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a b s t r a c t

This paper examines skeletal and ancient DNA evidence in the study of suspected tuberculosis infection
in the late pre-Hispanic and Colonial-era Lambayeque Valley Complex, north coast Peru (A.D. 900e1750).
We integrate information on macroscopic lesion characteristics and distribution, radiographic and CT
scan imagery, and analysis of Mycobacterium tuberculosis complex rpoB and IS6110 ancient DNA (aDNA)
sequences. Destructive lesions were observed in the vertebral bodies of three precontact indigenous
adult males, one colonial adolescent female, and in the cranium of a Colonial-period subadult. Assess-
ment of lesion morphology and distribution led us to consider multiple diseases, but tuberculosis
represents the most likely diagnostic option in all individuals. DNA was poorly preserved in all samples,
but an IS6110 sequence was amplified in one precontact individual consistent with macroscopic diag-
nosis. These findings expand the geographic and temporal extent of tuberculosis to the late pre-Hispanic
and Colonial north coast of Peru to highlight potential synergisms between diet, settlement patterns, and
the evolution of Andean tuberculosis before and after European conquest. Moreover, this study helps
focus several key questions in Andean tuberculosis research, including possible reassessment of the
presence of the IS6110 sequence in the pre-Columbian Americas. Methodological considerations include
differential diagnosis e especially with incomplete skeletons e and limitations of aDNA studies under-
scoring an approach integrating macroscopic, radiographic, and molecular lines of evidence in the
paleopathological investigation of one of humankind’s most devastating and destabilizing diseases.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Mycobacterium tuberculosis is one of humankind’s oldest and
most bioculturally disruptive diseases. Tuberculosis is synergisti-
cally linked to settlement patterns, subsistence, and socioeconomic
inequality in the ancient Old World and New World and has
emerged as a 21st century global health threat (Buikstra, 1981;
Larsen, 1997; Pálfi et al., 1999; Roberts and Buikstra, 2003; Wilbur
et al., 2008; Stone et al., 2009). Anthropological study of tubercu-
losis has advanced significantly through development of models
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linking immune function, diet, and hostepathogen interaction
(Wilbur et al., 2008), genomic data from several M. tuberculosis
Complex (MTBC) species, and advances in differential diagnosis and
molecular methods (Salo et al., 1994; Baron et al., 1996; Crubézy
et al., 1998; Ortner, 1999; Mays et al., 2001, 2002; Rothschild
et al., 2001; Zink et al., 2001, 2003a,b, 2005, 2007; Brosch et al.,
2002; Stead, 2000; Konomi et al., 2002; Fletcher et al., 2003;
Hurtado et al., 2003; Gutierrez et al., 2005; Taylor et al., 2005;
Raff et al., 2006; Donoghue, 2008; Grauer, 2008; Suzuki et al.,
2008; Dabbs, 2009; Wilbur et al., 2009). Resulting perspectives
help reject the “recenteorigin hypothesis” or the evolution of
human forms of the disease from a bovid form, and the roles of
dietary protein and iron, ecogeography, host resistance factors, and
pathogen physiology in human infection.

The South American Andes represent a “natural laboratory” for
the study of tuberculosis, given the region’s history with the
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disease and ecological conditions that generally favor organic
preservation. The earliest cases of New World mycobacterium
infection are currently recognized in human remains ca.
2100e1900 years ago in the Pisco Valley, Peru, and the Atacama
region of Chile, respectively (Allison et al., 1981). Central Andean
tuberculosis tends to be associated with the arid coastal regions of
southern Peru and northern Chile dating to the late first and early
second millennium A.D. in southern Peru (García-Frías, 1940;
Allison et al., 1973, 1981; Buikstra and Williams, 1991; Burgess,
1992a,b; Owen, 1993; Salo et al., 1994; Arriaza et al., 1995; also
Roberts and Buikstra, 2003: Table 4.1).

