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Abstract

Studies of ancient DNA have transformed our understanding of human evolution. Paleogenomics can also reveal historic and 
prehistoric agents of disease, including endemic, epidemic, and pandemic pathogens. Viruses—and in particular those with 
single- or double-stranded DNA genomes—are an important part of the paleogenomic revolution, preserving within some 
remains or environmental samples for tens of thousands of years. The results of these studies capture the public imagination, 
as well as giving scientists a unique perspective on some of the more slowly evolving viruses which cause disease. In this re
view, we revisit the first studies of historical virus genetic material in the 1990s, through to the genomic revolution of recent 
years. We look at how paleogenomics works for viral pathogens, such as the need for careful precautions against modern 
contamination and robust computational pipelines to identify and analyze authenticated viral sequences. We discuss the in
sights into virus evolution which have been gained through paleogenomics, concentrating on three DNA viruses in particular: 
parvovirus B19, herpes simplex virus 1, and smallpox. As we consider recent worldwide transmission of monkeypox and syn
thetic biology tools that allow the potential reconstruction of extinct viruses, we show that studying historical and ancient 
virus evolution has never been more topical.
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Significance
Ancient viral genomes are an important source of evidence of how viruses evolve in time and space. They provide a re
cord of virus lineages that have gone extinct and help scientists understand changes in virulence or transmissibility. In this 
review article, we discuss how ancient virus genomes are extracted from ancient remains and how these data are ana
lyzed. We give examples of unique insights into virus evolution that only ancient genomes can give, focusing on parvo
virus, herpes simplex virus, and smallpox. Finally, we consider what ancient virus data might tell us about emerging 
infectious diseases.

© The Author(s) 2023. Published by Oxford University Press on behalf of Society for Molecular Biology and Evolution. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, 
distribution, and reproduction in any medium, provided the original work is properly cited.

Introduction
Paleogenomics is the study of the genetics of past or extinct 
populations at a genomic scale, utilizing ancient deoxyribo

nucleic acid (aDNA) from plants, animals, or pathogens. 

Paleogenomics and ancient virology are practiced on a 

range of time spans, ranging from historical samples from 

the 1970s all the way back to before the Last Glacial period, 

and have led researchers to scour desiccated rat middens 
and Siberian permafrost for traces of ancient viruses.

In this review, we explore the history of research into 
viruses in historical and ancient material and how methodo
logical developments have advanced our ability to identify 
and authenticate ancient virus sequence data. We then pre
sent case studies from three viruses where paleogenomics 
has made a major contribution to our understanding of 
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virus evolution: parvovirus B19 (B19V), herpes simplex virus 
1 (HSV-1), and variola virus (VARV). Finally, we look to the 
future of paleovirology.

Why Study Historical and Ancient Viruses?

When we think of the evolutionary history of viruses, we of
ten have questions around how long a given virus has been 
present in a particular host; whether modern disease pre
sentations are the same as when viruses first emerged 
into a given population; and whether humans have always 
been the host of a given virus. For recently emerged zoo
noses, we may able to answer these questions with con
temporary human, environmental, and animal reservoir 
samples (Kan et al. 2005; Sharif-Yakan and Kanj 2014). 
Many viruses have older origins, but also benefit from simi
lar methods, particularly RNA and retroviruses. This is be
cause they evolve fast enough to study in real time, such 
as influenza, human immunodeficiency viruses (HIV), and 
severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2). Other viruses, however, are sufficiently 
slow evolving that they are mutating almost as slowly as 
the human genome itself (e.g., the herpesviruses; 
Wertheim et al. 2021). For double-stranded DNA (dsDNA) 
viruses, the substitution rate is sufficiently slow that even 
50 years’ worth of samples may not be enough to ad
equately calibrate a molecular clock (Havens et al. 2022). 
Ancient virus genomics can help to bridge the gap, bringing 
many more viruses in to the “measurably evolving” camp 
(Biek et al. 2015).

Understanding the pathology caused by viral infections in 
the past is also challenging because some viruses or viral 
lineages have gone extinct and are known only from skeletal 
lesions or historical reports. There are multiple famous 
examples from the fifteenth to seventeenth centuries of mys
terious epidemics from different continents: from north- 
western Europe, the Sudor Anglicus (variously known as 
the English sweat or the sweating disease) is thought to be 
a viral pathogen with a mortality rate of up to 50% 
(Heyman et al. 2018). Its identity remains unknown, as 
does that of a milder but similar disease known as the 
Picardy sweat which caused outbreaks 150 years later. 
Scientists and historians have suggested anthrax and an un
known hantavirus(es) as possible causative agents, but an 
unknown flavivirus is also a possibility (Heyman et al. 
2018). If these diseases were indeed caused by a virus, ex
tinct or extant, paleogenomic analysis of the remains of hu
man victims is our best prospect of identifying the virus 
responsible—and asking whether any related viruses are still 
circulating which have a similar disease-causing potential.

In North and Central America, the arrival of European co
lonizers in what is now Mexico led to multiple outbreaks of 
cocoliztli, a word which means “pest” in the Nahuatl 
language (Acuna-Soto et al. 2004). There is considerable 

debate about whether cocoliztli was one or many patho
gens, either in separate waves or as part of a polymicrobial 
package. Measles, influenza, and smallpox have all been 
suggested as pathogens which would have led to high mor
tality among native Mexican populations during the six
teenth century. Ancient DNA is now beginning to shed 
light on the cocktail of infectious diseases which arrived in 
the New World in the bodies of European colonists and for
cibly transported enslaved Africans (Guzmán-Solís et al. 
2021), adding to studies incorporating other lines of evi
dence. Some of these ancient DNA studies have raised the 
prospect that cocoliztli was polymicrobial, as pathogens 
associated with epidemic burial contexts include the bacter
ium Salmonella enterica Paratyphi C (Vågene et al. 2018) 
and the viruses human B19V and hepatitis B (Guzmán- 
Solís et al. 2021). B19V is a virus we will be meeting again 
later in this review. We now know considerably more about 
its evolution thanks to ancient DNA analysis of strains dating 
back thousands of years.

