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Human parvovirus B19 (B19V) is a ubiquitous human pathogen
associated with a number of conditions, such as fifth disease in
children and arthritis and arthralgias in adults. B19V is thought to
evolve exceptionally rapidly among DNA viruses, with substitution
rates previously estimated to be closer to those typical of RNA
viruses. On the basis of genetic sequences up to ∼70 years of age,
the most recent common ancestor of all B19V has been dated to the
early 1800s, and it has been suggested that genotype 1, the most
common B19V genotype, only started circulating in the 1960s. Here
we present 10 genomes (63.9–99.7% genome coverage) of B19V
from dental and skeletal remains of individuals who lived in Eurasia
and Greenland from ∼0.5 to ∼6.9 thousand years ago (kya). In a
phylogenetic analysis, five of the ancient B19V sequences fall within
or basal to the modern genotype 1, and five fall basal to genotype 2,
showing a long-term association of B19V with humans. The most
recent common ancestor of all B19V is placed∼12.6 kya, and we find
a substitution rate that is an order of magnitude lower than inferred
previously. Further, we are able to date the recombination event
between genotypes 1 and 3 that formed genotype 2 to ∼5.0–6.8
kya. This study emphasizes the importance of ancient viral se-
quences for our understanding of virus evolution and phylogenetics.
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Infection with human Parvovirus B19 (B19V) can have a
number of different outcomes, from asymptomatic or non-

specific symptoms to fifth disease (erythema infectiosum) in
children, arthritis and arthralgias in adults, and fetal death
(hydrops fetalis) in pregnant women. It can also lead to transient
or persistent erythroid aplasia and aplastic crisis in people with
underlying hematological disorders (1, 2). Management of B19V
infections is generally limited to symptomatic treatment, as there
are currently no vaccines or antivirals (1). The virus replicates in
erythroid precursor cells in the bone marrow (3). After the initial
infection, viral DNA is detectable in multiple human tissues,
including kidney, lymph nodes, heart, testes, and synovial tissue,
in symptomatic and asymptomatic individuals (4–9).
The persistence of viral DNA in an infected individual is

thought to be lifelong, and the persisting virus corresponds to the
virus genotype of the initial infection (10). B19V can be trans-
mitted via the respiratory or blood-borne route. The virus can be
detected in the saliva and is present in the blood in high titers
(1013 virions/mL) during the viraemic phase of the infection (1,

11). In blood donors, seroprevalence of B19V is around 60% on
average, and the rate of new individuals infected per year is es-
timated at between 0.5% and 1% (12).
B19V is a single-stranded DNA (ssDNA) virus with a genome

of ∼5,600 nucleotides. The coding region is flanked by terminal
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repeats of 383 nucleotides and contains three major proteins: the
nonstructural protein NS, the capsid proteins VP1 and VP2, and
the minor proteins 11 kDa, 9 kDa, and 7.5 kDa (1).
B19V belongs to the Erythrovirus genus in the Parvoviridae

family (1). There are three genotypes, with genotype 1 having
∼10% sequence divergence from genotypes 2 and 3 and geno-
types 2 and 3 having ∼5% sequence divergence between each
other (13). Genotypes 1 and 3 are further split into two sub-
groups, a and b, with sequence divergence of about 5% (14, 15).
All three genotypes form a single serotype (16). The distribution
of the three genotypes is not spatially and temporally uniform:
genotype 1 has a worldwide distribution (17), genotype 2 is found
mainly in elderly adults in northern Europe (10), and genotype 3
is found in Sub-Saharan and West Africa, South America, and
France (14). Because genotype 2 is today only found in tissues of
people born before the 1970s, it has been hypothesized that it
was replaced by genotype 1 and that genotype 1 originated in the
second half of the 20th century (18).
B19V is deemed unique among the DNA viruses because its

substitution rate, inferred from modern heterochronous se-
quences, is unusually high, in the range of 1.0–4.0 × 10−4 nu-
cleotide substitutions per site per year (s/s/y) (18–20), which is
more similar to substitution rates of RNA viruses than either
single-stranded or double-stranded DNA viruses (21).
Recent advances in sequencing ancient DNA (aDNA) have

