
ORIGINAL PAPER

The elusive parasite: comparing macroscopic, immunological,
and genomic approaches to identifying malaria in human skeletal
remains from Sayala, Egypt (third to sixth centuries AD)

Alvie Loufouma Mbouaka1 & Michelle Gamble2,3 & Christina Wurst4 & Heidi Yoko Jäger4 & Frank Maixner4 &

Albert Zink4 & Harald Noedl1,5 & Michaela Binder2,6

Received: 16 December 2020 /Accepted: 19 April 2021
# The Author(s) 2021

Abstract
Although malaria is one of the oldest and most widely distributed diseases affecting humans, identifying and characterizing its
presence in ancient human remains continue to challenge researchers. We attempted to establish a reliable approach to detecting
malaria in human skeletons using multiple avenues of analysis: macroscopic observations, rapid diagnostic tests, and shotgun-
capture sequencing techniques, to identify pathological changes, Plasmodium antigens, and Plasmodium DNA, respectively.
Bone and tooth samples from ten individuals who displayed skeletal lesions associated with anaemia, from a site in southern
Egypt (third to sixth centuries AD), were selected. Plasmodium antigens were detected in five of the ten bone samples, and traces
of Plasmodium aDNA were detected in six of the twenty bone and tooth samples. There was relatively good synchronicity
between the biomolecular findings, despite not being able to authenticate the results. This study highlights the complexity and
limitations in the conclusive identification of the Plasmodium parasite in ancient human skeletons. Limitations regarding antigen
and aDNA preservation and the importance of sample selection are at the forefront of the search for malaria in the past. We
confirm that, currently, palaeopathological changes such as cribra orbitalia are not enough to be certain of the presence of
malaria. While biomolecular methods are likely the best chance for conclusive identification, we were unable to obtain results
which correspond to the current authentication criteria of biomolecules. This study represents an important contribution in the
refinement of biomolecular techniques used; also, it raises new insight regarding the consistency of combining several ap-
proaches in the identification of malaria in past populations.
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Introduction

Malaria in the past

Discussions of disease in the past must take a multi-
disciplinary approach, relying on archaeological contextual
information, material culture studies, and, most importantly,
analyses of human remains (i.e. Turner and Klaus 2016;
Zuckerman et al. 2012). Palaeopathological analyses have
formed an integral part of understanding the presence and
prevalence of diseases in the past, primarily through macro-
scopic identification of changes to the skeleton. However,
there are limitations to the diagnoses available as not all dis-
eases leave their marks on the skeleton and even when present
may not be pathognomonic. Thus, the development and inte-
gration of the analysis of ancient biomolecules associated with
targeted diseases has provided a new tool to confirm the
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presence of pathogens in ancient human skeletal material and,
moreover, can provide insight regarding the evolutionary sto-
ry of a disease. Ancient DNA is the primary method explored
here, but proteomics and isotopic analyses are quickly gaining
traction as methods improve (i.e. Brown and Brown 2011;
Dutour 2016; see Spyrou et al. 2019 for a review).

Shortly after the first recovery and sequencing of ancient
DNA (Pääbo 1985, 1989; Pääbo et al. 1989, 2004), scientists
began exploring this tool for evaluating the evolutionary his-
tory, the origins, the distribution, and the identification of
ancient pathogens and diseases effecting humans (i.e.
Donoghue et al. 1998; Marciniak 2016; Spyrou et al. 2019).
As the methods and techniques of aDNA analysis have been
refined, and continue to improve, it is now possible to identify
more elusive pathogens and to establish the phylogeographic
patterns of ancient diseases such as malaria, caused by
Plasmodium parasites (regarding malaria — see Nerlich
et al. 2008 and Lalremruata et al. 2013 for mummified tissue;
Sallares and Gomzi 2001 and Marciniak et al. 2016, 2018 for
skeletal material; and Gelabert et al. 2016 from blood on glass
slides).

According to the World Health Organization (WHO), ma-
laria is a life-threatening disease in humans caused by the
protozoan parasite of the genus Plasmodium (five species
are known to infect humans: falciparum, vivax, ovale,
malariae, and knowlesi; with many other species infecting a
variety of other animals). The parasite is transmitted to
humans through the bite of infected female Anopheles mos-
quitoes. In 2018, an estimated 228 million cases of malaria
worldwide were reported (WHO 2019). The disease has a
wide global distribution and is a significant health burden
within many tropical regions of the world (Murray et al.
2012; Caminade et al. 2014). Plasmodium falciparum is the
most virulent and may cause severe malarial conditions; P.
falciparum, along with Plasmodium vivax, represents the ma-
jority of malaria infections worldwide. The Plasmodium par-
asite is injected into human skin by an infected Anopheles
mosquito and invades the bloodstream, settles in the liver,
replicates, and infects the erythrocyte. There, they differentiate
mainly into trophozoites and schizonts and a smaller portion
into sexual stages (gametocytes). In P. falciparum infections,
the later developmental stages (trophozoites and schizonts) are
sequestered in the lumen of small vessels via their adhesion to
microvascular endothelial cells, potentially leading to severe
disease (Scherf et al. 2001; Farfour et al. 2012; Obaldia 3rd
et al. 2018). It has been shown that the density of immature
gametocytes is tenfold more on bone marrow smears than on
peripheral blood smears (Alano 2017; Smalley et al. 1981),
but their exact location is still unknown (Farfour et al. 2012;
Obaldia 3rd et al. 2018). Bones and teeth can possibly carry
genetic information for up to a million years (Hofreiter et al.
2015; van der Valk et al. 2021), and they are also rich in
biomolecules that can persist for up to 3.4 million years and

thus are an excellent source of ancient proteins (Demarchi
et al. 2016: 3). Therefore, skeletal tissue is seemingly ideal
for investigating blood-borne diseases, such as malaria, in past
populations.

Malaria has plagued humans for millennia; however, re-
search seems to indicate that agricultural intensification and
the development of more permanent settlements lead to the
increase in malaria infections (Hedrick 2012; Lalremruata
et al. 2013). Agriculture requires areas of standing water as
reserves to ensure crop production, and people began to live
more densely, creating a target-rich environment for the mos-
quitoes which were finding new places to breed in the stand-
ing water, thus creating an ideal situation for the spread of
malaria through human communities. While the identification
of the parasite causing malaria is relatively recent (in 1907
French doctor, Charles Louis Alphonse Laveran, was awarded
the Nobel Prize for identifying the protozoan parasite (Arrow
et al. 2004: 128)), the characteristic symptoms of the disease
were described in texts dating as far back as 2700 BC, in the
Nei Ching (Chinese Canon of Medicine), which recorded a
relationship between deadly periodic fevers and the enlarge-
ment of the spleen (Bruce-Chwatt 1988; Garcia 2010; Oaks Jr.
et al. 1991). It is believed to appear in several Classical Greek
and Roman texts, with the ancient populations associating the
intermittent fevers with a marshy environment (Hempelmann
and Krafts 2013; Sallares 2002). Researchers believe that P.
vivax was present and recorded in the Eastern Mediterranean
in ancient texts by the fifth century BC (Sallares 2002: 13).
The arrival and transmission of Plasmodium falciparum from
Africa into the Mediterranean is less certain, with conclusions
relying on proxy-indications such as skeletal changes associ-
ated with anaemia (i.e. Angel 1966). Therefore, while the
exact route taken by the Plasmodium parasites cannot be de-
termined, it is clear from text references to intermittent fevers
that after its arrival in Mediterranean countries, it spread
through much of Southern Europe by the twelfth century
(Garcia 2010). Within the twentieth century, the environmen-
tal and social changes in Europe due to the rapid development
of the economy lead to the decline and eradication of the
disease in this part of the world: swamps were drained, the
urban areas were expanded, and the healthcare systems were
improved (Hay et al. 2004; Piperaki and Daikos 2016).

It has only been rather recently that the evolutionary origins
of human Plasmodium falciparum and Plasmodium vivax
have been determined, though it is still unclear how or why
it was able to cross from apes to humans (Loy et al. 2016: 9).
While research has primarily focused on the transmission,
diagnosis, treatment, and prevention of malaria, it is still poor-
ly understood in regard to its evolutionary history (though this
is rapidly changing with studies such as Loy et al., 2016, and
Galaway et al., 2019) and it is difficult to systematically iden-
tify victims of this disease in ancient human remains. This is
despite the fact that malaria has had an impact on recent
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human evolution through the emergence of inherited anae-
mias, such as the sickle cell disease or thalassemia, which
are directly associated as a genetic response to malaria in past
populations (Carter and Mendis 2002: 570; Hartl 2004;
Kwiatkowski 2005: 185; James et al. 2019: 540-541).
Therefore, the longevity and virulence of this parasite and
subsequent disease within human populations make it essen-
tial to understand its impact on past populations, and this can
only be achieved with consistent and reliable methods of iden-
tification in skeletal material.