The current picture of Andean tuberculosis is complicated by
a variety of factors. Disease occurrence in more than one individual
per skeletal series is only found in a handful of Andean samples; the
most extensive grouping of human remains affected by tubercu-
losis-like lesions are from ten individuals at the pre-Hispanic site of
Estuqueña (Buikstra and Williams, 1991). A solid diachronic
understanding of Andean tuberculosis infection remains elusive.
The paucity of multiple occurrences of the disease in skeletal
samples hinders even synchronic population biology perspectives.
Integration of physical anthropology in Andean studies (Verano,
1997a) has only recently helped guide representative cemetery
sampling strategies driven by problem-based research designs to
prevent selective collection of skeletal remains. Common tapho-
nomic factors involving livingedead ritual interactions in antiquity
(grave re-opening, body part removal, and secondary burial [Klaus,
2008]) and modern looting can lead to removal, commingling,
decontextualization, and destruction of bone. Thus, a key meth-
odological challenge surrounds developing reliable methods to
assess the presence of tuberculosis in cases of incomplete or poorly
preserved skeletons.

Many questions about the history of Central Andean tuberculosis
remain unresolved. After its apparent initial bony presence by about
A.D. 300, Andean mycobacterial infection may have peaked around
A.D. 1000. However, the reasons for this late peak are unclear,
particularly as Andean peoples themselves were likely a reservoir
for the disease for several thousand years. This represents vital, but
poorly fitting elements in the history of mycobacterium infection:
what triggered more widespread dissemination? Identifiable
tuberculosis infection does however coincidewith the development
of chiefdom- and state-level societies, attendant economic inten-
sification, increasing population size and density, environmental
transformations, and socioeconomic heterogeneity. Dietary change
may have initiated additional synergisms (e.g., iron levels that
would promote tuberculosis growth and reactivation as we discuss
later) (Wilbur et al., 2008). Disseminated tuberculosis is recorded
for least two precontact cultural traditions on the southern coast
and in the low sierra andmay have posed a disproportionate health
risk for Andean men in some groups (Buikstra and Williams, 1991;
Burgess, 1992a,b; Arriaza et al., 1995; Roberts and Buikstra, 2003).
This imbalance may be related to behavioral exposure to myco-
bacterial disease (probably during childhood or adolescence) and/or
dietary variation. A similar male-bias has also been broadly
observed in modern tuberculosis (Roberts and Buikstra, 2003), but
just how consistent is this pattern in the Andes?

Other questions focus upon the Colonial period. A probable
Colonial case was identified in mummified remains of an indige-
nous person in northern Chile (Allison et al., 1981) and for all
intents and purposes the impacts of European contact on Andean
tuberculosis are completely unknown. How did human relation-
ships with the disease change following contact? Did contact affect
Andean tuberculosis susceptibility via altered dietary, social, and
settlement patterns, andmight have a newandmore virulent strain
from Europe have been introduced? This study represents a first
step in addressing these issues.
2. Biocultural context

The Lambayeque Valley Complex on the northern north coast of
Peru was a locus of independent cultural development for 2500
years (Fig. 1). The Lambayeque region is the largest of all Peruvian
coastal valleys, comprising five river valleys (Motupe, La Leche,
Lambayeque, Reque, and Zaña) that contained up to a third of the
total coastal population and a third of the total arable land on the
entire Peruvian coast in late prehistory (Kosok, 1965). Microenvi-
ronmental and resource variation spans littoral, desert, monte
(scrub vegetation) dry forest, mountain, and riverine zones
(Shimada, 1994). Creative human interplays with this natural
setting contributed to diverse subsistence economies and socio-
political systems based on large-scale irrigation agriculture, cam-
elid herding, and marine resources (Shimada, 1982).

This setting contributed to fluorescent sociopolitical develop-
ments during the Moche era (A.D. 100e750) when regional polities
were probably first integrated into a state-level society (Shimada,
1994). Moche influences resonated throughout Lambayeque
prehistory. A process of ethnogenesis initiated during the Moche
era resulted in a Muchik (or Mochica) cultural substratum; many
lines of evidence indicate Muchik peoples and identities persisted
under the surface of all later cultures well into the 18th century
(Klaus, in press). Later, the region was the capital of the economi-
cally dominant, multiethnic Middle Sicán state (A.D. 900e1150).
Also known as the Classic Lambayeque Culture, they drew influence
from unprecedented trade networks and an exceptional scale and
quality of metal production (Shimada, 1990, 2000). The region’s
economic potential later attracted the imperial aspirations of the
Chimú (ca. A.D. 1375e1470) and Inka (ca. A.D. 1470e1532) whose
principle aims were to control labor and amplify food production
(Ramírez, 1990; Shimada, 2000). The Spanish colonization of the
Lambayeque region however initiated a wide spectrum of highly
consequential and bioculturally stressful transformations that are
just beginning to come into focus (Klaus and Tam, 2009; Klaus and
Tam, 2010; Klaus et al., 2009).

