  al.  (2022) successfully 
extracted and sequenced DNA from millennia-old 
corals that revealed their original microbiomes which 
showed similarities to those from today. However, they 
identified very few sequences that could be affiliated to 
Symbiodiniaceae, which are essential eukaryotic pho-
totrophic symbionts of corals.

Herbarium collections

In the case of plants, both aerial and underground 
(roots) organs of dried herbarium plants have been 
examined for their microbiome (Bieker et  al.,  2020; 
Heberling & Burke, 2019). As most herbaria have been 
constituted in the 19th and 20th centuries with very 
few specimens from the 17th and 18th centuries, other 
sources of plant material have to be looked for to ad-
dress plant microbiome evolution across longer peri-
ods. Ancient plant DNA has been extracted from up to 
ca 10,000-year-old woods preserved in waterlogged 
environments; however, their associated microbiomes 
probably correspond to ‘post-mortem’ communities re-
cruited from the surrounding sediments, and not to the 
original endophytic ones (Wagner et  al.,  2018). DNA 
has also been extracted from seeds or inflorescence 
of cultivated plants collected in archaeological sites 
(Kistler et al., 2020; Trucchi et al., 2021), but their mi-
crobiome has, thus far, not been specifically reported.

Monitoring host-associated-microbiome 
taxonomic and functional shifts

In this section, using selected examples, we describe 
studies on past host-associated microbial communi-
ties that investigate either their taxonomic or functional 

diversity. Both approaches illustrate how microbial 
communities evolve over time and how environmental 
factors can influence the microbiome composition, its 
metabolism and ultimately its activities and roles in its 
original ecosystem.

Evolution of animal/human microbiomes and 
taxonomic diversity

Focusing on human dental calculus, evolution of its mi-
crobiome has been addressed at different time and ge-
ographic scales. Deep in time, Fellows Yates, Velsko, 
et al. (2021) compared calculus microbiomes of differ-
ent extant (Gorillas, Chimpanzees, Homo sapiens) and 
extinct (H. neanderthalensis) Hominids to delineate the 
set of microbial species shared between the different 
species (i.e. the Hominid calculus core microbiome) 
and the set of taxa specific, or more frequent, in one or 
more species.

As opposed to metabarcoding, thus far commonly 
used to explore non-host associated paleo communi-
ties, systematic sequencing allows either the de novo 
assembly of entire microbial genomes (MAGs for 
Metagenome Assembled Genomes) or the mapping of 
sequencing reads against already known microbial ge-
nomes. Identification of different genomes of the same 
microbial taxon in different samples allows delineating 
intraspecific lineages whose distribution in time and 
space can be studied. This latter approach was pre-
sented by Fellows Yates, Velsko, et al. (2021) for three 
bacterial species found in all studied Hominid species. 
Phylogenetic analyses based on Single Nucleotide 
Polymorphisms (SNPs) identified in whole genome se-
quence data highlighted a greater proximity between 
human-associated lineages (from either modern or 
ancient individuals) that were distinct from Gorilla and 
Chimpanzee ones that grouped together. Thus, al-
though these three bacterial species belonged to the 
core Hominid oral microbiome, genome-level analy-
ses split each of these taxa into different host-specific 
groups. A number of potential confounding factors can 
however contribute to these observed associations be-
tween hosts. One of them is geography as almost all 
human samples were of European origin while Gorillas 
and Chimpanzees co-occur in Central Africa.