Identifying malaria in ancient human remains

Currently, there are several approaches used to identify ma-
laria in ancient human remains (for synopses, see Bianucci
et al. 2015; Nerlich 2016; and Setzer 2014): (1) the analysis
of the skeletal lesions associated with anaemia, such as
porotic hyperostosis and cribra orbitalia as an indication of
chronic anaemia and a proxy for the presence of malaria (i.e.
Angel 1966; Gowland and Garnsey 2010; Gowland and
Western 2012; Smith-Guzmán 2015a, 2015b; Soren et al.
1995; Tayles 1996); (2) conventional microscopy and anal-
ysis of old slides treated with traditional staining techniques
(Gelabert et al. 2016); (3) scanning electron microscopy and
mass spectrometry to identify hemozoin (also known as ma-
larial pigment), an insoluble by-product of the digestion of
haemoglobin by the Plasmodium parasite during infection of
the red blood cell (RBCs) and which can be localised in the
skeleton (Cox 2018; Lee et al. 2017); (4) rapid diagnostic
tests (RDTs), which are immunochromatographic tests
primed with antibodies to detect and identify Plasmodium
antigens (i.e. Al-Khafif et al. 2018; Bianucci et al. 2008;
Bianucci et al. 2015; Fornaciari et al. 2010; Miller et al.
1994; Rabino Massa et al. 2000); (5) the analysis of
Plasmodium DNA extracted from ancient human remains
or from old blood slides (for human tissue: Lalremruata
et al. 2013; Marciniak et al. 2016; Nerlich et al. 2008;
Sallares and Gomzi 2001; for blood slides: Gelabert et al.
2016). Ideally, a combination of methods should be applied,
to unambiguously prove the presence of Plasmodium in an-
cient human remains. However, each approach has chal-
lenges which complicate the conclusive identification of this
parasite and our ability to determine the true prevalence and
impact of malaria on past populations.

We used three different approaches on the same set of
samples to generate discussion on the best practice methods
for identifying malaria in the past. A sample of 10 skeletons
from Sayala, Egypt, dating to the late third to mid sixth
centuries AD, were re-examined in a macroscopic
palaeopathological analysis, and a bone and tooth sample
were selected from each individual to test immunologically
and genetically for evidence of the presence of malaria. The
immunological test consisted of using rapid diagnostic tests

which will be described in brief below but has been pub-
lished more extensively in Loufouma Mbouaka et al.
(2020). The ancient DNA approach combines both a
shotgun-based and capture-sequencing-based screening of
the samples for Plasmodium DNA, using a similar approach
as described by Marciniak et al. (2016). The purpose of this
paper is to discuss not only the current possibilities but also
limitations of providing evidence for malaria within this
population.

Skeletal morphological changes and malaria

Physiological stress during life, through disease, trauma, di-
etary deficiencies, and a multitude of cultural, environmen-
tal, and economic causes, can be reflected on the human
skeleton in the form of observable morphological changes
(Agarwal 2016; Larsen 2018; Ortner 2003). Malaria in past
populations has typically been interpreted through correlat-
ing skeletal indicators of chronic anaemia as a proxy, along
with ecological and historical data (i.e. Gowland and
Western 2012; Setzer 2014: 97). This is based on the belief
that porotic hyperostosis (PH) and cribra orbitalia (CO) are
lesions associated with anaemia and therefore possibly ma-
laria (Angel 1966; Stuart-Macadam 1987, 1992). Both are
amongst the most commonly reported pathological changes
reported in palaeopathological analyses (see Walker et al.
2009: 109). This paper is not the place for a discussion on
the potential causes of PH and CO (see for example Brickley
2018; Oxenham and Cavill 2010; Rivera and Mirazón Lahr
2017; Walker et al. 2009) or for the debate on whether there
is a link between these two lesions (see, for example Brickley
2018; Cole and Waldron 2019; Hens et al. 2019; Stuart-
Macadam 1987, 1992). Previous research on malaria has
used these two lesions for their association with anaemia
(i.e. Angel 1966; Gowland and Garnsey 2010; Gowland
and Western 2012; Smith-Guzmán 2015a, 2015b; Soren
et al. 1995; Tayles 1996), and they were used in our study
to aid in sample selection. (More recently, Smith-Guzmán
(2015b) suggests including cribra femora, cribra humeri,
and linear enamel hypoplasias as skeletal indicators of ma-
laria, though this connection has yet to be proven.) Anaemia
has a twofold relationship with malaria; it is not only closely
associated with the Plasmodium parasites, which cause ‘ma-
larial anaemia’ or haemolytic anaemia, but it is also believed
to confer a degree of acquired immunity or resistance
through inherited blood disorders, such as thalassemia and
sickle-cell anaemia (Angel 1966; De Sanctis et al. 2017;
Haldane 1949). Thus, conclusive identification of malaria
in macroscopic palaeopathological analyses is still not pos-
sible and hence justifies the necessity of applying destructive
biomolecular approaches, such as immunological and geno-
mic assay in order to investigate malaria in the past.
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RDTs and malaria

The first immunochromatographic test on ancient human re-
mains was carried out by Miller et al. in 1994 using a rapid
manual ParaSight F-test and detected malaria antigens in
Egyptian mummies dating from 3200 to 1304 BC (Miller
et al. 1994). While these early RDTs have since been proven
to likely overestimate the rate of P. falciparum in clinical
samples from patients who have rheumatoid factor
(Bartoloni et al. 1998; Lafferl et al. 1997; Moody and
Chiodini 2002;Wongsrichanalai et al. 2007), the development
of a new generation of tests, in which the Immunoglobulin G
(IgG) used in the earlier generation has been replaced with
Immunoglobulin M (IgM), considerably reduces this cross-
reactivity and increases the precision of the identification of
malaria proteins (Grobusch et al. 1999; Mishra et al. 1999;
Wongsrichanalai et al. 2007). More recently, immunological
evidence of malaria infection was found in the mummified
muscle tissue of an Egyptian child from the early Dynastic
period (Bianucci et al. 2008), in bone samples of four mem-
bers of the Renaissance Medici Family in Italy (Fornaciari
et al. 2010), and in 84 skeletons from the Giza Plateau (Al-
Khafif et al. 2018). Fornaciari et al. (2010) used two different
types of double-antibody tests with a sterile physiological sa-
line solution for antigens extraction, which allows for the dis-
crimination of P. falciparum from the other three Plasmodia
species, while Al-Khafif et al. (2018) have relied solely on a
single double-antibody test. Further discussion on this method
is provided in Loufouma Mbouaka et al. (2020), and as noted
in Nerlich et al. (2008), there are some questions about the
specificity of these tests and false-positive results.

Ancient DNA and malaria

Ancient malaria DNA was first identified in a single infant
skeleton using the polymerase chain reaction (PCR) method,
in a sample from Lugnano, Italy (Sallares and Gomzi 2001).
The authors provided an excellent overview of the PCRmeth-
od and the pitfalls associated with it, as well as exploring other
methods of identifying malaria in the past. They used primers
targeting the plasmodial 18S rRNA genes to identify a likely
active malarial infection at the time of death. Sallares and
Gomzi are quite conservative about the ramifications of their
results, in which they conclusively confirm the presence of P.
falciparum after analysis of the data obtained after PCR and
sequencing of the DNA from their samples (Sallares and
Gomzi 2001: 203). Since then, there have been several pub-
lished papers in which authors have improved this method and
identified malaria from mummified tissue and in the skeletal
material of ancient human remains, along with beginning to
establish the evolutionary history and path of the pathogen
(Nerlich et al. 2008; Hawass et al. 2010; Marciniak et al.
2016; de Dios et al. 2019; van Dorp et al. 2020). Marciniak

et al. (2016) have presented the new gold standard for identi-
fying malaria and its phylogeny, through the capture-
enrichment and sequencing of the mitochondrial DNA of the
Plasmodium parasite which they extracted and identified from
Roman material dating from the first and second century CE.
The mitochondrial DNA sequences generated during this
study provided clear evidence for the presence of malaria in
two out of fifty-eight individuals. Further to this, Gelabert
et al. (2016) used an extended capture approach to recover a
partial genome of eradicated strands of European P. vivax and
P. falciparum on three different slides containing blood film
of Spanish people infected with malaria from the mid-
twentieth century. From this analysis, they were able to inter-
pret some of the evolutionary history of malaria in Spain and
found similarities between these strains and the American and
Indian haplotypes. Recently, using the same slides and meth-
odology, van Dorp et al. (2020) expanded Gelabert et al.’s
work and were able to re-construct the complete genome of
an ancient European strand of P. vivax, and further, they re-
ported the presence of some malaria resistant genes in the
complete genome.

As it is a significant source of genetic information, as pre-
sented above, mitochondrial DNA capture and enrichment of
autosomal DNA have become an ideal tool for the investiga-
tion and identification of diseases affecting past populations,
such as malaria. Thereby, retrieved data can be used to au-
thenticate the results (Warinner et al. 2017) and they provide
the means to determine the phylogeny of the Plasmodium
pathogen. As the most specific and detailed analysis available
to identify malaria in the past, aDNA analyses will be com-
pared alongside immunological results and palaeopathologi-
cal observations to allow for discussion of the positives and
negatives of each method.