Paleogenomics is also able to reveal extinct relatives of 
known pathogens, such as the identification of Viking-era 
VARVs, which are related to more recent smallpox- 
associated VARVs, but not their direct ancestors 
(Mühlemann et al. 2020). Viral lineage extinction and lin
eage replacement is a topic on which paleogenomics has 
made significant contributions to our understanding of 
patterns of viral diversity, not just for acute or epidemic 
viruses such as smallpox, but also for latent and chronic 
viruses such as hepatitis B virus (HBV) and the herpesviruses 
(Kocher et al. 2021; Guellil et al. 2022).

Ancient Viral DNA: A Long Road From Pioneering 
Fragments to ‘Omic Scale Analysis

Ancient DNA virus evidence now exists for plant, animal, 
and human-specific viruses and includes members of all 
Baltimore virus classification groups (positive-sense single- 
stranded ribonucleic acid [+ssRNA], negative-sense single- 
stranded RNA [−ssRNA], single-stranded RNA-reverse 
transcribing [ssRNA-RT], double stranded RNA [dsRNA], 
single-stranded deoxyribonucleic acid [ssDNA], double- 
stranded DNA [dsDNA], and double-stranded DNA-reverse 
transcribing [dsDNA-RT]). A summary of all published an
cient RNA and DNA discoveries has recently been published 
elsewhere (Nishimura et al. 2022). Initial genetic evidence 
came from (reverse transcriptase) polymerase chain reac
tion (PCR) amplification of small nucleic acid fragments, 
but now increasingly comes from metagenomic sequence 
data. Major milestones for virology are summarized in table 
1, and it is interesting to note that it is RNA and retroviruses 
that were the pioneers of the field, despite the poor preser
vation of ancient RNA in the archeological record, relative 
to DNA. Perhaps because of this poorer preservation (dis
cussed below), much recent research on ancient viruses at 
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a genomic scale, including tens or hundreds of ancient and 
historical genomes, has focused on viruses with ssDNA or 
dsDNA genomes. For this reason, the major focus of this re
view will be human DNA viruses.

The earliest studies of ancient viral nucleic acid were typ
ically stored pathology specimens with contemporary diag
nostic or symptom data, or from mummies with preserved 
soft tissue and visible lesions (Fornaciari et al. 2003; Kahila 
Bar-Gal et al. 2012). Later, screening for ancient pathogens 
was on the basis of PCR and then quantitative PCR (qPCR) 
(Fletcher et al. 2003; Worobey et al. 2008), with PCR- and 
qPCR-based studies following the same strict and evolving 
standards of authentication and replication as other kinds 
of ancient nucleic acid research (Calvignac et al. 2008). 
The last decade has seen a gold rush of ancient viral gen
omes, and this follows from a further change in method
ology in 2011: the increasing transition from qPCR 
screening of human samples for specific viruses to much 
more wide-spread use of metagenomic sequencing of hu
man remains and tissue samples (Spyrou et al. 2019; 
Duchêne et al. 2020).

The success of the last decade in identifying ancient 
viruses in human remains has been driven not so much by 
a desire to detect pathogens within human remains, as by 
the increased use of metagenomic sequencing to acquire 
whole host genomes at a range of depths. Deeper host me
tagenomic data sets have been combined with robust com
putational tools for identifying the most likely taxonomic 
origin of reads. The combination of richer data, falling 
costs, improved aDNA extraction techniques, and new 
computational biology tools has allowed metagenomic se
quencing to act as a screening tool for pathogens (box 1). 
Samples with authentic viral reads can be prioritized for re
sampling, sequencing at greater depth, or target enrich
ment—or a combination of these approaches. These 
population screening approaches have allowed the identifi
cation of viruses such as hepatitis B virus (Kocher et al. 
2021), VARV (Mühlemann et al. 2020), and adenovirus 
(Nielsen et al. 2021), which would not necessarily have 
been specifically screened for in individual remains and 
which do not leave diagnostic skeletal lesions (box 1). 
There is even a recent report of Merkel cell polyomavirus 

Table 1 
Virological Milestones in Paleogenomics

Milestone Virus (Sample Date) Year Notes/References

Ancient RNA virus material recovered Influenza (1918 Common Era [CE]) 1997 Taubenberger et al. 1997
Ancient retrovirus material recovered HIV (1959 CE) 1998 Zhu et al. 1998
Ancient DNA virus material recovered Human papillomavirus (1568 CE) 2003 Fornaciari et al. 2003
Complete ancient RNA virus genome Influenza (1918 CE) 2005 Tumpey et al. 2005
Complete ancient DNA virus genome Hepatitis B virus (∼1680 CEa) 2012 Kahila Bar-Gal et al. 2012

aBased on radiocarbon dating.

Box 1: Sequencing Ancient Viruses: A Brief Paleogenomic How-To Guide
Clean excavation, avoiding contamination, and authentication of reads based on damage patterns.

Because authentic ancient virus’ genetic data only represent a tiny fraction of the sequences in human remains, re
searchers should minimize possible contamination with modern viruses. This is accomplished by following a set of simple 
but effective guidelines:

− At the excavation site: 
i. Handling of the samples with disposable gloves and other protective gear that should be replaced periodically.
ii. Cleaning the samples with a brush and not water.
iii. Using clean tools for samplings.
iv. Storing the samples in a cold and dry place as soon as possible.