provided important insights into past human population dy-
namics (22) and the evolution of bacterial human pathogens (23,
24), but have only recently been applied to viruses (25, 26). Viral
sequences recovered from aDNA samples have provided im-
portant reference points for the calibration of molecular clocks
(25, 26). These samples can also provide insight into the spa-
tiotemporal distribution of past viral variants and strains (25).
B19V has characteristics that should favor molecular preserva-
tion, including a DNA genome, high viraemia, and a stable
nonenveloped virion (27), and indeed the persistence of B19V
DNA in bones from individuals deceased ∼70 years ago has been
established (20). Here, we extend our knowledge of the virus
further back in time and present 10 B19V coding region se-
quences (63.9–99.7% genome coverage) recovered from humans

living in Eurasia and Greenland between ∼0.5 and 6.9 kya,
leading to an improved understanding of the timescale of B19V
evolution.

Results
Identification and Authentication. We screened shotgun DNA se-
quencing data representing dental or skeletal remains of 1,578
ancient human individuals (∼0.2–24.0 kya) recovered from
across Eurasia, Southeast Asia, and Greenland for the presence
of reads matching B19V. A total of 20 samples had reads cov-
ering >30% of the coding region of B19V, 10 of which had
coverage >50% (Table 1 and SI Appendix, Table S1). The sam-
ples with coverage >50% were between ∼0.5 and ∼6.9 thousand
years old and from different archaeologically defined cultures
(four Viking Age Scandinavians, three Early Neolithic to Early
Bronze Age Baikal Hunter-Gatherers, one early Slav from the
Czech Republic, and one Tian Shan Hun) (Table 1). The indi-
viduals came from a wide geographic range, spanning Europe,
Central Asia, and Greenland (Fig. 1 and Table 1). The samples
with coverage >50% showed DNA damage patterns typical for
aDNA (28) when at least 100 reads were available (8 of 10
samples; SI Appendix, Fig. S1). Clear damage patterns could not

Table 1. Overview of samples included in phylogenetic analyses

Sample

14C date
BP, SD

Mean
cal

BP, SD
Estimated
age, years

Sample age,
years Site

Period/
culture

Reads included
in consensus

Coverage of
consensus

Coverage
depth

DA66 1,546
(33)

1,451
(47)

N/A 1,518 Tian Shan, Kyrgyzstan Hun 535 99.70% 7.8×

DA337 3,593
(67)

3,900
(99)

N/A 3,967 Lake Baikal
(Shamanka II), Russia

Early Bronze
Age (EBA)

883 98.40% 13.5×

VK477 N/D N/D ∼1,000 1,000 Gotland, Sweden Viking 242 87.70% 3.1×
RISE569 1,300

(30)
1,237
(34)

N/A 1,304 Brandysek, Czech
Republic

Early Slav 285 84.10% 3.4×

NEO105 415
(25)

477
(42)

N/A 544 Bazaiha, Krasnoyarsk,
Russia

Historical period 219 83.60% 2.4×

DA251 5,955
(72)

6,795
(90)

N/A 6,862 Lake Baikal
(Shamanka II), Russia

Early Neolithic 228 82.80% 3.2×

VK6 N/D N/D ∼1,000 1,000 Eastern Settlement,
Greenland

Viking 301 82.50% 4.0×

VK154 N/D N/D 980/990–
1030–1035 AD

1,000 Bodzia, Poland Viking 134 71.40% 1.6×

VK143 N/D N/D 880–1000 AD 1,077 Oxford, UK Viking 120 67.30% 1.6×
DA336 3,723

(70)
4,079
(107)

N/A 4,146 Lake Baikal
(Shamanka II), Russia

EBA 92 63.90% 1.3×

Samples included in phylogenetic analysis, sorted by decreasing genome coverage. From left to right, the columns denote the sample name, the 14C age in
years before the present (BP) and SD, the mean calibrated age BP and SD, the archaeological age estimated from the sample context, the sample age used in
the phylogenetic analyses corresponding to the mean calibrated age BP relative to 2017, the site where the sample was found, the period or culture that the
sample is from, the number of reads included in the consensus sequence, the coverage of the consensus sequence, and the coverage depth.

