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ABSTRACT Ancient skeletal remains can harbor
unique information about past civilizations at both the
morphological and molecular levels. For instance, a num-
ber of diseases manifest in bone, some of which have been
confirmed through DNA analysis, verifying their presence
in ancient populations. In this study, anthropological
analysis of skeletal remains from the ancient Albanian
city of Butrint identified individuals with severe circular
lytic lesions on their thoracic and lumbar vertebrae. Dif-
ferential diagnosis suggested that the lesions resulted
from pathologies known to affect these skeletal regions,
such as tuberculosis (TB) or brucellosis. Relevant bones of
two adolescent males from the 10th to 13th century AD
that displayed the lesions, along with unaffected individu-
als, were collected in the field. Genetic screening of the

skeletal samples for TB was repeatedly negative, thus
additional testing for Brucella spp.—bacteria of livestock
and the causative agent of brucellosis in humans—was
conducted. Two Brucella DNA markers, the IS6501 inser-
tion element and Bcsp31 gene, amplified from the affected
vertebrae and/or ribs, whereas all unaffected individuals
and control samples were negative. Subsequent DNA
sequencing confirmed the presence of the brucellar
IS6501 insertion element. On the basis of the skeletal
lesions, negative tests for TB, and positive Brucella find-
ings, we report a confirmed occurrence of brucellosis in
archaeologically recovered human bone. These findings
suggest that brucellosis has been endemic to the area
since at least the Middle Ages. Am J Phys Anthropol
000:000–000, 2011. VVC 2011 Wiley Periodicals, Inc.

A major goal of physical anthropologists and paleopa-
thologists is to understand the manifestation of disease
in past individuals and societies. Traditionally, such
studies involve evaluation of ancient skeletal remains,
utilizing techniques including gross analysis, X-ray ex-
amination, chemical tests, and microscopic assessments.
These techniques have proven useful in recognizing
potential pathogens that cause skeletal pathologies; how-
ever, such techniques can be limited by the condition of
the remains themselves or in their ability to identify a
definitive disease agent. In addition, different types of
pathogens can produce similar bone pathologies. A novel
approach has been developed to help circumvent these
problems, wherein osteological methods are combined
with molecular analyses to not only characterize the dis-
ease process, but also identify the specific pathogen
based on its DNA endurance in bone.
Molecular identification of pathogens in skeletal or

mummified remains is possible via the polymerase
chain reaction (PCR), in which small amounts of DNA
are copied in vitro. Generally, osteological analyses are
conducted to generate a list of potential causative
agents of the skeletal pathologies through differential
diagnosis. Next, PCR-based tests are utilized to prefer-
entially target pathogen genomic or plasmid DNA. Suc-
cessful DNA amplification is considered a sign of either
acute or chronic infection during an individual’s life-
time. This methodology has been used to identify a
range of diseases in ancient societies, including
malaria, leprosy, plague, syphilis, and tuberculosis (TB)
(Mays et al., 2001, 2002; Hershkovitz et al., 2008;
Raoult, 2008). Of these, TB, which results from respira-
tory or gastrointestinal infection by small, acid-fast,
gram-positive bacterial members of the Mycobacterium
tuberculosis (MTB) complex, has been identified most
frequently. The complex includes M. tuberculosis, Myco-

bacterium bovis, Mycobacterium microtti, and Mycobac-
terium africanus, which infect a wide range of hosts.
Human disease is usually caused by M. tuberculosis or
M. bovis and is contracted through inhalation of conta-
minated aerosol or ingestion of infected meat or dairy
products (Ortner, 2003).
Although TB is primarily a respiratory disease, sec-

ondary infection can occur in a number of organs and
tissues, including bone. The most common site of skele-
tal involvement is the vertebral column (Ortner, 2003).
It is thought that the bacilli travel through the blood-
stream, up the paravertebral plexus, and attack the cen-
ter, anterior surface (paradiscal region) of the vertebral
body. Uhlinger (1970) undertook a study of 62 individu-
als diagnosed with TB at autopsy and found the most
common vertebrae involved were thoracic (T6–T12) and
lumbar (L1–L5). Vertebral TB infection is generally lytic,
producing circular resorption lesions on the anterior sur-
face of the vertebral body (Mays et al., 2002). The bacte-
ria continue to cause lesions and degradation until the
vertebrae collapse, resulting in kyphosis, or angling of
the vertebral column followed by fusion of the spine, a
condition known as Pott’s disease. Extra-vertebral TB
also affects the skull, ribs, pelvis, and bones of the limbs
(Steinbock, 1976; Ortner, 2003).
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In 2001, Mays et al. reported their examination of
nine skeletons from the Wharram Percy Collection. Ini-
tial gross and X-ray analyses showed that several of the
individuals had TB-consistent lytic lesions, along with
vertebral body collapse and kyphosis. However, the
authors noted that a number of other pathologies could
have caused the lesions, including malignant neoplastic
disease, trauma, or brucellosis, thus they were hesitant
to declare TB as the causative agent without confirma-
tion. DNA was extracted and amplified from vertebrae of
each individual, and screened for three markers specific
to the MTB complex: IS6110, the oxyR pseudogene, and
the mtp40 pseudogene. IS6110 is a mobile insertion ele-
ment present in 8–20 copies in most members of the
MTB complex, including the causative agents of TB,
whereas oxyR and mtp40 have been utilized to help dif-
ferentiate M. tuberculosis and M. bovis. Bones from
seven of the nine individuals generated positive results,
confirming that MTB complex DNA was present. Mays
et al. (2001) also screened for Brucella spp. DNA and
obtained negative results.
Brucella spp. pathogens can produce skeletal lesions