− At the experimental laboratory: 
i. Performing experimental procedures in clean dedicated facilities, physically separated from facilities working with 

modern DNA/RNA.
ii. Using positive air pressure to prevent exterior contamination from entering the lab.
iii. Cleaning surfaces, incoming laboratory and archeological material using ultraviolet (UV) light, bleach, and/or 
detergent.

iv. Wearing full protective gear including masks, goggles, hair covers, disposable overalls, shoes, and at least two 
layers of disposable gloves, which should be replaced periodically.
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− At the bioinformatic laboratory: 
i. Screening databases should contain a catalog of artificial sequences to reduce the number of spurious hits against 

viral species (Wood et al. 2019).
ii. Screened sequences must be further validated using mapping and/or BLAST.
iii. Mapped sequences should display a low average edit distance and an even distribution of coverage.
iv. Sequences verified by mapping should be tested for the presence of aDNA post-mortem damage at the end of the 

reads (Dabney et al. 2013; Jónsson et al. 2013).

Metagenomics and/or target enrichment
Genetic data retrieved from ancient samples are metagenomic in nature, which may or may not contain virus. The 

samples are usually first sequenced in a non-targeted and non-specific way, followed by the metagenomic classification 
of the generated sequences (Duggan et al. 2016; Margaryan et al. 2018; Guzmán-Solís et al. 2021). Capture-based 
screening is also possible (Schuenemann et al. 2013; Bos et al. 2015). Once a virus of interest has been identified, tar
geted enrichment of the virus is performed. Genome capture is cost efficient and retrieves a large amount of data 
(Duggan et al. 2016; Margaryan et al. 2018; Guzmán-Solís et al. 2021). 

The challenges of dating
Ancient viral sequences are of great interest because they allow us to date the emergence of viral lineages. For this to 

be possible, a correlation between genetic changes and samples’ age must exist (temporal signal). Nonetheless, this pro
cess is complex, and several factors can affect the dating: 
i. The number of genetic changes can be underestimated due to purifying selection and site saturation. There is no 

temporal signal (Duchêne et al. 2014).
ii. The selection of an inadequate substitution model to date the virus (Duchêne et al. 2014).
iii. The ancient virus lineage used to calibrate the phylogeny is too divergent from extant strains. The biological features 

of the ancient strains, the biological relationships with the host, and their evolutionary rates are different (Aiewsakun 
and Katzourakis 2016).

aDNA being recovered from the human skin microbiome 
associated with a 1,500-year-old head louse nit (Pedersen 
et al. 2022).

Challenges of Ancient Virus Detection
Current methods for studying ancient virus evolution rely 
on the sequencing of viral nucleic acids from remains, pre
served tissues, and other samples. It is therefore important 
to reflect that we can only sequence what is preserved, de
tectable, and classifiable. What do we mean by this?

Preservation

Nucleic acids in human remains degrade and are damaged 
over time. The damage results from microorganisms and 
environmental factors (i.e., climate). Strand fragment bases 
are subject to damage by environmental factors such as UV 
light, heat, and DNases/RNases, which generates short 
fragments of genetic material which have often been de
aminated in characteristic ways. Cool or cold, ideally dry, 
conditions with relatively constant temperatures are better 
for DNA and RNA preservation; warm, wet conditions and 
high levels of UV rays are worse for preservation. Soil pH 
also matters (Campos et al. 2012). DNA preservation 

therefore reduces with increasing time as nucleic acid deg
radation occurs. Younger human remains tend to yield 
better-quality aDNA than older remains, including better- 
quality ancient pathogen nucleic acid as well as host 
aDNA. dsDNA is normally better preserved than ssDNA 
(Lindahl 1993) or RNA. However, recovery and successful 
mapping of single- and double-stranded viral nucleic acid 
(which may occur within the same virus, such as hepatitis 
B virus) are variable. This may be due to factors including 
the library preparation method or the structure of the re
gion in question (guanine-cytosine [GC]-content and pres
ence of repeats) (Guzmán-Solís et al. 2021). All of these 
factors influence the success of viral sequence recovery 
and mapping.

In an archeological context, mineralized tissues such as 
bone and teeth persist longer in the environment than 
soft tissues. The composition of the bone or tooth provides 
some protection for nucleic acid against degradation by soil 
fungi and bacteria or cyanobacteria in fresh and saltwater 
environments; there is also protection from damage by, 
for example, UV radiation (Campos et al. 2012). Soft tissue 
is another source of ancient viral nucleic acids, though it 
does not preserve for as long as mineralized bone. 
Sources include chemically preserved human specimens 
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from anatomical or medical collections or naturally or arti
ficially mummified human remains (Taubenberger et al. 
1997; Kahila Bar-Gal et al. 2012; Düx et al. 2020). Where 
soft tissue is preserved, lesions or specific viral pathologies 
may be macro- or microscopically evident. This can assist 
in the identification of specimens or remains likely to con
tain viral nucleic acid or prioritize samples for screening. 
Preserved soft tissue samples or plants from historical con
texts have proved valuable for the preservation of ancient 
RNA from plant and animal viruses such as 1912 measles 
(Düx et al. 2020), 1918 influenza (Taubenberger et al. 
1997), and some of the earliest recognized HIV cases 
(Worobey et al. 2016)).

Detection

When we consider the variety of viruses a human may be in
fected by during their lifetime, we face almost the full range of 
virus replication strategies: acute infection (influenza viruses 
and rhinoviruses), persistent infection (polyomaviruses 
and papillomaviruses), latent infection (herpesviruses), and 
genome integration (e.g., retroviruses such as HIV or human 
herpesviruses 6A and B)—itself a latency strategy. Designing 
a single assay to detect all the viruses currently infecting an 
individually would be extremely challenging with current 
technology; adding the complete infection history would go 
beyond techniques currently available. Unsurprisingly, paleo
genomics acts as a snapshot of some of the pathogens present 
with a body site or tissue at the time of death, biased by factors 
such as virus load, genetic material, and differential preserva
tion of host and pathogen genetic material post-mortem.