VK6
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VK477

RISE569
DA66

NEO105 DA251
DA336
DA337

0-1000
1000-2000
2000-3000
3000-4000
4000-5000
6000-7000
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Fig. 1. Geographic locations of the samples with reads matching B19V.
Samples are colored by age. Squares indicate genotype 1, circles genotype 2.
Empty symbols indicate samples with 30–50% coverage of the coding region,
filled symbols samples with >50% coverage of the coding region that were
included for further analysis. Samples that were negative for B19V are shown
as small gray symbols (samples outside Eurasia are omitted for clarity).
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be definitively identified when there were fewer than 100 reads
(2 of 10 samples); there was no evidence for this being for any
reason other than a low number of reads. Authenticity of the an-
cient B19V sequences presented here is further supported by our
compliance with standard precautions for working with aDNA (29)
and because B19V sequences were found in only 20 of 1,578 an-
cient human individuals, which would not be expected in case of
ubiquitous laboratory contaminant. Finally, the ancient sequences
mostly occupy basal positions in the phylogenetic tree, with short
branch lengths from the trunk, for which the only explanation is
that they are ancestors of modern strains.

Similarity to Modern Genotypes. We compared the ancient se-
quences with all published nonartificial, complete B19V genomes
in GenBank (SI Appendix, Fig. S2A). Five ancient sequences are
most similar to genotype 1 (DA66, DA251, DA336, DA337,

NEO105), and five to genotype 2 (RISE569, VK6, VK143, VK154,
VK477). The mean pairwise sequence identity between the ancient
and the modern sequences is below the mean within-genotype
pairwise sequence identity of the modern sequences (blue and
red dashed lines in SI Appendix, Fig. S2A). None of the ancient
sequences are more diverged from any modern sequence than the
modern genotypes are from each other (dashed black lines in SI
Appendix, Fig. S2A); hence, we consider them part of the current
genotypes and do not propose that they should be classified as
new genotypes. We did not find any differences, such as insertions
or deletions, between the ancient and the modern sequences. Of
the samples with a genome coverage between 30% and 50% that
were not included in the phylogenetic analysis, three had the
highest number of reads matching genotype 1, and seven best
matched genotype 2 (SI Appendix, Fig. S2B).
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Fig. 2. Maximum clade credibility tree inferred in BEAST2. A strict clock and coalescent Bayesian skyline population prior were used. The substitution rate is
inferred as 1.22 × 10−5 s/s/y (95% HPD interval, 1.04 × 10−5–1.40 × 10−5 s/s/y), and the root age as 10.1 kya (95% HPD interval, 9.0–11.3 kya). The x axis denotes
time into the past, in years. Taxon names: genotype/historical period, accession number/sample identifier, sample age, country abbreviation of sequence
origin and region of sequence origin, as determined by the Standard country or area codes for statistical use (42). Horizontal gray bars indicate 95% HPD
intervals of node ages.
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Recombination Analysis. We performed recombination analyses
using RDP4 (30) on the 10 ancient sequences with coverage >50%
and a selection of 13 modern genotype 1–3 sequences, selected to
represent the modern diversity. All seven recombination detection
algorithms used by RDP4 identified all eight genotype 2 sequences
included in the analysis (three modern and five ancient sequences)
as potential recombinants, with very high probabilities (SI Ap-
pendix, Table S2). Recombination plots for the RDP and MaxChi
algorithms of the RDP4 package for all eight genotype 2 se-
quences are shown in SI Appendix, Figs. S3 and S4. In all cases, the
major parent was found to be most similar to one of the modern
genotype 3 sequences included in the analysis, and the minor
parent to resemble an ancient genotype 1 sequence most similar to
DA337. To determine the timing of the recombination, we sub-
sequently removed DA337, DA66, and a modern sequence
(AB126262). Only after the removal of these three sequences was
DA251, our oldest sequence, found to be the minor parent, in-
dicating that the recombination event most likely took place be-
tween DA251 and DA337. Because of the age of the samples, the
major parent clearly cannot be a modern sequence, suggesting that
a genotype 3 ancestor and a genotype 1 virus that existed sometime
during the evolutionary span from DA251 (6.9 kya) to DA337 (4.0
kya) recombined to form genotype 2. The identification of geno-
type 2 as a recombinant and the inferred recombination break-
points closely correspond to the results of Shen et al. (31) in their
analysis of modern B19V sequences (SI Appendix, Figs. S3 and S4).