More than two decades of bioarchaeological studies in the
Lambayeque region by Verano (1997b), Farnum (2002), Klaus
(2008), Shimada et al. (2004), and Toyne (2002, 2008) have docu-
mented a range of health outcomes among a representative pop-
ulation sample of now more than 1200 late pre-Hispanic and
colonial-era individuals. While reflections of acute and chronic
childhood stress are commonly observed in Lambayeque skeletal
remains (e.g., enamel hypoplasias, porotic hyperostosis), the lack of
evidence of infectious disease processes beyond dental caries and
periostosis suggest pre-Hispanic Lambayeque populations did not
suffer from widespread chronic morbidity. Pre-Hispanic examples
of osteomyelitis, mycoses, treponemal disease, or other infections
have not been observed. One possible case of tuberculosis has
however been identified on the north coast of Peru in the Moche
component at the Huaca El Brujo Complex (A.D. 200e450) in the
Chicama valley. Though visual differential diagnosis indicates
chronic tuberculosis infection (Backo and Verano, 2001), aDNA
analyses have been unable to confirm this finding (Verano, 2009:
personal communication).

3. Materials and methods

3.1. M. tuberculosis complex infection

Tuberculosis is typically a biphasic disease consisting of primary
infection and later reactivation by any of the members of the
M. tuberculosis complex. Human-to-human transmission is most
common through inhalation of droplets discharged from the lungs
of individuals with clinical pulmonary disease, although ingestion



Fig. 1. The Lambayeque Valley Complex, north coast of Peru, including sites mentioned in the text. Based on Klaus (2008).
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of meat or milk from infected animals can also result in infection.
Biological, social, and environmental factors influence individual
susceptibility to the disease, and normally between 10 and 30
percent of exposed individuals will develop the disease with an
even smaller subset experiencing dissemination to the skeleton
(Wilbur et al., 2008). When M. tuberculosis disseminates hema-
togenously beyond the site of primary infection, bacilli gravitate to
areas of hematopoietic marrow and the lymphatic system of bone
where arterial blood supply creates a setting of high oxygen tension
desirable to the pathogen (Aufderheide and Rodríguez-Martin,
1998; Ortner, 2003). Under such conditions, osteoclasts are stim-
ulated and destroy bone, initiated usually in highly vascularized
cancellous bone networks. Lesions associated with tuberculosis are
predominantly destructive but as the infection progresses,
increased venous blood flow with reduced oxygen tension
produces an anoxic environment. This stimulates osteoblasts to
produce woven bone around and within the margins of lytic foci
(Resnick and Niwayama, 1995). In more acute cases, reparative
bone formation around lytic lesions is reported in the absence of
formation within the processes of destructive foci. While lytic
lesions associated with tuberculosis can be found in long bone
metaphyses and joints such as the elbow, sacroiliac, and hip, most
are observed on vertebral bodies sometimes in conjunction with
new bone formation on pleural rib surfaces (Resnick and
Niwayama, 1995; Aufderheide and Rodríguez-Martin, 1998; Baker,
1999; Santos and Roberts, 2001; Ortner, 2003). Later-stage bone



H.D. Klaus et al. / Journal of Archaeological Science 37 (2010) 2587e25972590
destruction can result in structural failure and collapse of vertebral
bodies, a complication known as kyphosis, or Pott’s disease.

A key element to the skeletal expressions of tuberculosis within
and among individuals appears to involve a complex interplay
between host and pathogen physiology, genetics, and immune
function (Wilbur et al., 2008; Stone et al., 2009). Diet, however, may
be a lynchpin between all these factors. Protein malnutrition
decreases the antimicrobial activities of macrophages, T-cell
maturation slows, and T-helper type 1 cell response is hindered
allowing for mycobacterial replication and dissemination. Iron
levels simultaneously play a role: M. tuberculosis requires iron to
reproduce. A diet containing adequate iron will stimulate bacterial
replication but subvert macrophage bactericidal activity (see
Wilbur et al., 2008 CAþ online supplements A and B, and formodels
of varying combinations of protein and iron levels on the expres-
sion of tuberculosis, also Wilbur et al., 2008: Table 1).