As previously mentioned, viruses do not leave unam
biguous physical evidence of their presence in human 
bones. The detection of viral aDNA thus relies on the meta
genomic screening of tens or hundreds of samples, to be 
able to detect and retrieve potential viral sequences. In 
this regard, archeological context can help to assess the ex
istence of an epidemic episode in the past, typically with the 
presence of human bodies in mass burials or the historical 
documentation of epidemics. This approach to find samples 
suitable for screening has been successfully performed for 
pathogenic bacteria (Bos et al. 2011) and, in recent studies, 
also for viruses (Guzmán-Solís et al. 2021). Although sam
ples of this type are readily available, the detection of viral 
sequences is still challenging due to the viruses’ genome 
preservation and viral tropism to specific tissues that cannot 
be recovered. In exceptional circumstances, we have access 
to well-characterized historical samples, usually belonging 
to medical collections, for which the presence of a virus is 
almost certain. For example, that is the case for the 1918 
influenza pandemic and historical HIV samples (Zhu et al. 
1998; Reid et al. 1999). Nonetheless, those cases are rare, 
and the detection of ancient viruses mainly still relies on 
massive metagenomic screening of samples.

This is not a problem unique to paleogenomics. For ex
ample, in cases of meningitis in adults, an etiological infectious 
agent is identified in approximately 50% of cases (McGill et al. 
2018). A study of pediatric meningitis across five West African 
countries identified an etiological infectious agent in only 20% 
of cases (Kwambana-Adams et al. 2020). Whereas some of 
these variations reflect differences in testing methodologies 
and patient age group, they are also influenced by local patho
gen milieus and the ability to recover pathogen genetic material 
from the sample sent for testing. Some pathogens cause “hit 
and run” pathology, where disease occurs long after exposure; 
it may no longer be possible to isolate the pathogen from the 
patient, or the pathogen may only be shed in a body site or 
bodily fluid that is in some sense “removed” from the site of 
disease. Acute flaccid paralysis, closely associated with entero
viruses (and enterovirus-D68 in particular), is a good example of 
this, with the virus being rarely found in cerebrospinal fluid 
(CSF) of affected individuals even though it may be shed in re
spiratory samples or stool for weeks (Schubert et al. 2019). 
Thus, the detection of viruses in both living and deceased peo
ple is biased by the tissue that is sampled, the virus load in that 
tissue, and the temporal relationship between infection, dis
ease, and death. Conversely, an infection may be asymptomat
ic and cause no long-term sequelae or mortality and yet be 
detectable in ancient human remains.

Classification

In order to identify viruses from ancient data, the virus reads 
must look like something we already know, something that 
is already in a database or with homology to known viral se
quences. Viruses do not have regions such as 16S which 
help to identify new bacteria. Genomic markers are inter
esting from a metagenomic point of view because they 
are composed by a variable and highly conserved region, 
thus allowing for massive non-organism–specific sequence 
capture in a process known as metabarcoding. Regarding 
viruses, this means that most of the extant viral diversity 
has not been recorded (Paez-Espino et al. 2016). The lack 
of proper characterization of viral diversity in metagenomic 
databases has deep implications in the study of ancient 
virus. Current data sets may include reads from pathogens 
which are still circulating but have not been identified yet, 
or they may be extinct with no surviving modern relatives. 
Fortunately, most ancient virus studies rely on shotgun se
quencing methods for initial screening; therefore, gener
ated data can be reanalyzed as metagenomic databases 
are expanded. It is important to remark on the necessity 
for regular revision of already existing data using updated 
reference databases, with the intention of minimizing non- 
necessary resampling. This would allow for a more efficient 
use of economic resources, saving time for the researchers 
and preserving samples with a great scientific or cultural va
lue. In that regard, it is worth mentioning the work carried 
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out by the SPAAM community in its AncientMetagenomeDir 
database (Fellows Yates et al. 2021).

Recent research on finding new RNA viruses by using the 
RNA-dependent RNA polymerase (RdRp) suggests these 
tools and approaches may be useful when applied to 
aDNA/ancient ribonucleic acid (aRNA) (Neri et al. 2022), 
but efforts towards ancient virus discovery are further com
plicated by short fragments and damage/degradation. De 
novo assembly is an important tool in identifying novel 
viruses, but de novo assembly is often easier/more success
ful where read lengths are longer (Paszkiewicz and 
Studholme 2010). Ancient nucleic acid samples contain 
short fragments which are less suitable for de novo assem
bly, further complicating efforts to identify potential viral 
sequences. In addition to that, ancient nucleic samples 
are usually complex in origin, being a composite of host, 
host microbiome, and environmental sequences. This mix
ture could lead to the construction of erroneous sequences 
during the de novo assembly process (Steinegger and 
Salzberg 2020).

To bypass the usage of de novo assembly and the lack of 
marker genes, metagenomic classification software is usu
ally used. Those programs rely on large databases to classify 
aDNA sequences generated by shotgun sequencing. 
Examples of two software packages that use different ap
proaches to classify ancient virus are MALT and 
KrakenUniq (Breitwieser et al. 2018; Vågene et al. 2018). 
MALT is a software that uses a DNA or protein database 
to align sequencing data and classify it to a specific taxon 
or, if shared among different taxa, to its lowest common 
ancestor (LCA). Because it is an alignment-based method, 
it is robust to the possible bias induced by aDNA-intrinsic 
short sequences or aDNA damage (Hübler et al. 2019), 
but at the expense of needing a prohibitively large amount 
of computational resources (Vågene et al. 2018; Hübler 
et al. 2019). On the other hand, KrakenUniq is a classifier 
that relies on exact k-mer (subsequences of length k) 
matches against its database to assign a sequence to a 
specific taxon. It is computationally fast and efficient 
(Pockrandt et al. 2022), with the additional benefit of being 
able to tell the number of unique sequence matches 
(Breitwieser et al. 2018). This can be used to generate an 
E-value to differentiate true from false positives with a 
low number of reads (Guellil et al. 2018; Borry 2022). In 
addition to that, KrakenUniq is able to process RNA se
quences. However, this method does also have some disad
vantages, as short sequences, high GC-content, and high 
aDNA damage can reduce the accuracy of KrakenUniq 
(Breitwieser et al. 2018).