Material and methods

Study samples

Ten individuals from the Nubian site of Sayala in Egypt were
selected for this study based on a prior macroscopic
palaeopathological analysis by E. Strouhal (unpublished
report). A tooth and a bone were selected from each individ-
ual who was observed to have cribra orbitalia (CO)
(Table 1; Fig. 2). Sayala is located roughly 120 km south
of Aswan (Fig. 1) and was excavated between 1961 and
1965 by the Austr ian mission under the Nubian
Safeguarding action by UNESCO (Bietak and Jungwirth
1966). The site included up to ten areas excavated as separate
cemeteries/burial complexes from various periods (2nd mil-
lennium BC, third to sixth centuries AD and eighth to tenth
centuries AD), from which 650 individuals were excavated
and transported to the Natural History Museum of Vienna,
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where they are currently stored (Strouhal 1992 and
references within). All material examined here derives from
cemeteries CI, CII, CIII, and N which date to the third to
sixth centuries AD, at which time Sayala was situated near
the border of the Roman/Byzantine and Meroitic Empires
(Bietak and Jungwirth 1966; Strouhal and Jungwirth 1971,
1979, 1980). Cemeteries CI, CII, and CIII are considered to
be roughly contemporaneous (along with cemetery N) and of
similar construction, composed of large oval stone mounds
which are burial complexes that grew concentrically out-
wards at each site on the east bank of the Nile (Strouhal
and Jungwirth 1971: 12). Cemetery N is slightly different;
it is located across the river from cemeteries CI–III and con-
sists of simple pit graves, with a large portion of the popula-
tion composed of non-adults, yet it dates to roughly the same
time as cemeteries C I-III (Strouhal and Jungwirth 1980: 61).
The human remains analysis has been summarised by
Strouhal and Jungwirth in several publications, including
preliminary palaeopathological observations (1971, 1977,
1980, 1982) and an early palaeogenetic study (1979) using
non-metric traits and anthropometry (note that these are sum-
maries with a focus on specific aspects of the analysis, while
Strouhal’s unpublished report provides in-depth observa-
tions by individual, aiding in sample selection).

The individuals from the graves are recorded here with the
cemetery identifier, the grave number, and if there was more
than one individual in the grave, then the individual number is

also provided (Cem/Gr/Ind). Each individual has two EURAC
laboratory identifiers — a number for the tooth sample and a
number for the bone sample (Fig. 2).

Palaeopathological re-analysis

The ten individuals from Sayala were all re-examined macro-
scopically at the Natural History Museum, Vienna. Standard
methods of assessment were applied to assess for age, sex, and
any pathological changes (Brickley and McKinley 2004;
Buikstra 2019; Buikstra and Ubelaker 1994; Mitchell and
Brickley 2017; Schaefer et al. 2009; White and Folkens
2005 — and references included within each). In particular,
grades were applied to determine the state and extent of CO in
each individual. The grades used for this study are illustrated
by Rivera and Mirazón Lahr (2017) who based their scale on
that of Stuart-Macadam (1991) and Buikstra and Ubelaker
(1994). This system is based on ascending grades: Grade 1
shows isolated pores on the roof of one of both orbits; grade 2
shows isolated pores with some coalescing to give a ‘net-like’
appearance; grade 3 shows coalesced pores which are merged
and look like ‘netting’; grade 4 shows enlarged or coalesced
pores which have a thick, honeycomb appearance (with no
protrusions); and grade 5 shows protruding trabecular bone
from the outer table with a honeycomb appearance (Rivera
and Mirazón Lahr 2017: 78–79).

Table 1 List of samples used, including grave and individual, sample number, age, sex, and the bone which was sampled. Note: L = left; R = right; d =
deciduous; max = maxillary; man = mandibular; M = molar; PM = premolar; C = canine; I = incisor. * = a tooth with an open root apex

Cem/Gr/Ind Age (years) Sex (from aDNA) Tooth sampled Bone sampled EURAC ID

CIII/8/2 13–15 Possible male L max PM2 2229

L humerus 2230

CIII/59 12–13 Female R man PM1* 2231

L femur 2232

CIII/29 20–27 Possible female L man M2 2233

R humerus 2234

CIII/20 12–13 Possible male R man PM1* 2235

L humerus 2236

CIII/60 10–12 Possible male R man I2 2237

L tibia 2238

CII/139 23–25 Female (osteological ID) L max I1 2239

5th lumbar vertebra 2240

CI/47/1 13–16 Possible female L man PM2* 2241

L tibia 2242

CI/54/1 12–14 Undetermined R man PM1* 2243

L tibia 2244

CI/20 8–9 Possible male dL max C* 2245

L humerus 2246

N/12 9–10 Undetermined dR man M1 2247

L tibia 2248
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Antigen extraction and analysis

The immunoassay analysis was performed at the Institute of
Specific Prophylaxis and Tropical Medicine, Medical

University of Vienna. To avoid any contamination by modern
genetic material, ancient DNA extraction and analysis were
performed before antigen extraction. The antigen extraction
was performed according to the published protocols of

Fig. 1 Map location of Sayala, Egypt (C. Kurtze, ÖAI @ ÖAW)

Fig. 2 Top image: an example of
cribra orbitalia (stage 1)
(EURAC 2235, 2236— CIII/20)
(photo: M. Gamble, with
permission from the NHM,
Vienna). Bottom images: an
example of a bone and a tooth
from Sayala skeletal material and
from the same individual
(EURAC 2235, 2236— CIII/20)
(photo: A. Loufouma Mbouaka,
with permission of the NHM,
Vienna)
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Bianucci et al. (2008) and Fornaciari et al. (2010), and only
bone material was included in the study, since teeth do not
provide enough material for both ancient DNA and antigen
analyses. Two types of rapid diagnostic tests (RDTs) were
applied for this study: (1) malaria card test Pv/Pf, DiaSys
(DiaSys Diagnostic System GmbH, Holzheim, Germany)
which detects the HRP2 of P. falciparum and pLDH specific
to P. vivax; (2) malaria card test Pan/Pf, DiaSys (DiaSys
Diagnostic System GmbH, Holzheim, Germany) for the de-
tection of the HRP2 antigen of P. falciparum and pLDH for a
pan-malarial antigen. For further details regarding the
methods employed here, see Loufouma Mbouaka et al.
(2020) and the online supplementary notes.

Ancient DNA analysis

The genomic analysis was carried out at the ancient DNA
laboratory of the Eurac Research — Institute for Mummies
Studies, based in Bolzano, Italy. All 20 samples from the ten
individuals were documented with photographs and then
cleaned with hydrogen peroxide and subjected to a UV light.
In order to collect the necessary skeletal powder: (1) The tooth
was transversally split with a clean and disinfected Dremel
diamond blade and the inner part, composed of pulp and den-
tine, was collected with a driller and weighed, and (2) a hole
was created with a single-use drill bit in the bone at a point
where the dense medullary bone was expected, and the inte-
rior surface of the cortical bone was collected and weighed.
Approximately 60 mg of tooth powder and 230 mg of bone
powder were taken for each respective sample and subjected
to a silica-based DNA extraction (Rohland et al. 2010;
Damgaard et al. 2015). A DNA extraction blank control was
converted to an Illumina library and also subjected to shotgun
sequencing. The library preparation was performed according
to the published protocol of Meyer and Kircher (2010).
Thereby, a unique P5 and P7 index combination was added
to each library. A library preparation control (PCR-grade
water) was included for every five samples. The libraries were
first subjected to a paired-end shotgun sequencing approach,
and subsequently, a capture-sequencing approach targeting
the Plasmodium mitochondrial genome, as described by
Marciniak et al. (2016), was applied to selected samples that
had first indications for the presence of Plasmodium DNA.

All 20 barcoded samples were first subjected to shotgun
sequencing on an Illumina HiSeq 2500 (2 × 101 cycles) plat-
form. Paired Illumina reads were quality-checked and proc-
essed (adapter removal and read merging) using the SeqPrep
tool v1.2 (https://github.com/jstjohn/SeqPrep-SeqPrep-
fforward-read-fastqfile-rreverse-read-fastqfile-1forward-read-
output-fastqfile-2reverse-read-output-fastqfile-L15–
A10 “AGATCGGAAGAGCACACGTCTGAA ” -
B“AGATCGGAAGAGCGTCGTGTAGGG”–smerged-
fastq-file). Pre-processed shotgun reads were first aligned to