similar to TB, and the two infections can potentially be
differentiated and confirmed in ancient skeletal remains
using DNA-based methodologies. Brucella spp. are
gram-negative coccobacilli that cause respiratory inflam-
mation and reproductive failure in livestock (Acha and
Szyfres, 1980). The bacteria also produce a zoonotic infec-
tion in humans (brucellosis), which was first identified in
the 19th century by surgeon Sir David Bruce. During ex-
amination of suspected malaria cases in the Malta Garri-
son, Bruce found that some deaths were caused by a
novel organism, Brucella melitenesis (Aufderheide and
Rodriguez-Martin, 1998). Although B. melitenesis remains
the most common causative agent of brucellosis in
humans, infection by Brucella abortus, Brucella ovis, and
Brucella suis are also possible (Pappas et al., 2006).
Human Brucella spp. infection is usually acquired
through ingestion of infected meat or dairy products and
includes an incubation period ranging from 3 weeks to
several months before onset of the disease. Primary infec-
tion typically manifests as chronic respiratory illness and
fever, whereas secondary infection of skeletal tissue can
occur when the bacteria become systemic and spread to
cancellous bone.
Clinical reports suggest that skeletal involvement

occurs in 20–85% of brucellosis cases (Geyik et al.,
2002). Brucella spp. infection can cause spondylitis in
the lumbar and thoracic spine, osteomylitis in long bones
and the pelvis, and arthritis (Ariza et al., 1985; Kelly et
al., 1960). Vertebral infection begins in the intervertebral
disc followed by ‘‘mild osteoporosis of the contiguous ver-
tebrae, leading to anterior vertebral plate erosions’’
(Glasgow, 1976). A healing phase often follows, resulting
in ‘‘dense sclerosis of the involved bone and the appear-
ance of the so-called ‘‘parrot-beak’’ osteophyte’’ (Glasgow,
1976). Vertebral Brucella spp. infection can display ei-
ther a focal or diffuse pattern. The former involves only
one vertebra, with lesions occurring primarily along its
superior edge, whereas a diffuse pattern shows lesions
throughout a vertebra, with infection spreading to adja-
cent vertebrae or intervertebral disks (Sharif et al.,
1989). Radiological studies of brucellosis indicate that it
is more likely to involve the anterior surface of the verte-
bral body (Turunc et al., 2007). Epiphysitis of the ante-
reo-superior corner of the lumber vertebrae, often
referred to as the Pedro-Pons’ sign, is commonly used to

diagnose the disease in clinical cases (Ariza et al., 1985;
Karabay et al., 2007).
In spite of these standard disease markers in bone,

brucellosis remains difficult to diagnose clinically due
to variability in skeletal manifestation. Given this, mo-
lecular methods have been developed to screen for the
genus (Ouahrani et al., 1993; Bricker, 2002), which is
generally identified using the IS6501 insertion element
(aka IS711) and/or the Bcsp31 gene. IS6501 is a multi-
copy locus present in various Brucella species, includ-
ing those that infect humans. Brucella spp. average 5–
15 copies of the element, with some species having as
many as 30 copies (Ouahrani et al., 1993). Bcsp31 en-
codes an immunogenetic membrane protein, and is spe-
cific to infectious members of the genus. The presence
of either marker in DNA extracted from skeletal mate-
rial directly indicates that the individual suffered from
brucellosis.
In this study, human skeletons from ancient Albania

were examined. Osteological analyses identified skeletal
lesions consistent with various diseases, including TB
and brucellosis. Molecular methods were used to screen
skeletal DNA for genomic or plasmid DNA of the MTB
complex and Brucella spp. Identification of the causa-
tive agent of the lesions allows for an increased under-
standing of how such diseases can be diagnosed in skel-
etal remains and also provides novel information about
this important geographic region and its past inhabi-
tants.