As we have seen, metagenomic classification software 
packages are, computationally speaking, expensive and 
can be affected by the characteristics of the mentioned se
quences. It is for that reason that bioinformatic pipelines 
usually purge aDNA datasets of non-informative sequences 

which would reduce the performance and accuracy of the 
classifier (Morfopoulou and Plagnol 2015; Hübler et al. 
2019). Examples of those sequences to be purged include 
sequencing adapters, low-complexity sequences, low- 
quality sequences, and duplicated sequences. This is also 
applied to the databases used, which should additionally 
contain entries for contaminating sequences and the hu
man genome in order to increase the accuracy of the meta
genomic classification (Wood et al. 2019). Finally, once the 
sequences are classified, a final validation step in which the 
sequences are mapped against the target viral genome is 
necessary. This is accomplished using a genome aligner 
software such as BWA (Li and Durbin 2009) and, after
wards, further validated by the detection of post-mortem 
aDNA damage, characterizing read coverage distribution 
and edit distance distribution, and by the use of what is 
considered the gold standard technique, BLAST (Altschul 
et al. 1990). Example quality control data are summarized 
in figure 1. After these necessary hurdles have been over
come, it is possible to progress to the analysis of ancient vir
al genomes and to begin to draw evolutionary inferences 
from the data they provide.

Ancient DNA Viruses, Big and Small
We present here case studies of three human viruses for 
which several ancient genomes are available and where 
these data have challenged our understanding of the ori
gins and evolution of circulating viral diversity for each spe
cies: B19V, HSV-1, and VARV. Although they are all 
human-specific DNA viruses, there are significant differ
ences in pathology, epidemiology, and genetics of these 
viruses. Parvoviruses are some of the smallest human 
DNA viruses: the genome of B19V is approximately 5.6 kb 
and the virion is 23–26 nm in size. At the other end of 
the human DNA scale, VARV’s close relative vaccinia virus 
has virions 360 × 270 nm in size and a genome approxi
mately 190 kb in length; HSV-1 has a genome of 152 kb. 
HSV-1 infection is lifelong and latent, VARV infection is 
acute, and B19V infection is normally acute (but there is still 
debate about whether B19V persists in certain tissues in all 
healthy infected individuals for life; Norja et al. 2006). 
Despite these differences, all three have been detected in 
ancient human remains and have given us fascinating in
sights into the history of these viruses and us, their hosts.

Case Study 1: Parvovirus 19
Parvoviruses are small, non-enveloped, ssDNA viruses with 
genomes of approximately 5 kb. Primate erythroparvovirus 
1, better known as B19V, was first identified in 1974. 
B19V replicates in the bone marrow during primary infec
tion, potentially to very high virus loads, and then “leaks” 
into other tissue compartments such as the lungs which 
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allows onward transmission to new hosts via respiratory se
cretions. Disease in healthy children and adults is typically 
mild and self-limiting; in young children, primary infection 
is associated with a viral exanthem (Young and Brown 
2004). In pregnant women, however, maternal–fetal vertical 
transmission can occur. This form of fetal infection, especially 
if it occurs during the first two trimesters of pregnancy, is 
fatal for the fetus in 2–10% of maternal infections.

Whereas persistent infection is well-documented in 
some immune-compromised individuals, there is also evi
dence that in a proportion of healthy individuals, B19V 

DNA persists in the skin and tonsils, bone marrow, liver, 
and synovial tissue (Söderlund et al. 1997; Norja et al. 
2006). This has enabled the study of the recent evolutionary 
history of B19V, through a combination of studying con
temporary primary infections, persistent virus in adults of 
a range of ages, and analysis of historical and ancient 
DNA from human remains and preserved tissues (Norja 
et al. 2006; Pyöriä et al. 2017; Mühlemann et al. 2018). 
Samples yielding historical or ancient B19V DNA include 
teeth, bone marrow, and petrous bone (Mühlemann 
et al. 2018; Toppinen et al. 2020).

FIG. 1.—Expected genomic characteristics of genuine ancient viral sequence data, compared with a false viral signal. (A) Edit distance distribution of a 
genuine virus and a false signal. Genuine sequences tend to display lower edit distances (analyzed reads are genetically closer to the assembly) than a false 
positive signal. (B and C) Mapped read distribution in a false positive and a genuine viral signal. False positives tend to display an uneven coverage distribution 
due to the presence of conserved genomic elements or the presence of spuriously assembled sequences in the genome assembly used for mapping, whereas 
genuine positives are evenly distributed across the reference genome. (D) Ancient DNA damage patterns. Genuine sequences present a pattern of deamin
ation at the end of the reads due to post-mortem chemical damage at the DNA molecules; in contrast, false positives do not present those deamination pat
terns. (E) Screening of ancient viruses. Genuine positives are not present in the laboratory controls, and their sequences tend to be unique and evenly 
distributed along the reference genome. (F and G) Temporal signal and root-to-tip analysis using ancient virus. Due to factors such as evolutionary pressure, 
phylogenetic relationships, or site saturation, ancient viral sequence divergence and age are not necessarily correlated.
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There are currently three recognized B19V genotypes: 
genotype 1 (distributed worldwide and the predominant 
European type), genotype 2 (rarely reported in Europe 
and typically only detected in people born before the 
mid-1970s; Norja et al. 2006), and genotype 3 (most com
mon in Africa, although more data are needed on its fre
quency in other regions; Parsyan et al. 2007). Much of 
the amino acid variability in B19V genomes is concentrated 
in the VP1 gene, particularly in the unique region which is 
exposed on the virion surface and is a target for neutralizing 
antibodies (Modrow and Dorsch 2002). Genotype 1 differs 
from genotypes 2 and 3 by around 10%, with DNA dissimi
larity exceeding 20% in the p6 promoter region (Ekman 
et al. 2007); genotypes 2 and 3 differ from one another 
by around 5% (Mühlemann et al. 2018).