Data interpretation in paleomicrobiology, especially 
when referring to microbial communities, is indeed often 
subject to caution since available archaeological samples 
(e.g. human remains) are often rare and not evenly dis-
tributed (and therefore available for analysis) across time, 
space and ecological gradients. It is thus often difficult 
to disentangle the relative contribution of each of these 
factors and others on the genetic makeup, diversity and 
evolution of past host-associated microbial communities. 
This may explain some conflicting results in studies ad-
dressing for example the consequences of the Neolithic 
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transition to agriculture in Europe on the human oral 
(dental calculus as a proxy) microbiome. Because this 
progressive transition lasted thousands of years, involved 
human migrations, episodes of cohabitation between dif-
ferent human groups and did not probably proceed at the 
same pace in different geographic areas, differences in 
sample selection may lead to discrepancies across stud-
ies. Thus, while Ottoni et al.  (2021) concluded that the 
introduction of farming did not significantly alter the oral 
microbiome present in ancient foragers, Quagliariello 
et  al.  (2022) concluded the opposite. Both studies fol-
lowed the same approach based on the systematic se-
quencing of aDNA and the assembly of ancient bacterial 
genomes. They shared nevertheless a number of com-
mon observations, such as the higher frequency of spe-
cific taxa (e.g. Olsenella sp. Oral taxon 807) in Neolithic 
farmers compared to earlier hunter-gatherers.

At the intraspecific level, as exposed above for 
different Hominid species (Fellows Yates, Velsko, 
et  al.,  2021), association between specific bacterial 
lineages and specific human groups has also been 
reported. In the case of commensal Anaerolineaceae 
oral taxon 438 specific lineages each associated 
with a specific geographical and chronological group 
(Mesolithic-Neolithic) of Humans in Europe were iden-
tified (Ottoni et al., 2021) as well as others, specific to 
Japanese Jomon hunter-gatherers (−3000 years BP), 
Japanese Edo agriculturalists (400–140 BP) (Eisenhofer 
et al., 2020) or native Wichita north Americans (1250–
1450 CE) (Honap et al., 2023).

This last observation was part of a study that aimed at 
understanding the impact of colonization by Europeans 
of North America on the native North American pop-
ulations' microbiomes (Honap et al., 2023). Since this 
historical event is far better documented and took place 
over a shorter time span (a few centuries) compared to 
the Mesolithic-Neolithic transition, it could represent a 
more appropriate framework to disentangle the relative 
contribution of geography, nutrition and host (Human) 
genetics on the Human microbiome.

Besides dental calculi, reconstruction of nearly 500 
MAGs has been reported for aDNA extracted from 
exceptionally well-preserved 1000–2000 years-old 
Native American human faeces found in desert areas 
of S-W USA and nearby Mexico (Wibowo et al., 2021). 
In multivariate meta-analysis these ancient microbi-
omes grouped with modern ones from individuals liv-
ing in ‘non-industrialized societies’, while microbiomes 
from individuals from ‘industrialized societies’ grouped 
together in a distinct cluster. This observation lends 
support to the hypothesis that the microbiome of ex-
tant humans of ‘non-industrialized societies’ represents 
an ancestral state that may be explained by similarities 
in diets between these extant human populations and 
ancestral ones. Although ancient microbiomes shared 
similarities with extant ones, the authors reported 
that 39% of the reconstructed genome sequences 

corresponded to microbial taxa that had not been re-
ported previously although several thousands of refer-
ence genomes are available for the human microbiome 
(Wibowo et al., 2021). While these microbial taxa may 
no longer be associated with extant humans, they may 
still be present, but associated with underexplored 
human populations (Almeida et al., 2021).

Beyond taxonomic diversity, 
functional diversity

As opposed to metabarcoding, commonly used to ex-
plore non-host associated paleo communities, sys-
tematic sequencing of aDNA offers the opportunity of 
exploring not only the taxonomic, but also the func-
tional and metabolic diversity of ancient microbial com-
munities. Thus, in their study of the oral microbiome of 
Hominids, Fellows Yates, Velsko, et al. (2021) identified 
the putative acquisition of a ‘salivary amylase-binding 
capability’ by oral streptococci as a potential functional 
marker that distinguishes oral Homo sp. Microbiomes 
from other Hominid ones. Acquisition of this marker 
could be explained by the adoption of a starch-rich 
alimentation by Homo species. Similarly, regarding 
the gut microbiome, paleofeces and faeces from non-
industrialized extant humans are enriched in genes 
encoding enzymes degrading starch and glycogen 
(Wibowo et al., 2021). This difference with ‘industrial-
ized humans’ could result from a larger intake of food 
products enriched in complex carbohydrates by ances-
tral and non-industrialized populations.