MATERIALS

The skeletal material used in this study came from
the ancient Albanian city of Butrint (ancient Buthro-
tum), which is located on a small peninsula in south-
west Albania. The city is largely surrounded by the
waters of Lake Butrint and the Vivari Channel, which
drain into the Ionian Sea. Butrint, along with the
Greek island of Corfu, was valued from Hellenistic
times to the Napoleonic Wars as a port and strategic
base dominating the narrow Straits of Corfu. The city
has a rich history, being founded as an early Hellenistic
sanctuary, developing into a large Roman colony, and
then flourishing as an early Christian center. Through-
out its final centuries, Butrint served as an outpost of
the Byzantine Empire and a fortified Venetian market
town until it was abandoned in the late Middle Ages
due to flooding. This elaborate progression is reflected
in the array of monuments preserved at the site, includ-
ing a 4–2nd century BC theatre, a late Roman residence
(the Triconch Palace), an adjacent Roman Merchant’s
House, the Christian Junia Rufina Well, and a Chris-
tian baptistery dating from the 6th century AD. The
Roman colony at Butrint expanded across the Vivari
Channel, producing a suburb on the Vrina Plain. On
the east shore of Lake Butrint is Diaporit, the site of a
luxurious Hellenistic–Roman period villa laid out in ter-
races covering over 2,000 m2, which was reused in the
late 5th century AD by a monastic community centered
on a large Christian pilgrimage church. In 1992,
Butrint was designated a UNESCO World Heritage
Site, and since that time extensive archaeological exca-
vations and analyses, as well as anthropological studies,
have been conducted by the Butrint Foundation in part-
nership with the Albanian Institute of Archaeology
(UNESCO, 1999).
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Osteological methods

During the excavations of Butrint and Diaporit,
numerous graves containing human skeletal remains
were located. Anthropologists from Michigan State Uni-
versity have examined the remains of 48 individuals
from Butrint and 26 individuals from Diaporit. Biological
profiles were developed for each, including sex, age, and
associated dental and skeletal pathologies. Adults were
aged using methods appropriate for the preservation of
each individual, such as pubic symphysis phases (Suchey
and Katz, 1998), auricular surface (Lovejoy et al., 1985),
and sternal rib ends (Is�can et al., 1984, 1985). Subadults
were aged using dental development and epiphyseal
union (Ubelaker, 1984; Scheuer and Black, 2004). Sex
was estimated based on cranial and pelvic morphology
(Phenice, 1969; Buikstra and Ubelaker, 1994).
Skeletal pathologies were recorded following gross ex-

amination. Initial examinations identified five skeletons
that showed signs of pathology consistent with various
disease processes (Table 1). Two of these (Burials 2272
and 4015) were located at the Butrint site and dated to
the 10–13th century AD. No radiocarbon dates are avail-
able for these burials, however radiocarbon dates for two
individuals in the same burial group as 4015 produced a
range of AD 1020–1260. On the basis of site stratigra-
phy, 4015 appears to have been buried after these indi-
viduals (Bowden and Hedges, 2011). Burial 2272 was
dated to the 10–12th centuries based on stratigraphy
and pottery fragments mixed in the grave fill (Integrated
Archaeological Database, 2011). Both 2272 and 4015 had
similar cavitating lytic vertebral lesions (Figs. 1 and 2),
and samples were collected for molecular analysis.
Although radiological examination was not possible on
site, sampled vertebrae from Burials 2272 and 4015
were X-rayed at Michigan State University.
Additional samples from three 5th to 7th century AD

burials exhibited other skeletal pathologies (Table 1).
These included Burial 213, an adult male from Diaporit
that displayed extensive enthesopathic activity through-
out the skeleton, Burial 319, an adult female from Dia-
porit who had osteophytic changes in the vertebrae,
lesions on the parietals of the skull, and expansion of
long bones, and Burial 5010, an adult female from
Butrint, exhibiting circular erosive lesions on the skull
and extensive periosteal reaction in various long bones.
Finally, control samples were collected from two individ-
uals from Diaporit that showed no skeletal pathologies
(Burials 10 and 584).