Efforts to understand the evolutionary history of B19V 
have been complicated because of uncertainty over the cor
rect substitution rate to apply to this virus—without a con
sensus on the rate of the B19V molecular clock, it has been 
difficult to elucidate the earliest history of this pathogen. 
Using contemporary sequences, the substitution rate of 
B19V was estimated to be one of the highest of the 
ssDNA viruses, in the range 1–2 × 10−4 nucleotide substitu
tions per site per year (subs/site/year), which is comparable 
to some RNA viruses (Shackelton and Holmes 2006; 
Parsyan et al. 2007). Substantial variation in rates was 
seen when comparing B19V sequences derived from plas
ma and those recovered from biopsies or autopsies (Norja 
et al. 2008). These studies suggested that the most recent 
common ancestor (MRCA) of extant B19V diversity was 
relatively recent: the MRCA of genotype 3 was estimated 
to be only around 500 years old (Parsyan et al. 2007), 
whereas the MRCA of genotype 1 as recent as the 1950s 
(Norja et al. 2008). These studies were at odds with what 
would be expected from B19V’s worldwide distribution 
and seroprevalence.

Sequencing of ancient B19V genomes, fortuitously dis
covered as part of metagenomic screening of human re
mains, has provided important calibration points for 
calculations of the substitution rate of erythroparvoviruses; 
in fact, aDNA has transformed our understanding of B19V 
evolution, coming to conclusions quite different to those 
derived from circulating and autopsy-derived genomes 
alone.

Analysis of ancient human remains from Eurasia and 
Greenland, dating back to 7 thousand years ago (kya), 
found five genotype 1 and five genotype 2 B19V genomes. 
B19V genomes from Colonial-era Mexico City 
(Guzmán-Solís et al. 2021) and one nineteenth century 
Botocudo individual from eastern Brazil (Dávalos et al. 
2022) belonged to genotype 3. These data demonstrate 
that the genotype structure of B19V is substantially older 
than previously estimated. By combining all complete mod
ern genomes and ten ancient genomes dating from 500 to 

7,000 years old, Mühlemann et al. (2018) estimated that 
the B19V substitution rate was an order of magnitude 
slower than previously estimated, at 1.22 × 10−5 (1.04 ×  
10−5–1.40 × 10−5) subs/site/year. This suggests that the 
MRCA of B19V is not in the 1800s, but is likely to be around 
8000 Before Common Era (BCE). The MRCAs of genotypes 
1, 2, and 3 are around 7, 2, and 2.5 thousand years before 
present, respectively.

Studying ancient B19V genomes also shed light on the 
evolutionary history of genotype 2. By using ancient and 
modern genotypes to perform recombination analysis, 
aDNA confirmed inferences from modern B19V sequences 
(Shen et al. 2016): genotype 2 is recombinant, formed by 
an ancient recombination event between types 1 and 3, 
with the genotype 1 ancestor of portions of the modern 
genotype 2 genome circulating in humans between 6.9 
and 4 kya (Mühlemann et al. 2018).

It was already known that estimating the substitution 
rate of B19V from plasma samples, or from DNA derived 
from autopsies and biopsies, led to differing estimations 
(Norja et al. 2008). By including ancient genomes from 
Eurasia, Greenland, Mexico, and Brazil (Mühlemann et al. 
2018; Guzmán-Solís et al. 2021; Dávalos et al. 2022), we 
can push the origins of B19V back to the Neolithic (and per
haps beyond). These studies highlight the power of ancient 
virus DNA for directly dating a pathogen and its different 
genotypes to a specific place and time, but also the ability 
of virus aDNA to refine our understanding of the molecular 
evolution of viral pathogens over a range of time scales.

Case Study 2: HSV-1
HSV-1 is a dsDNA virus that affects at least two-thirds of the 
adult human population. Most infections occur during in
fancy or childhood and are mild or asymptomatic; however, 
HSV-1 can lead to severe complications, especially in 
immune-compromised individuals. Following primary in
fection, the virus becomes latent in sensory neurons. 
When triggered by psychological or physiological stress, 
the virus can reactivate resulting in recurrent labial lesions. 
The host immune system in a healthy individual usually pre
vents a substantial viremia (Criscuolo et al. 2019).

Modern isolates of HSV-1 go back to 1925 (strain HF) 
(Flexner and Amoss 1925). Many strains have long and 
complex histories in tissue culture, including multiple 
rounds of passage in non-human tissue, leading to artifi
cially inflated mutation rates. This, combined with the rela
tively high amount of recombination events within strains, 
makes it difficult to get a temporal signal. For example, 
from related virus HSV-2, there have been a wide range 
of estimates of the mutation rate from other studies of 
HSV-1 (Sakaoka et al. 1994; Firth et al. 2010; Forni et al. 
2020).
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Because many species have their own species-specific al
pha herpes viruses, a co-divergence scenario with anatom
ically modern humans seems likely; however, recent 
estimates of modern HSV-1 diversity dated to only the 
last 7,000 years (Forni et al. 2020). This could be due to a 
new introduction of the virus or a lineage replacement, as 
was suggested from data from circulating varicella-zoster 
virus (VZV, another human alpha herpesvirus) (Weinert 
et al. 2015).

Currently available ancient HSV-1 genomes come from 
four individuals from archeological sites across northern 
Europe, covering the last 2,000 years: a young adult male 
from an urban medieval hospital cemetery (1350–1450 
CE) and an adult female from an early Anglo-Saxon ceme
tery (500–575 CE) in Cambridgeshire, United Kingdom; an 
adult male from a burial related to the Nevolino culture 
(253–530 CE) in Russia; and an adult male from the 
Netherlands (1600–1700 CE) (Guellil et al. 2022). The indi
viduals harboring these genomes did not show any signs of 
genetic or physiological susceptibility, but in general had 
evidence (metagenomic and physical) of periodontal dis
ease. None of the genomes had obvious mutations that 
would indicate lethal virulence. All the evidence combined 
suggests these were typical HSV-1 infections.