the human full genome (build Hg19 — Rosenbloom et al.
2015) and the human mtDNA reference genome rCRS
(Andrews et al. 1999) using bowtie2 (v1.2.1.1) and the param-
eter ‘end-to-end’ (Langmead and Salzberg 2012). To
deduplicate the mapped reads, we used the DeDup tool v0.
12.8 (https://github.com/apeltzer/DeDup). The minimum
mapping and base quality were both 30. The resulting bam
files were used to check for characteristic aDNA nucleotide
misincorporation frequency patterns using mapDamage2 v.2.
0.9 (Jónsson et al. 2013). The sex of the individual was
assigned using a maximum likelihood method, based on the
karyotype frequency of the mapped human X and Y chromo-
somal reads (Skoglund et al. 2013). In one sample with
enough human mitochondrial reads (EURAC 2240 — CII/
139), the rate of human contamination was estimated using
Schmutzi v1.5.1 (Renaud et al. 2015). Variants in the mito-
chondrial genome of sample EURAC 2240 were called using
SAMtools mpileup and bcftoools (Li et al. 2009) with strin-
gent filtering options (quality > 30). Visual inspection of the
called variants identified only less than 1% low-frequency
variants that could be indicative for contamination. The
haplogroup was identified by submitting the variant calling
file to the HaploGrep website (Weissensteiner et al. 2016).
First, we assessed a general taxonomic profile of the sequenc-
ing reads using DIAMOND blastx search (Buchfink et al.
2015) against the RefSeq non-redundant protein database
(nr). The DIAMOND tables were converted to rma6
(blast2rma tool) format (–minPercentIdentity 97), imported
into MEGAN6 software (Huson et al. 2016), and subsequent-
ly visualised using the Krona tool (Ondov et al. 2011). Next,
the shotgun reads were aligned against the full genome assem-
blies of Plasmodium falciparum (GCA_000002765) and
Plasmodium vivax (GCA_900093554.1, excluding unplaced
sequences) and against the mitochondrial genomes of both
organisms (LR605957.1, LT635627.1) using BWA (Li and
Durbin, 2010) with the parameters described by Marciniak
and colleagues (-n 0.01 -o 2 -l 16500) (Marciniak et al.
2016). AT-rich repetitive regions were not excluded from
the references. Thereby, obtained results with minimum map-
ping quality 20 and 30 were compared to each other.
Subsequently, a sequence similarity search of all mapped
reads against the full Plasmodium assemblies using blastn
(Altschul et al. 1990) and the complete NCBI-nt database
(N.R. Coordinators 2017) was performed. Blast results were
taxonomically assigned using MEGAN6 and the LCA
(Lowest Common Ancestor) algorithm (Huson et al. 2016).
To identify false-positive assigned reads, we manually sub-
jected once more the LCA-assigned Plasmodium reads to se-
quence similarity search using blastn against the NCBI nt
database. Thereby, we only considered reads being
unambigiously assigned to Plasmodium, when this assign-
ment appeared as top blast hit. Selected samples (EURAC
2229 (CIII/8/2), 2230 (CIII/8/2), 2239 (CII/139), 2240 (CII/
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139)) were further subjected to a capture-enrichment assay
targeting Plasmodium mitochondrial genomes. The capture
in-solution bait assay was designed according to Marciniak
et al. (2016) by including the mitochondrial sequences of six
Plasmodium species (P. falciparum, NC_002375; P. vivax,
NC_007243; P. malariae, AB_354570; P. ovale, AB_
354571; P. knowlesi, NC_007232; and P. cynomolgi, AB_
434919) and excluding parts of the COXIII gene (P.
falciparum, positions 1522–1557) and positions within the
intergenic and rRNA regions (P. falciparum, positions
5707–5754) that previously displayed high rates of unspecific
bindings (for additional details to the baits design, please refer
to Marciniak et al. 2016). In-solution enrichment was per-
formed according to the manufacturer’s protocol (Custom
myBaits-1 16 Rxn Kit, Arbor Biosciences, Ann Arbor, MI)
with minor modifications (hybridization time 48h). Two sam-
ples, EURAC 2247, 2248-N/12, were included as a negative
control into the capture assay since they did not show any
signs for the presence of PlasmodiumDNA in the initial shot-
gun screening. Captured Illumina libraries were sequenced on
a HiSeqX platform (2 × 151 cycles). Thereby, retrieved se-
quence reads were subjected to the same pre-processing and
analysis pipelines as described before for the shotgun se-
quence reads. Mitochondrial capture results were compared
to the captured sequence data of two Plasmodium positive
samples (LG20 and LV13) from Imperial period Italy pub-
lished by Marciniak and colleagues (SRR4425648,
SRR4425649) (Marciniak et al. 2016). For details to the
Illumina datasets and all mapping results, please refer to the
Supplementary table S1. Data are available from the European
Nucleotide Archive under accession no. PRJEB43969.

Results

Palaeopathological re-analysis

While re-analysis of the entire corpus of skeletal material from
the four cemeteries explored in this paper was not possible, the
10 individuals, from whom biomolecular samples were taken,
were re-examined to see if there was anything new to contrib-
ute to the issue of identifying malaria in the past. A brief
summary of the palaeopathological results is presented in
Table 2, but it must be remembered that these individuals were
selected because they were observed by Strouhal to have CO
or PH (unpublished report). Therefore, in order to discuss the
severity of CO, grades were assigned. Only one individual
displayed possible healed or healing porotic hyperostosis of
the cranial vault (CIII/8/2— EURAC 2229, 2230). There was
a spectrum of severity of CO observed (Fig. 3; Supplementary
Figures SA-SJ) across all individuals, from mild to more se-
vere porosity, along with several other pathologies.

All the non-adult individuals examined displayed signifi-
cant levels of porosity and woven bone growth at the
metaphyses of the large long bones (i.e. the humeri, the fem-
ora, and the tibiae) (Fig. 4). It is difficult to attribute this
observation to cribra femora or cribra humeri, as the identi-
fication of these specific pathologies is problematic amongst
non-adults as natural bone growth and development have a
similar appearance in young individuals (Lewis 2018: 193–
195). Therefore, it was not possible to diagnose a cribrotic
disease in these individuals, and thus, it cannot be conclusive-
ly associated with a response to an anaemic condition at this
level of analysis. The results of the macroscopic analysis of
skeletal changes in regard to the presence of malaria are
inconclusive.

Immunoassay using rapid diagnostic tests

The immunological assessment was performed only with the
bone samples from the ten individuals, since there was not
enough material remaining after the DNA analysis to perform
immunoassays with tooth samples (all previously reported in
Loufouma Mbouaka et al. 2020). After antigen extraction and
analysis with the two different rapid diagnostic tests (RDTs),
both tests detected four positive samples of malaria: EURAC
2230, 2240, 2242, and 2244 (CIII/8/2, CII/139, CI/47/1, CI/
54/1, respectively), while 2234 (CIII/29) showed a positive
with only one type of test (QDx Malaria card DiaSys Pan/Pf
test) (Table 3; Figure SV). Three bone samples from skeletal
human remains dating to the early nineteenth century excavat-
ed at Aspern Seestadt, a district located in the north-east of
Vienna, were used as a control and were all negative for
Plasmodium antigens, as hoped. To summarise, 40% (n=4)
of the samples presented positive results for Plasmodium
falciparum and/or Plasmodium vivax, and/or the pan-malaria,
with a further sample testing positive for the pan malaria an-
tigen only.

Ancient DNA analysis

To assess the quantity and quality of the extracted DNA, both
shotgun sequencing and capture sequencing were performed
and the sequence reads were mapped against the human ge-
nome and subjected to a first taxonomic overview using
DIAMOND against the nr database. The majority of reads in
the samples are assigned to the bacteria. Less than 5% of the
reads were eukaryotic with up to 95% fungal reads
(Figure SWA and B). Overall, the human endogenous DNA
content was very low and ranged between 0.0005 and 0.083%
(Table 4; Supplementary Table S1). Only one individual
contained sufficient human mitochondrial reads to reconstruct
the full mitochondrial genome with a mean coverage of 15.8
(EURAC 2240-cemetery II, grave 139). Deamination patterns
of approximately 18% at the 5′ and 3′ ends of the human
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mitochondrial reads were observed, typical for ancient DNA
damage (Supplementary Figure SXA). The estimation of ap-
proximately 2% contamination of the uniparental marker ob-
tained with the software Schmutzi further supports the authen-
ticity of the detected ancient human DNA in this individual
(Supplementary Table S1). Finally, the individual’s mtDNA
haplogroup could be successfully assigned to the sub-
haplogroup J1c of the macrohaplogroup J (Supplementary
Figure SXB). The mtDNA macrohaplogroup J has been pre-
viously detected in ancient mummified human remains from
the archaeological site Abusir-el Meleq in Egypt
(Schuenemann et al. 2017).

The general taxonomic overview revealed by the
DIAMOND analysis already indicated the presence of
Plasmodium DNA in selected samples (figure SWA). We
further investigated this observation by mapping both shotgun
and capture sequencing data against the genomes of P.
falciparum and P. vivax and by subjecting the mapped reads
to further taxonomic assignment. The number of reads that
mapped against the genomes of P. falciparum and P. vivax
varied substantially between the samples and ranged from 2 to
6335 reads (Table 4; Supplementary Table S1) .
Approximately three to ten times more reads were mapped
throughout all samples to the P. vivax genome. The current

draft version of the P. vivax assembly, however, is known to
contain human and bacterial background contamination
which could explain the higher proportion of mapped reads
(Lu and Salzberg 2018). Finally, to obtain a taxonomic over-
view of the mapped reads and to identify the most prevalent
taxonomic groups in the samples, a sequence similarity search
using blastn was performed, with default parameters and the
complete NCBI-nt database as the reference database. Blastn
results were taxonomically assigned using the LCA algorithm
in MEGAN6. Thereby, most mapped reads were taxonomi-
cally assigned to the human and various bacterial and fungal
species. Five individuals showed indications for the presence
of Plasmodium DNA which resulted after manual re-
evaluation of LCA assigned reads using blastN against the
NCBI nt database and keeping the top hits only in eight tax-
onomically assigned Plasmodium reads (Table 4; Figure SY).
Due to this very low number of reads neither any further
assessment of authentication criteria for the detected DNA
(e.g. damage pattern, even coverage of the genome) nor any
species assignment was possible. Therefore, it was decided to
apply a Plasmodium specific mitochondrial genome capture,
as described by Marciniak et al. (2016), on two individuals
which showed indications for the presence of Plasmodium
DNA already in the shotgun datasets (EURAC 2229, 2230