Molecular methods

Vertebrae, rib fragments, and long bone sections from
skeletons were transported to the Michigan State Uni-
versity Forensic Biology Laboratories for DNA analysis.
No previous work on MTB complex or Brucella spp.
DNA had been conducted in any of the laboratories uti-
lized for this research, and DNA extraction, DNA ampli-
fication, positive control DNA setup, and real-time PCR
were all conducted in separate laboratories. A thoracic
or lumbar vertebra, rib fragment, and femur section (or
ulna or tibia fragments if femora were absent) were ana-
lyzed for each burial. DNA extraction and analyses were
conducted a minimum of three times for each bone.
Digestion buffer (50 mM EDTA, 0.5% SDS, and 20 mM
Tris pH 8.0) and water were sterilized by passage
through a 0.22-lm filter. A Dremel tool (Dremel Corpora-

tion; Racine, WI), sanding wheel, and 1.6 mm (1/16 inch)
drill bits were scrubbed with a detergent/bleach mixture.
Digestion buffer, water, Dremel tool, drill accessories,
and consumables (1.5 ml tubes, pipet tips, PCR tubes,
etc.) were autoclaved as appropriate, and UV irradiated
to 6 J/cm2. Bones were processed in a Clean Spot PCR/
UV Workstation (Coy Lab Products; Grass Lake, MI).
Ribs and long bones were sampled in regions that dis-
played porosity, lesions, or cortical expansion. Vertebrae
were sampled directly from the center of the vertebral
body, either close to the anterior surface or near the neu-
ral arch. A small region of the bone was washed by
flushing the surface with 1–2 ml of digestion buffer,
swabbing the area clean, and allowing it to air-dry. This
region was gently sanded with a drill bit until white
cortical material was revealed, followed by a second
wash to remove residual bone powder. Twenty-five to 50
mg of new bone powder was generated by drilling into
the cleaned region and collected in a 1.5 ml microcentri-
fuge tube. Five hundred microliters of digestion buffer
and 5 ll of proteinase K (20 mg/ml) were added to the
bone powder. Reagent blanks, containing all reagents
except bone powder, were prepared for each extraction.
Samples and associated reagent blanks were incubated
at 558C overnight.

DNA extraction. A standard organic method was used
to extract DNA from digested bone. An equal volume of
phenol was added to each digest, followed by vortexing
and centrifugation at 20,000g for 5 min. The aqueous
layer was transferred to a new sterile 1.5 ml tube and
two or three chloroform extractions (depending on the
amount of color in the aqueous layer) were conducted
using the same procedure. The aqueous layer was passed
through a Microcon YM-10 filter device (Millipore; Biller-
ica, MA) at 10,000g. The column was washed three times
using 300 ll of sterile 10 mM Tris, and 1 mM EDTA pH
8.0 (TE). DNA was eluted from the column with 20 ll of
sterile TE. A 1:10 dilution of the DNA was made using
sterile TE for subsequent PCR reactions. Reagent blanks
were processed in the same manner. DNAs were stored
at 2208C.

Mitochondrial DNA amplification and sequencing.
Mitochondrial DNA hypervariable region I (mtDNA
HVI) amplification and sequencing was attempted from
bones to assess if DNA was present. A PCR mastermix
included: 2 ll of Hot Master Taq buffer (Eppendorf
North America; Westbury, NY), 0.3 ll of 30 lg/ll bovine
serum albumin, 2 ll of 2 mM deoxynucleotide 50-triphos-
phates, 0.4 ll of 20 lM forward and reverse primer, and
1 unit of Hot Master Taq (Eppendorf North America)
brought to a final volume of 19 ll with sterile water.
One microliter of diluted bone DNA was added to 19 ll
of mastermix. Amplification was conducted with an ini-
tial denaturation of 948C for 5 min, thirty-five cycles of
948C for 30 s, 568C for 1 min, 728C for 1 min, and a 728C
final extension for 7 min. Four microliters of the PCR
products from initial amplifications were electrophoresed
on a 3% agarose gel and visualized using ethidium bro-
mide. Reactions that resulted in a faint or nonvisible
product were amplified for an additional 10–15 cycles
using a nested forward primer. Primer sequences were:
HV1 F15989 (50-ccatgcttacaagcaagt-30), HV1 R16207
(50-acttgcttgtaagcatgggg-30), nested primer HV1 F16057
(50-aagtattgactcacccatca-30). Amplifications were again
visualized on a 3% agarose gel. Ten microliter sequenc-
ing reactions were prepared containing 4 ll DTCS Quick
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Start reagent (Beckman Coulter Inc.; Fullerton, CA), 1
ll of either 20 mM forward or reverse primer, and � 6
ng of DNA template. Sequencing parameters consisted of
denaturation at 968C for 20 s, primer annealing at 508C
for 20 s, and elongation at 608C for 4 min for 30 cycles.
Sequencing reactions were electrophoresed on a CEQTM

8000 Genetic Analysis System (Beckman Coulter Inc.)
using the following parameters: capillary temperature
508C, denature at 908C for 120 s, inject at 2.0 kV for 15

s and separate at 4.2 kV for 60 min. Data were analyzed
using the Beckman CEQTM Sequencing Analysis soft-
ware.