The estimated age of sampled modern Eurasian HSV-1 
diversity is 4.68 (3.87–5.65) kya, and extrapolation of esti
mated rates to a global data set (including African lineages) 
points to the age of extant sampled HSV-1 at 5.29 (4.60– 
6.12) kya, suggesting HSV-1 lineage replacement coincid
ing with the late Neolithic period and following known 
Bronze Age migrations. Unfortunately, the age of the re
covered genomes precludes answering questions about 
what was circulating before the lineage replacement (if 
anything).

It should also be noted that HSV-1 DNA was detected in 
the deciduous teeth of two children who lived over 30,000 
years ago; however, there was insufficient HSV-1 DNA re
covered to reconstruct a Pleistocene HSV-1 genome from 
the teeth. Thus, whereas this is further evidence that 
HSV-1 is an ancient human pathogen, it is not possible to 
use this ancient DNA to further reconstruct the deep history 
of HSV-1, for example, asking whether these ancient HSV-1 
infections come from lineages that are extinct today or ba
sal to current Eurasian diversity (Nielsen et al. 2021).

Case Study 3: VARV
Poxviruses have a reputation as notorious human patho
gens, a reputation founded by the morbidity and mortality 
burden of two members of the orthopox genus: VARV, the 
causative agent of smallpox, and monkeypox virus (MPXV). 
Smallpox has been estimated to be the single most deadly 
infectious disease in human history, because of the cumu
lative death toll associated with infection and its 

complications (Krylova and Earn 2020). Indeed, the mortal
ity rate for variola major has been estimated to be between 
25% and 40%, and the mortality rate of variola minor to be 
up to 1% (Henderson 2011; Krylova and Earn 2020). VARV 
is the only human pathogen to be eradicated by vaccination 
(declared complete in 1977) and may have much to tell us 
about emerging disease caused by MPXV.

As a family of viruses, the poxviruses are notable for their 
genome and viral particle size and their replication within 
the cytoplasm of infected cells, which is more typical of 
RNA viruses. Only VARV and molluscum contagiosum virus 
(MOCV) are obligate human pathogens (Zorec et al. 2018), 
whereas MPXV can be transmitted by multiple mammals 
and its natural host species is most likely a rodent (Hutson 
et al. 2015; Tiee et al. 2018). Much like herpesviruses, pox
viruses have multiple mechanisms by which to manipulate 
infected cells and subvert host immunity. However, unlike 
human herpesviruses (HHVs), poxviruses are not typically 
persistent and if natural infection is successfully resolved, 
protection is lifelong and sterilizing (Hammarlund et al. 
2010). During the acute phase of the disease, most indivi
duals with smallpox developed characteristic fluid-filled 
blisters on their skin; in those who survived initial infection, 
these blisters would eventually drop off, often leaving be
hind extensive scarring and sometimes blindness. Dried 
scabs or blistered skin samples have been preserved in his
torical and medical collections, providing both visible evi
dence of smallpox and a potential source of VARV DNA 
(Duggan et al. 2016; Ferrari et al. 2020). As an extinct virus, 
laboratory isolates, historical samples such as blisters/in
fected dried skin, and ancient DNA recovered from bone 
are the only ways to study the genetic evolution of VARV; 
ancient samples represent an increasingly important un
tapped resource.

Because of the relatively distinctive skin rash and disease 
caused by VARV infection, we are fortunate to have a few 
different sources of evidence to help us understand the ori
gins of this high-consequence human pathogen. Studies of 
ancient Egyptian mummies and historical medical text
books and accounts have suggested that smallpox may 
have been a human disease since around 2000 BCE, al
though unambiguous written descriptions of smallpox 
symptoms only become common around 1600 CE 
(Thèves et al. 2016). Ancient virus DNA can help us to 
understand the evolutionary history of VARV by providing 
another independent line of evidence. It is important to 
note, however, that different narratives of VARV evolution 
emerge from studying historical (Duggan et al. 2016; 
Ferrari et al. 2020) and ancient VARV genomes 
(Mühlemann et al. 2020), which are not yet fully reconciled.

Studies of VARV genomes derived from historical mu
seum specimens point towards a relatively young age for 
smallpox. For example, the estimated substitution rates of 
VARV were estimated by Duggan to be 8.5 × 10−6 subs/ 
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site/year and by Ferrari to be 10.67 × 10−6 subs/site/year. 
This suggested that VARV diversity sampled between 
1944 and 1977 had a relatively recent common ancestor, 
in the sixteenth to seventeenth century, perhaps as the re
sult of a population bottleneck. These studies of samples 
from the pre-vaccination era support a view that the diver
sity of VARV in Europe and North America before the twen
tieth century was considerably greater than in the 
post-vaccination period. This would seem difficult to 
reconcile with evidence of smallpox-like lesions on mummi
fied remains and the presence of ancient written 
descriptions.

Metagenomic screening of ancient human remains has 
made an important contribution to how we view VARV 
genetic evolution. A study spanning the Viking era in nor
thern Europe (600–1050 CE) revealed 11 individuals from 
this period with VARV DNA sequences preserved in their re
mains (Mühlemann et al. 2020). Four sets of remains yield 
near-complete VARV genomes. All the Viking-age VARV se
quences fell within a clade of VARV which is distinct from 
modern and historic strains of VARV which caused small
pox. The presence of this divergent, ancient VARV clade, 
combined with a substitution rate estimate of 5.16 × 10−6 

subs/site/year, suggests that different VARV lineages 
shared a common ancestor around 1,700 years ago.

The Viking-era VARV genomes also had a unique pattern 
of gene inactivation compared with later VARV strains, 
some of which imply that ancient VARV had the ability to 
infect a broader range of hosts than later, historical VARV 
strains. Other convergent gene inactivations suggest that 
both modern and ancient VARV lineages had a similar abil
ity to induce a high fever in infected hosts. The phenotype 
of many of the differentially inactivated VARV genes be
tween lineages is, however, unknown (Mühlemann et al. 
2020). This therefore raises the question of whether this 
Viking-era VARV strains caused the same disease pheno
type as historical variola (Alcamí 2020).