Phylogenetic Analysis. A phylogenetic tree inferred using maxi-
mum likelihood methods confirmed that the ancient sequences
fall within the diversity of known B19V sequences (SI Appendix,
Fig. S2C). Five ancient sequences (DA66, DA251, DA336,
DA337, NEO105) fall within or basal to genotype 1, and five
(RISE569, VK6, VK143, VK154, VK477) fall basal to genotype
2, consistent with the sequence similarity result presented earlier.
Substitution saturation is known to affect the phylogenetic signal,
and hence the inference of phylogenetic trees. However, by
plotting transition and transversion frequencies against genetic
distance (SI Appendix, Fig. S2D) or by testing for substitution
saturation using DAMBE (SI Appendix, Table S3) (32), we did
not find evidence for saturation in our sequences. To infer dated
coalescent trees, sufficient temporal signal must be present in the
data. A regression of root-to-tip distances from trees inferred
using Neighbor Joining, maximum likelihood, and Bayesian
methods all showed a temporal signal in the data (SI Appendix,
Fig. S2E). Date randomization tests (33, 34) performed in
BEAST2 (35) also support the presence of a temporal signal in
the data (SI Appendix, Fig. S2F). Dated coalescent trees were
consequently inferred using BEAST2 (Fig. 2) (35). In the fol-
lowing text, 95% highest posterior density (HPD) intervals are
given in parentheses. We inferred a substitution rate of 1.22 ×
10−5 (1.04 × 10−5–1.40 × 10−5) s/s/y and a root age of 10.1 (9.0–
11.3) kya under a strict clock and a coalescent Bayesian skyline
population prior (SI Appendix, Table S4) and a substitution rate
of 1.67 × 10−5 (1.24 × 10−5–2.14 × 10−5) s/s/y and a root age
of 8.4 (7.0–11.1) kya under a relaxed lognormal clock and a
coalescent Bayesian skyline population prior, with identical to-
pologies. The time to the most recent common ancestor of
genotypes 1, 2, and 3 are 7.1 (6.9–7.3), 1.9 (1.7–2.1), and 2.5
(2.1–3.0) kya, respectively, under a strict clock and 7.3 (6.9–7.9),
1.7 (1.4–2.0), and 1.5 (0.8–2.4) kya, respectively, under a relaxed
lognormal clock.
Recombination is known to affect the accuracy of phylogenetic

analyses. Hence, to better understand the effect of recombina-
tion on the dated B19V tree, we inferred trees under a strict
clock and coalescent Bayesian skyline population prior for the
three genotypes individually, dating the most recent common
ancestor of genotypes 1, 2, and 3 to 6.9 (6.9–6.9) kya, 1.6 (1.4–1.8)
kya, and 0.6 (0.1, 6.1) kya, respectively. Further, we inferred trees

under a strict clock and coalescent Bayesian skyline population
prior for the full genome, but excluding all genotype 2 sequences
(Fig. 3B), and separately for the region of the minor (Fig. 3C) and
major (Fig. 3D) parent. The maximum root age was inferred to be
12.6 (10.4–15.2) kya when only the minor parent was considered
(Fig. 3C); however, the 95% HPD interval of the root ages over-
lapped in all cases. The 95% HPD interval on the split of genotype
2 from genotype 1 in Fig. 3C suggests that the recombination event
that formed genotype 2 occurred between 5.0 and 6.8 kya.

Discussion
We show that it is possible to recover and sequence single-
stranded ancient viral DNA molecules from human skeletons
that are up to ∼6.9 thousand years old. Although Toppinen et al.
(20) found that human B19V DNA can persist in human bone
for decades, the fact that ssDNA is able to persist for ∼6.9 kya
may seem surprising, given that depurination and deamination
occur about four times faster in ssDNA than in double-stranded
DNA (36). However, single-stranded B19V DNA may be

Full coding region

Full coding region, excluding genotype 2

Minor parent

−15,000 −10,000 −5,000 0
Time (years)

Major parent

F

F

M

M

u

A

B

C

D

Fig. 3. Trees inferred using BEAST2 from different regions of the B19V
genome. Trees were inferred using a strict clock and coalescent Bayesian
skyline population prior. Positions of ancient genotype 1 and ancient ge-
notype 2 sequences are shown as blue or red tips, respectively. Collapsed
modern genotype 1, 2, and 3 sequences are shown as blue, red, and yellow
dots, respectively. 95%HPD intervals of node ages are shown by gray horizontal
bars. The x axis denotes time into the past, in years. Vertical gray dashed lines
indicate, from left to right, the maximum height of the root and the maximum
and minimum height of the genotype 3 clade. (A) Tree from Fig. 2 using the
full coding region. (B) Tree using the full coding region, excluding genotype
2 sequences. (C) Tree using the minor parent (positions 1,877–3,352 of the
alignment). (D) Tree using the major parent (positions 1–1,876 and 3,353–
4,354 of the alignment).
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protected by the viral capsid, by self-annealing of ssDNA during
preservation, or through the binding of ssDNA to the inside of the
viral capsid, as observed in canine Parvovirus (37). This finding
also provides hope for the retrieval of RNA viruses from ar-
chaeological samples, notwithstanding the traditional view of
RNA as too unstable for long-term survival (36).
By computational screening of shotgun data from 1,578 an-