Real-time PCR. DNA sequences specific to the MTB
complex (IS6110, OxyR and Mtp40) and Brucella spp.
(IS6501 and Bcsp31) were obtained from the NCBI Web-
site [Sequence Accession No: IS6110 (X17348), OxyR
(AF313461), Mtp40 (M57952), IS6501 (M94960), and

Fig. 1. Vertebrae from Butrint Burial 2272, a 17–21-year-old male. Displayed are T4–T8, T10–T12, and L1. (a) Right lateral as-
pect; (b) anterior aspect; (c) left lateral aspect.

Fig. 2. Vertebrae from Butrint Burial 4015, a 17–21-year-old male. Displayed are T8, T9, T11, T12, L1, and L2. (a) Right lateral
aspect; (b) anterior aspect; (c) left lateral aspect.
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Bcsp31 (M20404)]. Primer Express1 software (Applied
Biosystems; Foster City, CA) was used to design primer
pairs, which included: IS6110 (Forward 50-gcttagcggcgg-
gacaa-30, Reverse 50-gccgacgcggtctttaaaa-30; 62 bp), OxyR
(Forward 50-gcgacgaatcggtttggt-30, Reverse 50-gcaa-
gacgctggtaggacttct-30; 63 bp), Mtp40 (Forward 50-
cggcgaaatgacaatgca-30, Reverse 50-ggtccggtggcattcgt-30;
65 bp), IS6501 (Forward 50-cgcgcggtggattgac-30, Reverse
50-agcggtaggccgatagca-30; 58 bp), and Bcsp31 (Forward
50-gcgttgggagcgagctt-30, Reverse 50-ccagtgccgatacggaaa-
aa-30; 59 bp). Real-time PCR primer concentrations were
optimized according to the SYBR1 Green PCR Master-
mix Protocol (Applied Biosystems, 2006). Optimum con-
centrations (nM Forward:Reverse) were IS6110
(300:300), OxyR (900:300), Mtp40 (300:900), IS6501
(900:900), and Bcsp31 (900:900).
Twenty-five microliter real-time PCR reactions were

prepared using 12.5 ll of 23 SYBR1 Green PCR Master-
mix (Applied Biosystems), 2.5 ll of (optimized) forward
and reverse primer, and 7.5 ll sterile water. Two and a
half microliters of extracted DNA or 1:10 diluted DNA
were added to duplicate reactions. Up to five negative
controls positioned across the thermal cycler, reagent
blanks, and appropriate positive controls were run with
each experiment. Positive control reactions contained
approximately 10 genomic copies of either M. bovis or B.
abortus DNA. As stated, all positive control amplifica-
tions were prepared in a separate laboratory.
Real-time PCR was conducted on an ABI 7000 Prism

(Applied Biosystems) using the following parameters: ini-
tial 508C hold for 2 min, a 10 min 958C hold and 50 cycles
of 958C denaturation for 15 s, and a 1 min annealing/
extension step at 608C. A dissociation curve was gener-
ated by ramping the reactions from 648C to 958C. Amplifi-
cation plots and dissociation curves of bone DNAs that
amplified were compared to those of positive controls to
assess consistency with MTB complex or Brucella spp.
DNA. DNAs that amplified were electrophoresed on a 4%
agarose gel and visualized using ethidium bromide.

Pyrosequencing. Twenty-five microliter PCR reactions
of the DNA extracted from Burials 2272 and 4015 were
prepared as described above, using AmpliTaq Gold1

DNA polymerase (Applied Biosystems) and a single bio-
tinylated IS6501 forward or reverse primer. Cycling pa-
rameters included a 10 min 948C hold, and 40 cycles of
948C denaturation for 15 s, and a 1 min annealing/exten-
sion step at 608C. Pyrosequencing was conducted on a
PyroMark1 Q24 Pyrosequencer (Qiagen; Germantown,

MD) with a PyroMark1 Q24 vacuum workstation in
SQA mode according to the manufacturer’s instructions,
utilizing StreptavidinTM Sepharose High Performance
Beads (GE Healthcare; South San Francisco, CA). Data
were analyzed using PyroMark1 Q24 Software 2.0.6.
Sequences were searched using Basic Local Alignment
Search Tool (BLAST; http://blast.ncbi.nlm.nih.gov/
Blast.cgi), with nucleotide blast criteria of database
‘‘others’’ and ‘‘nucleotide collection,’’ and optimized for
‘‘highly similar sequences’’.