Table 2 Brief summary of the key pathological symptoms observed
(note: 1 = present; 0 = not present; CBA= cannot be assessed; Cem =
cemetery; Gr = grave; Ind = individual; CO = cribra orbitalia (see above
for grade descriptions); PH = porotic hyperostosis; LEH = linear enamel

hypoplasia; Dental path = caries, calculus, and/or alveolar porosity/
recession). Note that 1 represents the osteological sex and 2 represents
the molecular sex obtained after DNA analysis

EURAC ID Cem/Gr/Ind Age Sex1 Sex2 CO grade PH LEH Dental path Cribra femora Cribra humeri

2229 2230 CIII/8/2 13–15 y CBA M 3 Healed? 1 0 Possibly 0

2231 2232 CIII/59 12–13 y CBA F 2 0 0 0 Possibly 0

2233 2234 CIII/29 20–27 y F F 4 0 0 1 0 0

2235 2236 CIII/20 12–13 y CBA F 1 0 0 1 0 0

2237 2238 CIII/60 10–12 y CBA M 2 0 1 0 Possibly Possibly

2239 2240 CII/139 23–25 y F F 2 0 CBA 1 Possibly 0

2241 2242 CI/47/1 13–16 y CBA F 1 0 0 1 Possibly 0

2243 2244 CI/54/1 12–14 y CBA F 2 0 1 0 Possibly Possibly

2245 2246 CI/20 8–9 y CBA F 4 0 0 1 Possibly 0

2247 2248 N/12 9–10 y CBA M 3-4 0 0 0 Possibly Possibly

Fig. 3 Examples of the COobserved on the skeletal material from Sayala.
Both the right and left images are from the inferior-anterior aspect with
the superior aspect of the cranium to the top of the image. Left photo:
superior aspect of orbits from cemetery III, grave 20 (EURAC 2235,

2236) with stage 1 CO. Right photo: superior aspect of orbits from
cemetery I, grave 20 (EURAC 2245, 2246) with stage 4 CO (photo:
M.Gamble, with permission of the NHM, Vienna)
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— CIII/8/2 and EURAC 2239, 2240— CII/139). In addition,
the capture assay of two samples (EURAC 2247, 2248-N/12)
that contained no Plasmodium DNA in the shotgun datasets
were included in as negative control, and for the subsequent
data analysis, two individuals from the study of Marciniak
et al. (2016) were added in as positive control that showed a
positive Plasmodium mitochondrial DNA enrichment effect.

In general, for all samples including the negative controls,
the number of mapped reads to the Plasmodium mtDNA ge-
nomes increased after capture (Table 4; Supplementary
Table S1). A closer look on the read distribution however
revealed that most captured reads accumulate at two regions
in the mitochondrial genome, the small and the large subunit
ribosomal RNA fragment E (Supplementary Figure SZ). In
contrast, the reads of the two positive control samples from
the study of Marciniak et al. (2016) show an even distribution
of reads. The occurrence of read stacks at the 3′ termini of the
COXIII gene and within the intergenic and rRNA regions has

been already observed in this previous publication. Therefore,
these regions were excluded in the capture design. Still, how-
ever, these regions were preferentially present in our captured
datasets. One possible explanation could be the increased GC
content in this regions that could facilitate the capture of un-
specific homologous non-Plasmodium DNA (Figure SZ).
Overall, the retrieved data allowed no further authentication
(e.g. damage pattern analysis) of the reads or Plasmodium
species assignment.

Comparative analysis

Both the immunological assay and the aDNA results reveal
consistent indications of the presence of Plasmodium antibod-
ies and DNA in four out of the ten tested individuals (Table 5).
While samples 2234 (CIII/29) and 2246 (CI/20) only obtained
a positive result with one of the analyses, immunological and
genetic, respectively, there was similarity between the rest of

Fig. 4 Example of the porosity observed at the femoral necks (left) and
popliteal surface/distal metaphyses (right) of the femora from cemetery
III, grave 8, individual 2 (EURAC 2229, 2230). Left photo: proximal end

of the right and left femora, medial-anterior view. Right photo: distal end
of the left and right femora, posterior view (photo: M.Gamble, with
permission of the NHM, Vienna)

Table 3 Results obtained with QDx Malaria card test DiaSys Pv/Pf and QDx Malaria card test Diasys Pan/Pf

EURAC ID Cemetery/grave/individual QDx Malaria card test DiaSys

Pv/Pf Pan/Pf

Pv Pf Pan Pf

2230 CIII/8/2 + + + +

2232 CIII/59 - - - -

2234 CIII/29 - - + -

2236 CIII/20 - - - -

2238 CIII/60 - - - -

2240 CII/139 + + + +

2242 CI/47/1 + + + +

2244 CI/54/1 + + + +

2246 CI/20 - - - -

2248 N/12 - - - -

Aspern Seestadt 2012 (SA) - - - -

Aspern Seestadt V33 (V33) - - - -

Aspern Seestadt Unknown (SU) - - - -

  115 Page 10 of 22 Archaeol Anthropol Sci          (2021) 13:115 



Ta
bl
e
4

Sh
ot
gu
n
an
d
ca
pt
ur
e
(i
n
bo
ld
)
se
qu
en
ci
ng

ou
tp
ut
an
d
m
ap
pi
ng

da
ta
ag
ai
ns
th
um

an
an
d
P
la
sm

od
iu
m
re
fe
re
nc
e
ge
no
m
es
.L

is
te
d
ar
e
al
li
nd
iv
id
ua
ls
th
at
sh
ow

fi
rs
ti
nd
ic
at
io
ns

fo
r
th
e
pr
es
en
ce

of
P
la
sm

od
iu
m
D
N
A
.F

or
m
or
e
de
ta
ils

to
th
e
re
su
lts

of
al
la
na
ly
se
d
sp
ec
im

en
,p
le
as
e
re
fe
r
to

th
e
S
up
pl
em

en
ta
ry

T
ab
le
S
1

E
U
R
A
C

ID
In
di
vi
du
al

S
am

pl
e
%

hu
m
an

en
do
ge
no
us

D
N
A

G
en
et
ic
se
x

N
o.
of

hu
m
an

m
tD
N
A

re
ad
s

H
ap
lo
-g
ro
up

hu
m
an

m
tD
N
A

N
o.
of

re
ad
s
m
ap
pe
d

to
th
e

P
.f
al
ci
pa
ru
m
/v
iv
ax

fu
ll
as
se
m
bl
y,

D
ed
up
,M

Q
>
20

P
la
sm

od
ia

sp
p.
re
ad
s
af
te
r
bl
as
tN

vs
.N

C
B
I
nt

an
d

L
C
A
as
si
gn
m
en
ta
nd

re
-e
va
lu
at
io
n
of

th
e
B
la
st
hi
t

(P
.f
al
ci
pa
ru
m
/v
iv
ax
)

N
o.
of

re
ad
s
m
ap
pe
d
to

th
e
P
.

fa
lc
ip
ar
um

/v
iv
ax

m
tD
N
A

ge
no
m
e,
D
ed
up
,M

Q
>
30

22
29

C
em

et
er
y

C
II
I,
gr
av
e

8, in
di
vi
du
al
2

T
oo
th

0.
04
66

X
Y

25
42
2/
21
19

1/
0

19
/1
8

22
29

T
oo
th

0.
08
34

X
Y

94
21
41
/6
33
5

3/
0

16
4/
22
4

22
30

B
on
e

0.
00
23

N
ot

as
si
gn
ed

2
25
1/
10
87

0/
0

9/
9

22
30

B
on

e
0.
00
62

N
ot

as
si
gn

ed
5

11
40
/3
23
3

0/
0

13
7/
17
6

22
39

C
em

et
er
y
C
II
,

gr
av
e
13
9

T
oo
th

0.
00
50

C
on
si
st
en
t

w
ith

X
X

0
34
/5
15

0/
0

0/
0

22
39

T
oo
th

0.
00
83

N
ot

as
si
gn

ed
0

2/
6

0/
0

0/
0

22
40

B
on
e

0.
00
34

C
on
si
st
en
t

w
ith

X
X

0
11
4/
52
0

0/
0

7/
7

22
40

B
on

e
0.
02
25

C
on

si
st
en
t

w
it
h
X
X

bu
t
N
ot

X
Y

20
50

J1
c

43
7/
24
75

1/
1

11
6/
16
8

22
41

C
em

et
er
y
C
I,

gr
av
e
47
,

in
di
vi
du
al
1

T
oo
th

0.
00
03

C
on
si
st
en
t

w
ith

X
X

0
39
/7
16

0/
0

2/
2

22
42

B
on
e

0.
00
15

N
ot

as
si
gn
ed

0
60
/2
04
9

0/
1

5/
5

22
43

C
em

et
er
y
C
I,

gr
av
e
54
,

in
di
vi
du
al
1

T
oo
th

0.
00
41

N
ot

as
si
gn
ed

0
38
/5
41

0/
0

1/
1

22
44

B
on
e

0.
00
05

C
on
si
st
en
t

w
ith

X
X

0
11
8/
23
81

0/
1

8/
8

22
45

C
em

et
er
y
C
I,

gr
av
e
20

T
oo
th

0.
00
27

C
on
si
st
en
t

w
ith

X
X

0
89
/1
36
2

0/
0

10
/1
0

22
46

B
on
e

0.
00
12

C
on
si
st
en
t

w
ith

X
X

1
10
6/
19
17

1/
0

8/
8

Archaeol Anthropol Sci          (2021) 13:115 Page 11 of 22   115 



the results of the biomolecular analyses. This means that four
of ten of the individuals tested provided consistent positive
indications for the presence of Plasmodium, both immunolog-
ically and genetically. The only tooth to provide a positive
result for the presence of Plasmodium DNA was from sample
2229 and had a correlating result from the bone from that
individual (2230— CIII/8/2). The four individuals who tested
positive for the presence of malaria did not display any con-
sistent pathological lesions which set them apart from the
individuals who were negative for malaria. The following sec-
tion will provide a discussion of the results and some of the
implications of this study for the detection of malaria in an-
cient human remains.