cient individuals, we found 20 samples with reads matching 30–
99.7% of the B19V coding region, eight of which had a majority
of reads matching genotype 1 and 12 matching genotype 2. No
sample had a majority of reads matching genotype 3. The phy-
logenetic positioning of the ancient genotype 1 sequences may
suggest a ladder-like evolution, in which older virus strains go
extinct as they are replaced by novel variants, as observed in
modern genotype 1 sequences (18).
The ancient sequences allow us to revise the current timelines

for B19V evolution. Specifically, we show that B19V has been
associated with humans for thousands of years, given our finding
of ancient sequences as old as ∼6.9 kya that are still most similar
to genotype 1. This rules out the suggestion that genotype 1 only
arose after World War II (18, 20). However, endogenous
parvovirus-derived genomes found in a large range of mammals
suggests that the virus may be considerably older than 12.6 kya
(38). Furthermore, we find a substitution rate of 1.22 × 10−5 s/s/y,
approximately an order of magnitude lower than rates inferred
solely from modern B19V sequences (18–20). Our rate estimate
is in line with rates estimated for other single- and double-
stranded DNA viruses (21). The fact that we find lower rates
when sampling over the course of a longer period, as opposed to
sampling over the course of a shorter period, is consistent with
the phenomenon of time dependency of substitution rates (39,
40). This phenomenon has been attributed to unfixed changes at
the tips of the tree, different selection pressures over time, or
method errors (41). Inferred B19V substitution rates may de-
crease as older ancient sequences are discovered and incorpo-
rated into future analyses.
It has been shown previously that genotype 2 was formed by a

recombination between genotypes 1 and 3 (31). Using the po-
sition of the ancient sequences as shown in Fig. 3C, we were
able to date this recombination event to between 5.0 and 6.8 kya.
Recombination leads to the underestimation of root ages in
dated coalescent trees, which is what we observed when com-
paring trees inferred from the full genomes (Fig. 3A) with trees
inferred from only genotypes 1 and 3 (Fig. 3B) or from the minor
parent (Fig. 3C). Interestingly, we did not find the same when
inferring a tree using the major parent (Fig. 3D), where the root
age is underestimated, similar to the full tree in Fig. 3A. However,
in all cases, the 95% HPD intervals of the root ages overlap.

On the basis of our data, it is possible to hypothesize a geo-
graphical separation between the ancient genotype 1 sequences,
found in Central Asia, and ancient genotype 2 sequences, found
in Europe and Greenland. However, this may simply be a result
of sampling bias due to the small number of positive samples.
Although no ancient genotype 3 sequences have been found,
there appears to be no feature inherent to the biology of geno-
type 3 that inhibits long-term preservation of its DNA (16), as
the genotype has been found in remains of World War II soldiers
by Toppinen et al. (20).
This small number of ancient samples of B19V has allowed us

to revise previous best estimates of rate of evolution and the
timespan of the association of B19V with humans, both by
an order of magnitude. Similar gains in our understanding of
the evolutionary processes of other pathogens, and for improv-
ing phylogenetic inference methods when no ancient sequences
exist, surely await.

Methods
Screening of Ancient Samples. Next-generation sequencing datasets were
screened with Burrows–Wheeler Aligner and BLASTn. Details are provided in
SI Appendix, Supplementary Information Methods.

Phylogenetic Analyses. Phylogenetic analyses were performed in PhyML and
BEAST2. Details are provided in SI Appendix, Supplementary Information
Methods.

Data Availability.All B19VDNA consensus sequences that support the findings
of this study are available under European Nucleotide Archive accession
number PRJEB26712 before publication. The alignments and XML files used
to perform the analysis presented in this paper are available at https://
github.com/acorg/parvo-2018.
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