RESULTS

Osteological analyses

Burial 2272 contained the remains of a 17–21-year-old
male from the 10th to 12th century AD, whereas Burial
4015 contained the remains of a 17–21-year-old male
from the 12th to 13th century AD. Both individuals dis-
played cavitating lytic lesions in the thoracic and lumbar
vertebrae, which were concentrated on the anterior and
lateral surfaces of the vertebral bodies, with the ante-
rior–superior margins of the vertebrae being unaffected
(Figs. 1 and 2). Such lesions are consistent with various
disease processes, including TB and brucellosis. Burial
2272 displayed cavitating lytic lesions in the vertebral
bodies of T3–T12 and L1, L2, and L4. The lesions ranged
in size from 0.75–9.16 mm high, 0.39–9.78 mm wide,
and 3.66–10.01 mm deep. Columns of trabecular bone
ran cranial to caudal with the larger lesions (Fig. 3a).
Rib fragments displayed cortical expansion and macro-
porosity on the parietal surface of the rib beginning at
the rib angle and continuing anteriorly. Sclerotic bone
was present at the femoral necks and just superior to
the condyles on the posterior surfaces of both femora.
The femora and tibiae diaphyses were also affected by
periostitis.
Burial 4015 displayed cavitating lytic lesions on the

anterior surface of the vertebral bodies of T3–L2. The
lesions were 2.62–9.06 mm high, 2.8–5.32 mm wide, and
4.33–11.75 mm deep. Like 2272, columns of trabecular
bone running cranial to caudal were visible within the
larger lesions (Fig. 3b). Several ribs also displayed corti-
cal thickening and trabecular expansion. Porosity was
present on the parietal surface of some rib fragments.
Sclerotic bone was present on the posterior surface of
the femora just superior to the distal epiphysis. The
osteological results for the skeletal material included in
the molecular analysis are summarized in Table 1.

Fig. 3. Close-up of affected vertebrae. (a) Right lateral aspect of T9 from Butrint Burial 2272; (b) anterior aspect of T10 from
Butrint Burial 4015.
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Molecular analyses

PCR amplification and sequencing of mtDNA. HVI
was successfully amplified from vertebrae, ribs, and long
bone of all skeletons harboring pathologies, showing that
viable DNA remained in the skeletal material. On aver-
age, 100–150 bases of forward and reverse sequence
were obtained from bones of Burials 213, 319, 2272, and
5010. Burial 4015’s vertebra, rib, and femur generated
HVI PCR product, however, readable sequence was only
obtained from the femur and rib. Each skeleton pro-
duced a unique mtDNA haplotype (Table 2).

PCR amplification of MTB complex and Brucella
spp. DNA. Repeated attempts at amplifying TB markers
IS6110 insertion element, oxyR pseudogene, and mtp40
gene were negative for all bones. In contrast, DNA from
19th century skeletal remains previously shown to be

TB positive (Ubelaker and Jones, 2003) successfully
amplified (data not shown), as did control MTB complex
DNA, down to approximately one bacterial genome
equivalent. Reagent blanks and negative controls did not
amplify.
Subsequent testing for Brucella spp. DNA generated

very different results. Control skeletons that had no skele-
tal pathology (Burials 10 and 584) along with those that
had pathologies but did not show vertebral cavitating lytic
lesions (Burials 213, 319, and 5010) generated no amplifi-
cation products. In contrast, DNA from the two skeletons
that had vertebral lesions (Burials 2272 and 4015) ampli-
fied. Specifically, IS6501 real-time amplification for rib
and vertebral DNAs from Burial 4015 was positive, as
was rib DNA from Burial 2272. Further, Bscp31 amplified
from vertebra and rib DNAs of Burial 4015. Dissociation
curves for these PCR products were concordant with con-
trol Brucella DNA (e.g., Fig. 4), whereas reagent blanks
and negative controls showed no amplicons beyond
primer-dimer. The size of the amplification products was
confirmed by gel electrophoresis (Fig. 5).

Brucella spp. DNA sequencing results. DNAs from
ribs of the two individuals with vertebral lesions (Burials
2272 and 4015) produced amplicons following subsequent
IS6501 amplification using biotinylated reverse primers.
DNA pyrosequences were obtained, and a BLAST search
showed 100% homology with the Brucella spp. IS6501
element. Further sequencing using forward biotinylated
primers confirmed these results.

DISCUSSION

In this study, osteological and molecular methods were
used to confirm brucellosis infection as the cause of cavi-
tating circular lytic vertebral lesions in ancient skeletal
remains from Butrint, Albania. Skeletal lesions were

TABLE 2. mtDNA sequences for tested burialsa

16059 16077 16078 16094 16199

CRS A A G T T
Analyst G C
Burial #
213 _ C A
319 _ A
2272 C A
4015 _
5010 T A

a Sequence for each burial compared to the Cambridge Refer-
ence Sequence (Anderson et al., 1981). An empty box indicates
that the individual contained the same base as the reference at
that position. Gray boxes denote areas where sequence was not
obtained for that individual. Note that each burial produced a
unique haplotype, different from the analyst, indicating that
viable DNA was present in each skeleton.