Among gene categories that have been scrutinized 
in both oral (dental calculi) and intestinal (faeces) mi-
crobiomes, a special attention has been paid to those 
coding for antibiotic resistance. In accordance with 
the hypothesis that the prevalence and diversity of 
these categories increased as a result of post-World 
War II antibiotic massive diffusion, it was observed 
that tetracycline resistance gene categories were the 
most enriched ones in comparisons between extant 
human (from both industrialized and non-industrialized 
societies) and ancestral one paleofeces (Wibowo 
et al., 2021). Similarly, Ottoni et al. (2021) reported the 
exclusive presence of three antibiotic resistance gene 
categories in modern dental calculus, the increase in 
frequency of a fourth one between ancient and modern 
calculus, but also the disappearance of a fifth one (cod-
ing for vancomycin resistance) in the modern calculus.

All studies cited thus far used high-throughput se-
quence data to probe both the taxonomic and the func-
tional diversity of ancient microbiomes, it is however 
conceivable to focus exclusively on functional analy-
ses to address a specific scientific issue. Thus, Brealey 
et al. (2021) addressed the historical impact of antibiotic 
use by humans and domestic animals on the distribution 
and prevalence of antibiotic resistance genes (ARGs) 
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among bacterial communities associated with non-target 
wild animal species. This was achieved through the spe-
cific identification and annotation of these genes in DNA 
samples extracted from dental calculi of Brown Bears 
whose skulls were deposited in natural history collec-
tions. These samples, all from Sweden, covered a period 
of time ranging from 1842 to 2016. It encompassed sev-
eral phases of antibiotic use in this country. While prior 
to 1951 antibiotics were not yet available, the 1951–1985 
period corresponded to their diffusion and massive use 
in humans and livestock. After that date, measures were 
implemented to reduce their use, including their ban as 
growth promoters. The authors observed that the prev-
alence, but also diversity of ARGs significantly changed 
over time, seemingly reflecting both the different phases 
of antibiotic use in Sweden and their widespread im-
pact even on species remotely associated with humans. 
Schematically, ARGs increased in abundance during the 
1951–1985 period when compared to the pre-1951 one, 
to then regress, especially in bear specimens who died 
after the year 2000 and spent their entire life after anti-
biotic restrictive measures entered into force. This study 
represents an additional example of the strength of mo-
lecular paleomicrobiology that provides a dynamic view 
of past events and can be used to evaluate the impact 
and validity of environmental policies.

FUTURE PROSPECTS

As illustrated in the manuscript, molecular paleomi-
crobiology is revolutionizing several aspects of mi-
crobiology by inserting microorganisms in a historical 

framework that predates the development of microbiol-
ogy as a scientific discipline (Figure 3). The large num-
ber of studies on human-associated microbial species 
and communities identified both long-term (e.g. Y. pes-
tis or Hepatitis B virus) and occasional (e.g. M. pinnipe-
dii) human ‘companion’ species. Besides revealing the 
long history of several human/microbe associations, by 
giving access to historical microbial genomes, paleomi-
crobiology highlights the temporal population dynamics 
of major pathogens and the successive acquisition of 
key functional attributes that are susceptible to affect 
the outcome of these associations. However, future re-
search should clarify whether these temporal and func-
tional changes are due to co-evolutionary processes 
between host and microbe or to competition between 
microbial lineages that have inadvertently entered into 
contact as a result of host migration.

Several studies also identified microbial species or 
species lineages (in the case of pathogens) that have 
never been reported in studies on modern samples 
(Granehäll et  al.,  2021; Wibowo et  al.,  2021). These 
observations are likely to fuel the debate on species 
extinction in the microbial world and to stimulate sys-
tematic surveys to identify potential refuges where 
microbial species could ‘hide’ for long periods of time. 
This is particularly relevant in the case of pathogens 
as illustrated by the apparent reemergence of the 
WENBA genotype of the hepatitis B virus that prevailed 
in Bronze Age human populations to then seemingly 
vanished (Kocher et al., 2021).