Discussion

This research has provided the first comparative study be-
tween two widely used biomolecular techniques and skeletal
morphological changes in the investigation and identification
of malaria in a past population. Previous research on the iden-
tification of malaria in archaeologically derived human re-
mains has used only one approach: immunoassay (i.e.
Bianucci et al. 2008; Fornaciari et al. 2010), or genomic iden-
tification (i.e. Marciniak et al. 2016), or macroscopic
palaeopathology and interpretation (i.e. Angel 1966, 1978;
Gowland and Garnsey 2010; Gowland and Western 2012;
Smith-Guzmán 2015a). Since each method seeks different
aspects of the disease, antibody production and presence, or
the presence of the Plasmodium parasite DNA, or evidence of
haemolytic anaemia resulting in porosity in the bones, it is
particularly useful that the results show some correlation.
This section will present our discussion on the results obtained
with each method, with particular focus on the limits of each,
including biomolecule survival, test specificity and sensitivity,
and sample selection. We conclude that at this stage of re-
search into malaria in the past, it is important to apply multiple

techniques to establish the presence of malaria in ancient hu-
man remains and ensure authentication of the results for con-
clusive statements to be made.

Macroscopic palaeopathological assessment

It must be remembered that for the skeleton to be involved in
the symptoms of a disease, the disease must be chronic, and
the individual must have survived long enough for osseous
involvement (Wood et al. 1992). Therefore, these individuals
would have had to survive the infection or multiple infections
for some time, which means that the correlation between the
immunological/genetic results and the macroscopic results
may be very weak, as a higher parasitaemia load is expected
to be more likely to be detected by the immunoassays and
genetic analysis, as well as being more symptomatic for the
individual which could possibly also result in earlier death
(this relates to the Osteological Paradox — Wood et al.
1992; Wright and Yoder 2003; DeWitte and Stojanowski
2015; while parasite density and morbidity has been explored
by Ali et al. 2008). Clinically, it can be difficult to determine
the effect of the parasite density, as many individuals in en-
demic malarial areas are asymptomatic (not displaying the
typical cyclical febrile attacks associated with malaria) and
thus are not included as often in studies, which rely on those
seeking medical attention for their symptoms (Galatas et al.
2016). There is research exploring the impact of asymptomat-
ic Plasmodium infection on society (part of the malarial bur-
den); however, asymptomatic individuals pose a conundrum
for our analysis, as typically they carry a lower parasite den-
sity, yet may be more likely to suffer from anaemia (due to the
protection it confers for malaria), and thus, the skeletal re-
sponse would reflect the anaemia, while the biomolecular re-
sults may not support a malaria diagnosis in archaeological
populations in endemic areas (Galatas et al. 2016). All the
non-adults within this study show high levels of vasculariza-
tion of the vertebrae and at the metaphyses with porosity and,

Table 5 Comparative results of the biomolecular analyses and
pathological lesions of the individuals who tested positive for the
presence of either Plasmodium antibodies or aDNA. *Sample 2229 was

the only positive tooth sample from the aDNA analysis and was not tested
using the RDTs (see above for CO grade descriptions; for LEH results—
1 = present, 0 = not present, CBA = cannot be assessed)

EURAC ID Genetic sex RDT DNA CO grade LEH

Cem/Gr/Ind Sample type Pv/Pf Pan/Pf

Pv Pf Pan Pf

2229*, 2230 CIII/8/2 Male LMaxPM2*, L humerus + + + + + 3 1

2234 CIII/29 Possible female R humerus - - + - - 4 0

2240 CII/139 Probable female 5th lumbar vertebra + + + + + 2 CBA

2242 CI/47/1 Possible female L tibia + + + + + 1 0

2244 CI/54/1 Possible female L tibia + + + + + 2 1

2246 CI/20 Probable female L humerus - - - - + 4 0
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in the case of the metaphyses, woven bone growth. Since there
is no visible difference between those with Plasmodium pos-
itive biomolecular/genetic tests, and those who are negative,
this observation cannot be directly linked to a specific disease,
and most likely represent the ubiquitous childhood growth
and development range of changes (Lewis 2018: 196). In the
case of haemopoietic diseases, children have more reactive
bone marrow than adults, so they can present more severe
skeletal changes with relatively smaller stimuli, though it still
must occur for some time (Bolton-Maggs and Thomas 2008;
Lewis 2018: 193). While there were some indications of pos-
sible porosity at the metaphyses of the long bones, our results
do not support the use of cribra femora and cribra humeri,
particularly with non-adult individuals, as a conclusive indi-
cator of malaria (as suggested by Smith-Guzmán 2015b —
however, this would be best tested with a documented skeletal
collection).

There is widespread discussion in palaeopathology about
the aetiology of and connection between porotic hyperostosis
(PH) and cribra orbitalia (CO) (see Brickley 2018 for a
synopsis and above). The different underlying causes of these
lesions include iron-deficiency anaemia or megaloblastic and
haemolytic anaemia or other physiological stresses causing
porosity and cortical thinning, such as nutritional deficiencies
like scurvy or rickets or localised infection (see i.e. Ortner
2003 and Aufderheide and Rodríguez-Martín 1998 and most
recently, O’Donnell et al. 2020 associate CO and PH with
respiratory infections). While Strouhal did not include PH
explicitly in his analysis, he presents the prevalence of CO
across the population he observed (Strouhal unpublished: sec-
tion 11.5). Overall, he notes that of the 63 infants and children,
only 22 had intact orbital roofs, of which 63.6% (n = 14)
displayed some level of porosity, while only 14.5% of adults
with intact orbits (n = 227) exhibited porosity (n = 33), with
females displaying more severe cases and a higher prevalence
(18.2% compared to males 11.7%) (Strouhal unpublished:
section 11.5). Given the difficulties in attributing PH and
CO to a specific aetiology, it is not possible to directly tie this
pathology to malaria; rather, they are non-specific indicators
of a physiological stress. The presence of CO in all of the
individuals who were sampled for biomolecular/genetic anal-
yses in our study highlights the complex nature of identifying
the presence of malaria in the past macroscopically, as indi-
viduals who provided Plasmodium positive biomolecular re-
sults display this pathological change, as do those who did
provide negative tests.

Immunological results

The results of the immunological analyses are presented in
greater detail in LoufoumaMbouaka et al. (2020), but to sum-
marise, we have included some detail in the Online
SupplementaryMaterial, and note here that there are a number

of factors which we have determined will significantly impact
the results we obtained. These factors include the following:
antigen survival, taphonomy, RDT sensitivity, and sample
selection. Primarily, there are significant questions regarding
the survival of the antigens detected by the RDTs
(Plasmodium falciparum histidine–rich protein-2 (pfHRP2)
which is specific to the P. falciparum species and parasite
lactate dehydrogenase (pLDH) which is an example of a
pan-/species-specific malaria antigen), and subsequently, the
ability of the commercially available rapid diagnostic tests
(RDTs) to detect the fragmented or small quantities of these
antigens which are likely present in ancient remains. Research
seems to suggest that the antigens that the RDTs detect can
remain measurable in the body from 5 days to up to 2 months
after treatment and can still be detected after death caused by
malaria (Berens-Riha et al. 2009; Dalrymple et al. 2018). This,
alongside the results of previous research (i.e. Al-Khafif et al.
2018; Fornaciari et al. 2010), implies that the antigens, asso-
ciated with malaria, do survive within bonematerial; however,
proteomics will help confirm this in the future. The portion of
the skeleton selected for analysis also needs to be considered
and will be discussed in more detail below as it relates to both
aDNA results and immunological results.

Overall, of the ten bone samples from the ten different
individuals analysed from the Sayala cemeteries, five pro-
duced a positive result for the presence of antigens associated
with malaria. Of these five positive results, two were from the
humerus, two from the tibia, and one from a lumbar vertebra,
suggesting that multiple bones can retain malarial proteins.
Since teeth were not tested immunologically, we cannot com-
ment on the efficacy of using teeth in this type of testing. The
sex of each individual was determined through genetic analy-
sis, resulting in four females and one male with a positive
immunological test (see Table 5 and discussion below in the
‘Malaria in Sayala in the Roman and Byzantine periods’
section).