Fig. 4. IS6501 real-time PCR dissociation curve of Burial 4015 vertebra (Vert.) and B. abortus DNA. The y-axis indicates
changes in the relative fluorescence units (derivative of the rfu) as the temperature (8C) was ramped from 648C to 958C (x-axis).
The apex of the curve indicates the melting temperature of the PCR products. Note that bone DNA product had the same melting
profile as B. abortus control DNA, whereas the negative control (which showed some amplification in this assay) was inconsistent,
representing primer dimer production.
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first examined using osteological methods to generate a
list of causative agents through differential diagnoses.
DNAs from these remains were then extracted, and mo-
lecular techniques were used to confirm that genomic
material from Brucella spp. was present. Through com-
bined anthropological and molecular findings, this
study demonstrates a verified occurrence of brucellosis
infection in ancient remains from the Mediterranean
Basin.
To date, there is no established osteological method for

diagnosing Brucella spp. infection in human skeletal ma-
terial. Some authors (e.g., Anderson, 2003) have cited
spondylitis and vertebral marginal lysis as markers of
the disease. Other osteological studies have examined
extra-vertebral involvement. Soulié (1982) utilized joint
and long bone abnormalities as indicators of brucellosis,
whereas Capasso (1999) focused on rib lesions associated
with antero-superior angling of the vertebral body. Fur-
ther, Ortner (2003) described cavitating lytic lesions on
the anterior aspect of vertebral bodies as resulting from
Brucella spp. infection. However, all of these were pre-
sumed, not validated cases of brucellosis.
Ambiguity regarding skeletal involvement in brucello-

sis has extended into clinical studies. Most clinical liter-
ature places emphasis on the radiological signs first rec-
ognized by Pedro-Pons, wherein brucellosis is identified
through spondylitis in the lumbar region, followed by
sclerosis along the vertebral margins and a narrowing of
the intervertebral disk space (Lifeso et al., 1985). Kara-
bay et al. (2007) diagnosed cases of brucellosis using this
methodology and it has become generally accepted. In
spite of this, clinical studies comparing TB and brucello-
sis patients have shown that both diseases can generate
the Pedro-Pons’ sign (e.g., Cordero and Sanchez, 1991),
and thus it is not likely a confirmatory indicator of Bru-
cella spp. infection. Similarly, it has been noted that clin-
ical methods used to identify spinal brucellosis do not
translate well to dry, ancient skeletal materials (Etxe-
berria, 1994; Curate, 2006).
Interestingly, the skeletons at Butrint, which were

verified as infected by Brucella spp. utilizing molecular
techniques, shared very few of the characteristics

detailed above. The parrot-beak osteophytes and the
radiological Pedro-Pons’ sign were absent from 2272 and
4015. Instead, these individuals prominently displayed
cavitating lytic lesions on the anterior and lateral surfa-
ces of the vertebral bodies, with minor rib or other bone
involvement, although the ribs, along with vertebrae,
did test positive for Brucella spp.
Differences in pathology descriptions between archaeo-

logical reports and modern clinical studies exemplify
how little is known about the skeletal response to Bru-
cella spp. infection. As a result, brucellosis is very diffi-
cult to diagnose differentially with confidence using tra-
ditional osteological methods. Uncertainties are exacer-
bated by the fact that other disease processes, skeletal
abnormalities, and taphonomic changes can produce
skeletal responses similar to brucellosis. For example,
Mays (2007) doubted the reliability of anterior–superior
epiphysitis on lumbar vertebrae as a distinct marker of
brucellosis and warned that anterior disc herniation can
produce the same pathology. He also reported that 4% of
the Wharram Percy skeletal collection displayed verte-
bral marginal lesions, all of which molecularly tested
positive for TB and negative for Brucella spp. The
author stated that anterior disc herniation was the most
likely explanation for the vertebral lesions in these sam-
ples and concluded that suspected cases of brucellosis
should not be diagnosed without supporting molecular
evidence.
Such discrepancies in skeletal brucellosis identification

have led many researchers to emphasize the importance
of using molecular methods in ancient DNA studies.
However, although DNA analysis is a valuable tool in
verifying osteological findings, it is not without limita-
tions (O’Rourke, 2000; Pääbo et al., 2004; Donoghue,
2008). Ancient biological material is often subjected to
harsh environmental conditions and exposed to a variety
of microorganisms, which can result in postmortem deg-
radation and chemical modifications of DNA. In addition,
PCR amplification and subsequent analyses may be diffi-
cult due to variability in the extracted DNA quality and
quantity. The molecular techniques utilized in this study
were designed to overcome these limitations. DNA isola-