Several studies suggest that permafrost, which covers 
11% of Earth's land surface (Obu, 2021), could represent 
a reservoir for ‘ancient’, but still alive microorganisms, 

F I G U R E  3   Main achievements and research fields explored by molecular paleomicrobiology.
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including pathogens (Miner et al., 2021). For example, 
Liang et al. (2021) assembled similar MAGs from both 
intracellular iDNA and extracellular eDNA extracted 
from Siberian permafrost samples up to 43,000 years-
old (Pleistocene–Holocene). This observation lends 
support to the persistence of intact bacterial cells for 
very long periods of time in this environment from which 
a variety of viruses and bacteria have been identified 
and put into culture (Liang et al., 2019, 2021). Thus, a 
recent outbreak of anthrax caused by the spore-forming 
Bacillus anthracis, which severely affected reindeer 
herds in Siberia, is probably connected with the thaw-
ing of the permafrost that is intensifying in the Arctic  
(Stella et al., 2020).

With the rapid accumulation of data, molecular pa-
leomicrobiology could certainly benefit from the set-up 
of specific data repositories that would facilitate compari-
sons across studies and meta-analyses. Such a scientific 
endeavour has been undertaken in the case of ancient 
human genomes as illustrated by the ancient mtDNA 
database (amtdb, https://​amtdb.​org/​, (Ehler et al., 2019), 
the Poseidon framework (https://​www.​posei​don-​adna.​
org/#/​) or the Allen Ancient DNA Resource (AADR), 
a curated version of the world's published ancient and 
modern human DNA data (Mallick et al., 2023). In the 
case of paleomicrobiology, the AncientMetagenomeDir 
of SPAAM community represents the first initiative to 
collect published ancient metagenomics data (Fellows 
Yates, Andrades Valtueña, et al., 2021).

Another perspective in molecular paleomicrobiology 
is to go beyond the analysis of ancient DNA extracted 
from ancient materials and to integrate additional genetic 
information deduced from the analysis of other biomol-
ecules such as proteins or RNA. Thus, mass spectrom-
etry analysis of proteins extracted from ancient human 
bones and dental calculi has identified signature peptide 
sequences of viruses as well as of pathogenic bacteria, 
such as Hepatitis virus B (Krause-Kyora et al., 2018), Y. 
pestis (Barbieri et  al.,  2017) or Mycobacterium leprae 
(Fotakis et al., 2020). Regarding RNA, usually consid-
ered as a highly labile molecule rapidly degraded upon 
cell death, it has been shown that plant virus small 
RNAs are surprisingly more stable than long RNAs and 
DNA molecules (Hartung et al., 2015; Rieux et al., 2021; 
Smith et  al.,  2014). This property was used by Rieux 
et  al.  (2021) to assemble a genome of Cassava mo-
saic virus (ACMV) using small RNAs extracted from a 
90 years-old Cassava herbarium plant herbarium sam-
ples. Analysis of small RNAs from ancient cellular mi-
croorganisms has not yet been reported.

A FUTURE CONTRIBUTION TO 
MICROBIAL BIOTECHNOLOGIES?

In addition, the study of ancient metabolites and 
natural compounds could provide new insights into the 

evolution and functions of ancient microbiomes through 
approaches that bring together paleomicrobiology and 
biochemistry (Klapper et al., 2023; Velsko et al., 2017). 
Paleobiotechnology is a recently developed discipline 
that enables the study of the evolution of natural 
products extracted directly from ancient materials, such 
as dental calculus (Velsko et al.,  2017). By exploiting 
their potential biological activities, these molecules 
could represent new drugs to be used in medicine 
and pharmacology. Besides the direct extraction and 
characterization of metabolites from ancient samples, 
‘paleometabolites’ can also be produced by genetic 
engineering. This approach was followed by Klapper 
et  al.  (2023) who assembled high-quality MAGs 
from aDNA extracted from dental calculi of seven 
hominids (H. neanderthalensis and H. sapiens) who 
lived between the Middle and Upper Palaeolithic. In 
MAGs affiliated to the genus Chlorobium the authors 
identified novel putative biosynthetic gene clusters 
(BCGs). Heterologous co-expression in Pseudomonas 
protegens of two enzyme-coding genes (plfA and plfB) 
from one of these clusters resulted in the production 
of two novel furan-like molecules called ‘paleofurans’. 
This proof-of-concept study, which makes use of 
ancient microbial DNA information to characterize 
experimentally the metabolites produced by the 
corresponding microbes represents a novel way for 
discovering new metabolites and to address the biology 
of past microbial communities.