3.1.1. Skeletal samples
Skeletal remains exhibiting suspected M. tuberculosis lesions in

the Lambayeque Valley Complex proceed from two late pre-
Hispanic sites and one Colonial cemetery. The first case comes from
the site of Illimo. Rescue excavations in the late 1990s by M. Fer-
nández documented part of a large cemetery corresponding to the
Classic Lambayeque orMiddle Sicán culture (A.D. 900e1100). Illimo
appears as a major secondary political center and pilgrimage site,
probably a satellite of themassive capital of Sicán 7.8 km to the east.
Some 52 burials were recovered. Using Shimada et al.’s (2000,
2004) metals-availability criteria and other elements of mortuary
variation, the Illimo sample: (1) appears to span the entire social
status spectrum from low tier commoners to an individual of elite
Fig. 2. Skeletal representation and preservation of ILL-22 (A), CSJ-21 (B), CS
status, and; (2) were all buried in the mortuary tradition associated
with the Muchik ethnic group. While the skeletal remains suggest
a relatively healthy biological population (Klaus et al. n.d.), lesions
potentially consistent with tuberculosis infectionwere identified in
the T10, T11, T12, and L1 vertebrate of Burial ILL-22. The skeleton
was incomplete (less than 50%) but the quality of bone preservation
was good (Fig. 2A).

Two potential tuberculosis cases were identified at La Caleta de
San José. Dating to the Chimú occupation of the Lambayeque region
(ca. A.D. 1375e1450), this was a rural, occupationally specialized
Muchik fishing village continually occupied probably from Moche
times through the present day. The Chimú component featured
nucleated house mounds on the edge of the Pacific Ocean where
well-preserved burials of 26 commoners were documented
(Rodriguez, 1995), again buried in traditional Muchik ritual. Burial
CSJ-21 exhibited multiple destructive lesions spanning the T7eT10
vertebrae (Fig. 2B). This skeleton was disturbed in antiquity as part
of traditional Muchik mortuary ritual involving grave re-opening
and removal of skeletal elements. Nearby, a contiguous set of
thoracic and lumbar vertebrae were recovered from a disturbed
(probably looted) context designated CSJ-F1. These vertebrae
exhibited similarly distributed and advanced destructive lesions
(Fig. 2C).

Though radiometric dates are not available for the pre-Hispanic
burials, secure assignment of chronological position is based on
decorated grave goods. Purely stylistic dating may be imprecise. In
this region, the seriation of these stylistic elements into distinctive
cultural and chronological phases continues to be validated by
multiple calibrated radiocarbon and AMS assays since the 1950s
(see data reported by Shimada, 1990, 1995).
J-F1 (C); Mórrope Burial U12 05-15 (D); Mórrope Burial U10 05-29 (E).
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The fourth and fifth cases come from the postcontact-era
Chapel of San Pedro de Mórrope. Excavations by Klaus and Tam
from 2004 to 2005 documented a socially and demographically
representative sample of 322 indigenous Muchik burials contain-
ing the remains of at least 870 individuals. Ethnohistoric data
indicate these people lived between A.D. 1536e1750. Seriation and
multiple correspondence analysis independently validated a rela-
tive Early/Middle and Middle/Late Colonial chronological sequence
at the Chapel (Klaus, 2008). Multiple lines of data were examined
to reconstruct Colonial Muchik health, diet, and lifestyle e

revealing sweepingly negative changes to demography, childhood
and adult health, physical activity, and diet among this poor,
marginalized community who were forcibly resettled into an
ecologically stressful setting (Klaus and Tam, 2009, 2010; Klaus
et al., 2009; Klaus, n.d.). The skeleton of a Middle/Late Colonial
Muchik individual (Burial U12 05-15) (Fig. 2D) exhibited a mixed
lytic and proliferative process on the L3 vertebra. The fifth case is
the contemporaneous Burial U10 05-29, a Muchik child between 3
and 5 years of age (Fig. 2E). Large bilateral destructive lesions on
the posterior cranium were consistent with subadult manifesta-
tion of tuberculosis.

3.1.2. Methods
The skeletons were documented using comprehensive protocols

from and based on Buikstra and Ubelaker (1994). Ages were esti-
mated by tooth crown and root development, epiphyseal fusion,
and seriated long bone length for subadults; among adults, age was
estimated from visual scores of pubic symphysis and auricular
surface morphology, cranial suture closure, and seriated dental
wear scores. Biological sex was estimated in individuals �15 years
of age using standard morphological variation of the os coxae and
skull (Buikstra and Ubelaker, 1994).