Ancient DNA results

The aDNA results present a challenge as the initial shotgun
sequencing could not be authenticated with the mtDNA cap-
ture. Our initial results from the shotgun sequencing indicat-
ed that five bones and one tooth potentially retained
Plasmodium DNA, in five different individuals (see
Table 5). However, the very low number of reads allowed
no further authentication of the detected DNA (e.g. damage
pattern, even coverage of the genome with reads) and no
Plasmodium species assignment. The subsequently per-
formed capture assay targeting the mitochondrial
Plasmodium genome preferentially enriched two regions in
the genome and did not yield further Plasmodium DNA.
Therefore, the current DNA results display only a first indi-
cation for the presence of PlasmodiumDNAwhich could not
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be supported by rigorous authenticity and contamination
tests. ‘Unexpectedly, most individuals which tested positive
for malaria DNA also showed a positive immunoassay re-
sult. This interesting observation in detecting Plasmodium
biomolecules in the same individuals awaits further investi-
gation. Currently, however, we have to face the limits of
detecting ancient DNA in this highly degraded material.
DNA becomes highly degraded and damaged after the death
of an organism (Kendall et al. 2018: 31). This process accel-
erates in humid and hot environments (Bollongino et al.
2008). Furthermore, the AT-rich Plasmodium genome is
possibly more prone to degradation processes since the
higher the GC content gets, the more stable the DNA be-
comes (Yakovchuk et al. 2006). Therefore, we may expect
only minute amounts of Plasmodium DNA in these samples
which are difficult to enrich. Overall, this study confirms the
difficulty in retrieving DNA-based Plasmodium indications
which meet the authentication criteria for ancient DNA in a
larger skeletal series (Marciniak et al. 2016). The DNA-
based analysis of malaria in the past is currently restricted
to the best preserved ancient human remains and needs to be
complimented with additional assays targeting other
biomolecules such as proteins.

Preservation of ancient biomolecules

Environmental factors are variable and extremely important
for ancient biomolecular preservation. Kendall et al. (2018)
have published a helpful synopsis of the different external and
intrinsic factors of decomposition and burial which will im-
pact the preservation of the mineralised tissue. In general, the
type of the burial, the local environment (i.e. temperature,
aridity, and soil composition), manipulation after excavation,
and their storage (i.e. Cappellini et al. 2018; Wills et al. 2014)
will impact on the preservation of proteins and genetic mate-
rial. Fluctuating water levels seem to be the most damaging to
skeletal material, and it is generally accepted that DNA and
proteins do not survive as well in high temperature locations
such as the tropics or the Sahara Desert (Bollongino et al.
2008; Hofreiter et al. 2015; Wadsworth et al. 2017). As well,
previous studies indicate that freshly excavated bones provide
the best results regarding DNA amplification (Pruvost et al.
2007) and protein recovery (Wiechmann et al. 1999). This
may have an impact on the Sayala skeletons, which were fairly
well-preserved macroscopically, but were excavated in the
1960s. They had subsequently been transported from Egypt
to Vienna where they were appropriately curated in the an-
thropology stores of the Natural History Museum. Protein
decomposition or molecular and chemical degradation of
DNA may damage the molecular targets and generate false
negative or lead to false positive results after cross-reactivity
with unspecific targets (Nerlich 2016: 4, Marciniak 2016: 83).

Thus, there are a number of external factors which will impact
on the preservation of the Plasmodium antigens and DNA.

The species of Plasmodiumwhich has infected the individ-
ual may also have an impact on the results, as those with P.
falciparum not only display more severe symptoms and are
the leading cause of death in malaria cases but also tend to
have a higher parasitaemia-load which would perhaps allow
for better survival of the biomolecules in ancient remains
(Rook et al. 2014: 3; Tangpukdee et al. 2012: 325)
However, those with P. vivax would still suffer with cyclical
fevers which would have a significant impact on the individ-
ual and more widely on the community as part of the malarial
burden which relates to the loss of industry and activity due to
chronic illness (WHO 2015). There are two issues with un-
derstanding the species of Plasmodium affecting an ancient
community, the first is with the lethality of the parasite which
kills before affecting the skeleton, therefore avoiding macro-
scopic detection and selection for analysis, and secondly, the
differential survival of the Plasmodia species, which is an
unexamined aspect. Therefore, it is possible that different
Plasmodium species will be more or less detectable based on
their quantity within the individual and their survivability over
time.

Test sensitivity and specificity

Common issues which can impact the detection of
Plasmodium DNA and antigens in a clinical setting, as well
as with ancient samples, are the loss of DNA sensitivity over
time due to its degradation and the high sensitivity and low
specificity of antigen tests (RDTs) (Calarco et al. 2020;
Gunawardena and Karunaweera 2015). While there are con-
stant improvements in the detection of ever smaller frag-
ments of aDNA, we are still faced with the limitation of the
technology at this time to detect small fragments of
Plasmodium DNA. This will continue to improve with the
enthusiasm which is being shown for working with ever
older biological remains (Dabney et al. 2013; Rohland
et al. 2018). Unfortunately, the situation is not as clear with
the immunological analyses, as these tests, particularly
ELISA tests, tend to be highly sensitive, but also highly
specific. This specificity may limit the ability of the tests to
identify fragments of antigens, which are more likely in older
remains. The primary issues with antigen identification are
related to specificity and sensitivity, with ELISA tests per-
haps too specific, while differing levels of sensitivity across
RDTs may impact results. Clinically, the QDx Malaria Card
DiaSys tests need only 5 μl of blood sample, from which we
can infer that little antigen presence is required for identifi-
cation in these tests. According to the test kit product instruc-
tions of QDx Malaria Card DiaSys test, the test has a sensi-
tivity between 95.5 and 99.8% for 50 parasites/μl (see test kit
product instructions of QDx Malaria Pv/Pf performance
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characteristics). Assuming that the results are not false-pos-
itives, it is possible that the antibodies on the QDx Malaria
Card DiaSys are able to bind to a smaller fragment of the
degraded antigen than other less sensitive tests (Loufouma
Mbouaka et al. 2020). Therefore, it would be interesting to
know whether QDx Malaria Card DiaSys is using monoclo-
nal antibodies (more specific but less likely to bind to frag-
ments) or polyclonals (which are more likely to bind but also
less specific and more likely to cross-react), which unfortu-
nately would require cooperation with the test manufac-
turers. Therefore, until we can establish the particular anti-
gens which are binding on a positive RDT for malaria, we
cannot necessarily trust the results of either a positive or
negative test conclusively. A negative test could simply be
a result of the degradation of the antigen resulting in the lack
of identification on the test strip, while a positive test can
only be confirmed when we know exactly what antigens are
binding, which can likely be confirmed with mass spectrom-
etry (however, this is hindered by the manufacturers of the
clinical tests who have yet to share the quantities of antibod-
ies they use on the tests — see Loufouma Mbouaka et al.
2020 for further discussion on this). Within our study, the
similarities with the genetic test indications are extremely
important, as it suggests support for the positive immunoas-
says, providing some endorsement for the accuracy of the
tests, but the application of targeted or shotgun proteomics
would contribute significantly to the identification of
Plasmodium antigens and is an, as yet, unexplored avenue
of research for malaria in the past (Cappellini et al. 2018).

Sample selection implications for biomolecular and
genomic analysis

Sample selection on several levels will impact the results of
the analyses. First, on the macro-level, we choose a site in
Egypt which is known as an endemic area for malaria in an-
tiquity (Malcolm et al. 2007). This was to ensure a higher
probability of the presence of Plasmodium within the frame-
work of this study, aimed at testing the methods of identifica-
tion. Secondly, on an individual level, samples were selected
for the study based on the presence of cribra orbitalia, due to
its association with anaemia which has been used as a proxy
for the presence of malaria in endemic areas. This was decided
as we aimed to primarily test biomolecular methods and used
the presence of CO as an indication of a higher likelihood of
detecting Plasmodium in these individuals; further research
will test those with and without macroscopic indications of
anaemic conditions. Finally, we have chosen samples from
different body parts which contained a significant amount of
medullary bone, where blood is produced, believing that these
areas would be more likely to conserve either the antigens or
the DNA of the Plasmodium parasites. Bone samples were
used for both molecular approaches, while tooth samples were

only used for genomic analysis due to the small quantity of
material for analysis. Teeth are generally considered to pre-
serve endogenous pathogen DNA better than most parts of the
body (see Spyrou et al. 2019 for a review), which was why
they were included in our analysis, as we hoped the preserva-
tion would extend to PlasmodiumDNA; however, this did not
seem to be the case. Some of the teeth analysed were still
developing (meaning the root apex was not closed in five
cases (Table 1) — none showed indications of plasmodium,
nor good results for endogenous DNA) which could increase
risk of contamination from soil; this does not seem to have a
bearing on our results (see Table S1). It has been shown in two
recent studies (Obaldia et al. 2018; Brito et al. 2020) that the
bone marrow represents a major reservoir of a preserved phe-
notype of Plasmodium parasites after death caused by the
disease and is an ideal marker for investigating malaria in a
clinical setting. This supports our choice of bones with larger
blood producing portions for analysis and is reflected in our
results, with more bones than teeth providing us with a posi-
tive indication for the presence of malaria. In general, we
would propose including long bones in future bioarchaeolog-
ical studies since they seem to provide an effective source for
identifying the presence of Plasmodium DNA or antigens
within archaeological samples. This could prove particularly
relevant as frequent requests for destructive analysis of specif-
ic parts of the skeleton are making collections curators more
cautious about permissions.