For millennia, humans have used microorganisms 
(bacteria, fungi) to transform raw agricultural products 
(e.g. grains, flour, milk, meat or fruit juice) into elabo-
rated, often more digestible, and tasty food products 
that can be kept for longer periods of time (e.g. bread, 
cheese, fermented beverages, processed meat). 
Extensive studies on several of these microorgan-
isms, as in the case of Saccharomyces cerevisiae or 
Penicillium spp., clearly show that strains participating 
in food transformation differ from wild ones (De Chiara 
et  al.,  2022; Legras et  al.,  2018; Peter et  al.,  2018; 
Ropars & Giraud, 2022). Furthermore, whole genome 
phylogenetic analyses also tend to cluster strains ac-
cording to the food product they have been isolated 
from (Legras et  al.,  2018; Peter et  al.,  2018; Ropars 
& Giraud,  2022), thus defining in the case of S. cer-
evisiae so-called ‘wine’, ‘sake’, ‘cheese’, or ‘beer and 
bread’ lineages (Legras et al., 2018; Peter et al., 2018). 
Besides phylogeny, genome comparisons coupled to 
reverse genetics and large-scale phenotyping have 
identified several key genetic determinants and pheno-
types that distinguish on the one hand food-adapted 
strains from wild ones, and, on the other hand, strains 
adapted to different foodstuffs (De Chiara et al., 2022; 
Legras et  al.,  2018). These observations support the 
idea that some sort of inadvertent domestication pro-
cess has led to the selection of these very specific mi-
crobial lineages.
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We suggest that a molecular paleomicrobiological 
approach could well be implemented to explore the his-
tory and main stages of these domestication processes. 
Among the main questions that could be addressed, we 
can cite: (i) Where and to which date can we trace the 
first signs of domestication? (ii) For a given microbial 
species and a specific transformation process, has do-
mestication occurred several times independently? (iii) 
Can we establish a time-calibrated chronology of the 
genome modifications that lead to extant domesticated 
lineages? (iv) Can we identify extinct domesticated lin-
eages characterized by specific genome features? (v) 
Had other, unsuspected, microbial species been do-
mesticated in the past for the transformation of a spe-
cific foodstuff?

Although these questions regard individual species, 
paleomicrobiological investigations could be extended 
to microbial communities that participate in the mat-
uration of food products and sometimes define their 
specificity. In this framework, paleomicrobiological 
investigations could be carried out on a few century/
decade-old food residues to evaluate recent evolutions 
in the preparation of so-called ‘traditional’ local food 
products.

Archaeological food remains, storage vessels or 
tools for their preparation could be obvious sources 
of aDNA from foodborne microorganisms. Human 
paleofeces have recently been shown to, sometimes, 
contain significant amounts of DNA from two of these 
microorganisms, Penicillium spp. and S. cerevisiae, 
that displayed typical post-mortem damage features of 
aDNA (Maixner et al., 2021). Mapping of aDNA reads 
to modern genomes affiliated the ancient yeast se-
quences to a ‘beer clade’ and the Penicillium ones to 
‘non-Roquefort’ P. roqueforti strain used nowadays for 
blue cheese ripening. From a historical point of view, 
these results suggest that Iron-age European pop-
ulations may have already consumed beer and blue 
cheese and therefore mastered to some extent their 
preparation. From a technical point of view, this study 
demonstrates how molecular paleomicrobiology can in-
deed contribute to microbial biotechnology.
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