Vertebral lesions were observed macroscopically to document
(1) appearance and lesion characteristics (2) lesion location within
each affected skeletal element, and (3) distribution within the
individual. (4) Early-stage, or inchoate lesions inside bones that
may not manifest visually were observed via digital radiographs
and computed axial tomography (CT) scanning. Points 1e4 were
synthesized and subjected to a rigorous differential diagnosis e

a critical task as multiple processes can produce osseous lesions
with similar characteristics and distributions (Resnick and
Niwayama, 1995; Roberts and Buikstra, 2003: Table 3.3).

Complementing visual-radiographic data, (5) aDNA from
tuberculosis bacilli was examined at Arizona State University’s
ancient DNA laboratory. A number of steps were taken to prevent
contamination by modern sources. These standard precautions
must be followed in order to assure the authenticity of the results
(Cooper and Poinar, 2000; Handt et al., 1994, 1996; Richards et al.,
1995; Stoneking, 1995). All pre-PCR sample preparation is per-
formed in the ancient DNA laboratory at Arizona State University,
a facility that is located in a separate building from themodern DNA
laboratory and in which no modern DNA work has ever been per-
formed. The ancient DNA laboratory includes a positive pressure
class 10,000 HEPA filtered clean room in which all extractions and
PCR set-ups are performed. The lab is entered only at the beginning
of each day, and never after entering the modern DNA laboratory.
The ancient DNA laboratory is UV irradiated for at least 15 min
between each extraction and PCR preparation following each day’s
work, and further, again overnight each night. New reagents for
extraction and amplification of DNA from these samples were
purchased and tested for purity before commencement of any
work. All reagents are aliquotted under aseptic conditions into
smaller containers so as to minimize contamination opportunities,
and when extraction or PCR blanks show contamination, the
remaining reagents from contaminated aliquots are discarded.
Reagents and equipment in these rooms have never entered the
modern DNA facilities. Protective lab coats, gloves, and face shields
are worn at all times.

Bone samples were decontaminated by UV irradiation on each
surface for 20 min, followed by removal of the outer surface with
a sterile Dremel tool. For each sample, 1.5 g of bone was sectioned-
off. Each sample was then ground to a fine powder in SPEX
percussion mill, and DNA was extracted from 0.5 g of pulverized
bone using a silica-based extraction method following proteinase K
digestion (Höss and Pääbo, 1993). Three extraction blanks were
used for each sample. Following DNA extraction, the polymerase
chain reaction (PCR) was used to attempt amplification of the
human mitochondrial genome in the samples and the extraction
blanks, and three PCR blanks were included as well. Samples were
tested using the primer set, H8297 and L8215, following Wrischnik
et al. (1987) as this fragment is small and generally easy to amplify.
A positive control was added in the modern DNA lab just prior
to thermal cycling, and only the tube for the positive control
was opened. No contamination was found in any blank, or in
any sample, upon gel electrophoresis. The positive controls were
positive. Absolute quantitative PCR was then performed to assess
the levels of human nuclear and mitochondrial DNA, and
M. tuberculosis complex-specific fragments. M. tuberculosis assays
with a primer and probe developed in the ASU laboratories target
a conserved 63 base-pair fragment of the IS6110 repetitive and a 70
base-pair fragment of the rpoB gene.

The assays were performed on an ABI StepOne Plus Real-Time
PCR System. Human DNA was assessed using the Applied Bio-
systems Quantifiler kit for nuclear DNA, and a ready-made assay for
human mtDNA. PCR conditions were as instructed by the manu-
facturer. For the M. tuberculosis complex assays, the primer
sequences for the IS6110 element are IS-F: 30GGGTAG-
CAGACCTCACCTATGTG50 and IS-R: 30CGGTGACAAAGGCCACGTA50