Fig. 5. Agarose gel electrophoresis of real-time PCR products from Burial 4015 vertebra DNA. Reactions from bone and B. abor-
tus positive control DNA produced consistent products, indicated by the arrows (*: 1–10 DNA dilution; NA: the vertebral body was
sampled proximal to the neural arch; 25: a 25 base pair ladder). (a) Products obtained while screening for the 58 bp multicopy
IS6501 element; (b) product obtained while screening for the 59 bp Bscp31 gene. Primer dimer was observed in some negative con-
trol (Neg) and reagent blanks (RB) reactions.
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tions were repeated to ensure that results were repro-
ducible. Further, multicopy loci were assayed, nested-
PCR was utilized, amplicon sizes were small, and pyro-
sequencing allowed examination of these very small
stretches of DNA. The combination of osteological and
molecular methods used to analyze vertebrae and ribs of
the two adolescent skeletons from Butrint Albania,
including the successful amplification of the Brucella
spp. IS6501 and Bscp31 loci, confirmed that brucellosis
was the causative agent of the lesions on these remains,
and represents the first published cases of brucellosis in
ancient remains [Donoghue (2008) stated via personal
communication that another group amplified IS6501
from a Siberian Iron Age female skeleton that showed
lytic vertebral lesions, which acts to confirm the utility
of these markers for identification of brucellosis in an-
cient skeletal material].
The occurrence of brucellosis in ancient remains from

Butrint, located in the Mediterranean basin, is intrigu-
ing, as archaeological evidence has suggested its pres-
ence in the Mediterranean and Europe from the Chalco-
lithic period through the 19th century (Anderson, 2003;
Capasso, 1999). Even today countries such as Greece
and Albania report the highest rates of brucellosis infec-
tion in Europe (Pappas et al., 2006). In this regard, sub-
sequent osteological examinations in Butrint and Dia-
porit have uncovered seven more burials, dating from
the 5th to 14th century, with cavitating lytic lesions on
the anterior and/or lateral surfaces of thoracic and lum-
bar vertebral bodies, consistent with Burials 2272 and
4015. Rib porosity was apparent in four of these individ-
uals, all of which suggest that brucellosis was a common
occurrence in ancient Butrint and Diaporit, spread over
many centuries.
Today, epidemiological studies of brucellosis show that

it is usually acquired through ingestion of contaminated
meat or dairy, or from regular contact with infected ani-
mals, as might be expected of herders of cattle or sheep
(Wallach et al., 1997). The consumption of dairy products
is the primary route of modern infection in childhood
cases (El-Amin et al., 2001; Tsolia et al., 2002), and stud-
ies in areas with endemic brucellosis indicate that chil-
dren and young adults represent 20–70% of the cases
(Gotuzzo et al., 1982; Mantur et al., 2004). Further, the
regional diets of countries surrounding the Mediterra-
nean basin have included yogurt, soured milk, and fresh
cheeses since ancient times (Stambaugh, 1988). Individu-
als in these societies may have consumed contaminated
dairy products or lived in close proximity to infected ani-
mals without realizing the risk of zoonotic infection. In
1999, Capasso attempted to show a correlation between
dairy products and brucellosis in the ancient city of Her-
culaneum. Several individuals at the site harbored
potential brucellosis derived pathologies. Subsequently,
scanning electron microscopy of preserved cheese
revealed bacteria consistent in morphology with Brucella
spp., although attempts at molecular identification were
unsuccessful (Capasso, 2002). In the current study, skel-
etal and molecular analyses clearly showed the presence
of Brucella spp. infection in ancient Butrint, which, as
today, occurred in young individuals. The severity of the
vertebral lesions, and the ability to detect pathogen
DNA, indicate that these individuals were in advanced
stages of infection at the time of death, and suggests
that exposure to the bacterium likely occurred at an
early age through diet or childhood chores, such as car-
ing for livestock.

Finally, it is worth noting that the period to which the
remains date (10–13th centuries) corresponds to the era
just prior to the revitalization of Butrint, when the city
was largely in ruins. At this time the ancient city had
dwindled to a small town of timber buildings, likely sur-
viving as a periodic market and fishing center, before
being deserted by the Venetians for the opposite bank of
the Vivari Channel in the late 16th century (Hodges,
2004). Livestock during the period, even those showing
signs of disease, would have been a valuable commodity,
and meat and dairy products from them would probably
still have been consumed. Similarly, it seems possible
that an association between livestock disease and human
illness went unrecognized, particularly given the overall
harsh conditions that had befallen Butrint and Diaporit.
Through the data presented here, it is verified that bru-
cellosis has been established in the region for a long pe-
riod of time. These findings not only provide novel infor-
mation about the people of ancient Albania, but also aid
in the identification and description of the disease in
other ancient societies.
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