Malaria in Sayala in the Roman and Byzantine periods

The results of our analysis make it difficult to make any
sweeping suggestions regarding the presence of malaria in
Sayala during the late third to mid sixth centuries AD, as the
sample size is rather small and the results were not able to be
authenticated. However, we can discuss some of the trends
which we have observed here in the context of what is known
about the community at Sayala and wider Nubia and southern
Egypt. To date, there is no complete site report for the exca-
vations at Sayala; however, there are several preliminary pub-
lications which can provide a better understanding of the so-
cial hierarchy and community at Sayala in the late Roman–
early Byzantine period (i.e. Bietak and Jungwirth 1966;
Strouhal and Jungwirth 1971, 1977, 1979, 1980, 1982).
There are two types of burial complexes, the more elaborate
concentric stone mound style of CI, CII, and CIII, and the
simple pit graves of cemetery N which contained a higher
proportion of the individuals under 10 years of age (Strouhal
and Jungwirth 1971). Strouhal and Jungwirth have suggested
that this reflects different treatments for children and some
women (as there were fewer females than expected by the
authors in the C cemeteries) (Strouhal and Jungwirth 1980).
Sayala was a border town of the Roman Empire, with a com-
munity of indigenous Nubians, predominantly from the
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Blemyer (Blemmyes) tribe1 (Bietak and Jungwirth 1966: 468;
Strouhal and Jungwirth 1979). The excavations did not reveal
a settlement area, suggesting that the Roman period habitation
was either destroyed by an earlier construction of the Aswan
Dam or the building materials from the site were utilised by
the modern inhabitants of Sayala; however, ceramics and oth-
er material culture indicate a large and varied population
(Bietak and Jungwirth 1966: 468). The only non-mortuary
structures identified are Roman wine taverns which support
the use of Sayala as a frontier town, a stopping point along the
gold route from Nubia to the north, with similarities to Wadi-
el-Arab (Bietak and Jungwirth 1966: 469). Malaria has been
attested in ancient Egyptian mummified remains dating back
to c. 1500 BC (Nerlich et al. 2008). While similar findings
from Nubia are so far missing, it is assumed that the spread of
the disease into Egypt from the more southern regions of
Africa would have occurred via the Nile Valley route; thus,
its presence in Egypt also presupposes a presence of the dis-
ease in the Middle Nile Valley from at least the 2nd millenni-
um BC onwards (Malcolm et al. 2007). More recently, an
outbreak in the Aswan area in 2014 provides evidence of the
continued hospitable environment for the vector and human
host interaction (Kandeel et al. 2016).

Strouhal’s palaeopathological assessment suggests the
presence of haemopoietic and/or metabolic diseases within
the community (Strouhal unpublished: sections 11.5–11.6).
While our re-analysis of the pathological lesions on the ten
individuals within this study does not bring to light any defin-
itive pathologies associated with the possible presence of ma-
laria, it has shown that the individuals who suffered from CO
consistently also demonstrated other systemic non-specific
pathological changes. Smith-Guzmán presents the argument
that the presence of CO represents a skeletal response to anae-
mia (of any aetiology) and that ‘although there are many fac-
tors that could have potentially contributed to the overall anae-
mia seen in the human skeletal remains of ancient Egypt,
malarial infection has been shown to have a major synergistic
effect with other factors to increase overall anaemia levels;
thus, would have arguably raised the overall frequencies of
cribra orbitalia’ (2015a, p. 1). Therefore, if we consider that
Strouhal observed that 68.6% of the infants and children with
intact orbits and 14.5% of adults with intact orbits display
cribra orbitalia, it is possible that malaria was more frequent
than our biomolecular analyses have revealed. Certainly, it
seems that this population faced nutritional or haemopoietic

stresses which is consistent with other Nile Valley populations
around this time (Groff and Dupras 2019; Scheidel 2001).

Overall, between four and six of the ten (40–60%) individ-
uals examined presented a positive result of either both or one
biomolecular test, and of these, five of seven (71%) of the
genetically female skeletons tested were positive, while only
one of three (33%) of the male skeletons are. The greater
number of females in the sample group reflects a blind aspect
of the study, as most of the individuals could not be
osteologically assessed for sex, and it was only genetically
identified later; this implies that more females than males
displayed osteological markers of possible anaemia (support-
ed by Stouhal’s assessment of all the adult individuals, noted
above). Clinical research indicates that children and pregnant
women are at the greatest risk of acquiring malarial anaemia
(Menendez et al. 2000; White 2018), which may have bearing
firstly, on our sample selection, and also on the indications of
the presence of malaria in the biomolecular analyses. While
our sample is too small to make statements regarding malarial
infection based on sex at Sayala, it perhaps is useful for future
research to note the discrepancy in the expression of anaemia
symptoms between the sexes when considering sample selec-
tion. Most research exploring the differences in expression of
malaria has determined that economic, socio-cultural, and per-
sonal (biological) determinants are the primary factors
resulting in variations in infection and treatment (Burns and
Boyce 2015; Vlassoff and Bonilla 1994: 41). While treatment
was not available in Sayala in antiquity, there would have
almost certainly been economic and socio-cultural factors
(such as gender-divided activities and/or diet, habitation loca-
tion in relation to standing water, various aspects of diet and
possibly life-stage or age-related changes in food or activities)
which would have impacted the infection rates amongst the
different groups. In an attempt to ensure we covered a spec-
trum of the community in Sayala we sampled from the differ-
ent cemeteries surrounding the site; however, while there is a
suggested status difference between the C cemeteries and the
N cemetery, only one individual from cemetery N was
analysed; therefore, it is not possible to make any statements
regarding differences amongst social groups from Sayala
(Bietak and Jungwirth 1966).

Our four individuals who provide the most persuasive in-
dications for the presence of malaria in the Sayala population
(with two positive, though unauthenticated, biomolecular
tests) represent both sexes, albeit disproportionately female,
and predominately are over the age of 12 years-at-death.
Sayala was a large population situated on the banks of the
Nile, and there are still questions regarding the nature of the
community and the social structure associated with it, which,
once answered, may help to understand the prevalence of
malaria within this community. Our results, across the three
methods of analysis, indicate that there is consistency across
biomolecular methods, but further refinement is still needed to

1 It must be noted here that all the assignation of ethnicity and race was based
on antiquated methods no longer accepted in anthropological analysis. The
theories behind these methods have racist origins and while we do not believe
that the authors intended any racist motives in this case, and were simply
applying what was an accepted scientific method of the 1960s, we would be
remiss to mention their results without decrying the racist roots of these
methods. For further discussion on the assignation of race in anthropology,
see, for example, Reynolds and Lieberman (1996), Sauer et al. (2016), and
Stojanowski (2019).
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be able to authenticate the results for precise identification of
malaria in the past. It is only when this is possible that prev-
alence and distribution of the disease and the different species
of malaria can be discussed, alongside the impact such an
endemic disease would have had on the community.

Conclusion

The results of this study, in which four of the ten individuals
sampled provided matching positive results for both malarial
antigens and indications of Plasmodium DNA, suggest that
there is great promise in applying multiple analyses to an
archaeologically derived skeletal collection. At the moment,
the limitations predominantly relate to the thresholds imposed
by the specificity and sensitivity of the tests applied; thus, with
continual improvements to the technology, both these
methods could have a great impact on our understanding of
disease prevalence and its effect on populations in the past.
The methods of DNA extraction and analysis are improving
with great speed, and specific DNA fragments are consistently
identified with greater precision from very ancient remains.
Still, however, there is a limit to analysing ancient DNA when
the material is highly degraded. Likewise, although the use of
RDTs in identifying malaria in the past has had a relatively
long history, there still remain issues with specificity and iden-
tification of the binding antibodies. Thus, while a false posi-
tive is not likely in aDNA analyses, it is certainly still possible
with the RDTs, and conversely, a negative result in either
analysis is not a conclusive negative. Importantly, proteins
tend to be more stable than DNA in ancient human remains.
Therefore, focus of future analyses should be put on the iden-
tification of specific Plasmodium proteins to avoid false pos-
itive diagnostics. Overall, there was no evidence from the
palaeopathological analysis of the skeletal material of distinc-
tive consistent osseous changes between individuals who sub-
sequently showed positive genetic and immunological results
for the presence of Plasmodium and those who did not.

We suggest, as a result of our investigation, that bones,
with good preservation of the medullary bone, are likely an
effective sample source in the search for malaria and that
collaboration between multiple strands of biomolecular test-
ing contributes to the confirmation and success of the results.
Irrefutable evidence of the presence of malaria through mac-
roscopic observations is the goal of palaeopathologists to
avoid destructive analyses; however, this will be most effec-
tively realised through rigorous comparison amongst methods
on a skeletal collection which is well-preserved with docu-
mented malaria cases. As we have noted above, in terms of
biomolecular analyses, the survivability of proteins encour-
ages further exploration into immunological assays in partic-
ular. It is only when the results are consistent and replicable
that malaria will be identified with certainty in ancient

remains, and the evolutionary history of this significant dis-
ease can be explored thoroughly as researchers seek to create a
vaccine. Our research provides new insight and shows the
complexity of investigating diseases in the past through mul-
tidisciplinary approaches; it also demonstrates the benefit of
combining different techniques in the refinement of the pro-
cess of identification of malaria in ancient human remains.
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