Understanding the evolutionary history of VARV, despite 
its eradication, remains an important scientific goal. 
Between 2001 and 2018, cases of MPXV increased from 
500 to 3,000 cases each year in the Democratic Republic 
of Congo (DRC), with case fatality rates estimated in a 
range from below 2% to as high as 11%, depending on 
MPXV genotype and the HIV status of the infected host 
(Likos et al. 2005; Beer and Bhargavi Rao 2019). MPXV rates 
increased 20-fold in the DRC between the 1980s and 
2006–2007 and are likely to have increased further since 
then as the proportion of the population vaccinated against 
smallpox falls (Rimoin et al. 2010). In 2022, an unprece
dented worldwide MPXV outbreak has taken place, with 
77,264 laboratory-confirmed cases of monkeypox and 36 
associated deaths reported to the WHO between January 
1 and October 31, 2022. The majority of cases of MPXV re
ported outside endemic regions are associated with close 

bodily contact, primarily sexual contact (Thornhill et al. 
2022; World Health Organization 2022). Vaccines devel
oped for VARV are being used to protect at-risk individuals, 
with the hope of also slowing and preventing MPXV trans
mission if possible (Gruber 2022).

Studying the ancient evolution of VARV alongside con
temporary evolution of MPXV gives virologists vital insights 
into what makes an Orthopoxvirus a successful human 
pathogen and how changes in particular regions of the 
genome may be associated with virulence, transmissibility, 
and host range. It also allows us to ask questions about 
what impact past selective pressures on the human gen
ome from smallpox-associated mortality have had and 
whether this allows us to identify individuals at greater 
risk of severe outcomes following Orthopoxvirus infection. 
Studying recent MPXV evolution may in turn help to gener
ate new hypotheses about early events in VARV evolution, 
which may become testable if even older VARV aDNA be
comes available.

Going Beyond Ancient Viral Sequences
Ancient samples contain degraded and fragmented por
tions of viruses which are not replication competent (Ng 
et al. 2014; Nielsen et al. 2021). A sample that yields an
cient virus nucleic acids will not necessarily contain detect
able virus protein (Krause-Kyora et al. 2018). Modern 
molecular virology and immunology tools provide a way 
to bridge the gap between ancient genotype and in vivo 
phenotype. Two approaches of note are techniques to cre
ate replication competent or incompetent viral clones and 
pseudotyping studies.

It is possible to create viral clones from synthetic genetic 
material which are unable to replicate their genomes (rep
lication incompetent), clones which are able to replicate but 
not proliferate, or clones which replicate and proliferate in a 
manner akin to wild-type virus (Dudek and Knipe 2006). 
These techniques are popular in viral vector and vaccine de
sign, but can also be applied to ancient or extinct viruses— 
controversially including poxviruses (Noyce et al. 2018).

Noyce et al. (2018) synthesized the horsepox genome in 
a series of fragments from 8 to 32 kb in length; from these 
fragments, they were able to produce infectious synthetic– 
chimeric horsepox virus using cells co-infected with a helper 
virus (Shope fibroma virus). This study has potential bioter
rorism implications for extinct viruses with publicly available 
genome sequences, acting as a proof-of-principle that 
functional virus particles can be created using synthetic 
DNA. In the words of Noyce and Evans (2018), “no viral 
pathogen is likely beyond the reach of synthetic biology.” 
Others have argued that the tools for this kind of study 
have existed for some time in molecular biology (Thiel 
2018). Ancient pathogen genomics may therefore find it
self in unexpected territory in the future, as our ability to 
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recover viral and bacterial genomes of extinct pathogens 
advances.

There are alternative techniques from molecular biology 
and viral immunology which allow high-risk pathogens 
such as Ebola virus to be studied more safely (Watson 
et al. 2002) and they are likely to be relevant here. For ex
ample, pseudotyping studies have been successfully used 
for SARS-CoV-2, allowing scientists to move rapidly from 
genome sequence to studies of receptor usage, tissue trop
ism studies, and antibody neutralization (Hoffmann et al. 
2020; Mlcochova et al. 2021) that do not require an isolate 
of the virus in question. Genetic modification of related or 
pseudotyped viruses can be used for animal or tissue cul
ture studies (Watson et al. 2002; Liu et al. 2018). Based 
on methods developed to study extant viruses, immune re
sponses to ancient viral proteins, both cellular and humoral, 
can be assayed using pseudotyping assays (Mlcochova et al. 
2021) or synthesis of viral peptides which mimic natural 
antigenic stimulation of B and T cells (Houldcroft et al. 
2020). These methods give ancient virology scope to study 
the interactions between a modern human immune system 
and animal model, which will enrich our understanding of 
the impact these pathogens had on our ancestors. They 
will also give us vital information on what impact a similar, 
re-emergent or novel pathogen might have. Research of 
this type will need to be undertaken with a view to the 
most appropriate methods for biosecurity of the virus in 
question.

Conclusions
Ancient viral nucleic acid is everywhere: human and animal 
remains, herbaria specimens, and environmental material 
such as middens, ice cores, and sediments. Our ability to se
quence, classify, and analyze this ancient virome is growing 
with time, giving us fascinating insights into the tempo 
and dynamics of viral evolution across a range of time 
scales. The tools of molecular and synthetic biology are in
creasingly making it possible to study ancient and extinct 
viruses in the laboratory alongside circulating viruses. Even 
as we contemplate the possibilities and pitfalls of virus 
“de-extinction,” it is important to remember that researching 
ancient viral pathogens can also give us key insights into 
emerging infectious diseases. By learning about the viruses 
which afflicted our ancient ancestors, we may hope to reduce 
the burden of disease caused by their modern viral relatives.
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