to target a 63 bp region that avoids a region of homology in some
other mycobacterial species as identified by McHugh et al. (1997).
The probe sequence is IS 30ACCTGGGCAGGGTT50. In addition to the
IS6110 assay, we adopted a phylogenetic approach to develop
a second MTBC-specific assay for situations in which species lack-
ing IS6110 could be recognized. Using sequence data for the entire
w3561 bp rpoB gene in 8 MTBC ecotypes as well as 35 other
mycobacterial species and a closely related outgroup (Nocardia),
a 69 bp region was identified in which there are at least 15 differ-
ences between the MTBC and all other mycobacterial species.
Primer sequences for the rpoB target are rpoB-F: 30CG-
GTGGTCGCCGCGATCAA50 and rpoB-F: GGGTTGTTCTGGTCCATG-
AAT50, and the probe sequence is RPO 30CTCAGCTGGCTGGTG50.
Probes for the IS6110 and rpoB assays are labeledwith 6FAM at their
30 ends and a Minor Groove Binder at their 50 ends. Reactions are
20 mL total volume with 10 mL2� TaqMan Universal Master Mix,
50 nM forward primer, 600 nM reverse primer, and 250 nM probe.
Reaction conditions are 2 min at 50 �C, 10 min at 95 �C, followed by
45 cycles of 15 s at 95 �C and 1 min at 60 �C.

4. Results

4.1. Macroscopic and radiographic observations

Burials ILL-22 (adult male, 20e35 years old), CSJ-21 (adult male,
45 years-plus old), and CSJ-F1 (adult; age and sex indeterminate)
exhibited lesions spanningmultiple contiguous vertebrae. Mórrope
U12 05-15 (female, 15e20 years old) exhibited an active lesion on
the surface of the L3 vertebra. Radiography and CT imagery of
ILL-22 indicate the three principle destructive loci observed on the
exterior of the T12 vertebra do not penetrate deeply into the
vertebral body (maximum of 8 mm) (Fig. 3). This contrasts with



Fig. 3. Visual and digital CT imagery of affected T12 vertebrae, ILL-22.
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the more advanced degree of destruction seen in CSJ-21 and CSJ-F1,
where multiple destructive foci penetrate nearly the width of the
vertebral body (Fig. 4). CT imagery of the CSJ-21 specimen shows
that between the fused vertebral bodies T7 and 8, an irregular
cavity 21 � 28 mm wide resulted from lytic destruction of some
15 mm of vertical space between the inferior T7 and superior T8
bodies (Fig. 5).

In these cases, location and destructive and inflammatory
properties are consistent with chronic tuberculosis infection.
However, differential diagnostic options that overlap in both lesion
distribution and ecogeography must be considered. These diseases
include brucellosis, echinococcosis, and paracoccidoidomycosis.
Brucellosis is a zoonosis caused by ingesting the milk or meat of an
animal infected by one of three species of gram-negative bacteria:
Brucella melitensis, Brucella abortus, and Brucella suis (Ortner,
2003). Infection begins in the lungs and frequently disseminates
to the skeleton, mainly affecting non-contiguous vertebrae and the
sacroiliac joint, and frequently destroys vertebral endplates and
the intervertebral disc. Brucellosis is considered an unlikely
diagnostic option in each case due to the involvement of contig-
uous vertebrae and the lack of patterned destruction between
articulating vertebral bodies.

Echinococcus tapeworms transmitted to humans via contami-
nated meat, crops, or drinking water (Ortner, 2003). Dogs are
primary hosts while herd animals, such as camelids, can serve as
intermediate hosts. Infection generally begins in the liver with
Fig. 4. Macroscopic vertebral lesions, CSJ-21(A
disseminated cases frequently involving bone. Echinococcus multi-
locularis results in bone destruction through development of cysts
in a process not unlike a neoplasm. Bone involvement includes
cystic invasion of bony trabeculae and formation of destructive
lesions. Lesions attributed to echinococcosis are well circum-
scribed, numerous, and massive in scale. Here, several observations
are notably inconsistent with echinococcosis, including small lesion
size, the degree of repair around the margins of destructive foci,
lack of destruction of the vertebral transverse process and neural
arch, and lack of destruction of hematopoietic regions of the femur,
tibia, fibula, humerus, ribs, and sternum.

Inhalation of Paracoccidoides brasiliensis spores results in para-
coccidoidomycosis (Drutz and Catanzaro, 1971). Skeletal involve-
ment is typified by either singular or multiple destructive lesions in
hematopoietic regions of bone (Carter, 1931, 1934; Schwartzmann,
1957). Paracoccidioidomycosis lesions are well-defined, circular
processes often associated with sclerotic or reparative margins
observed on vertebrae, clavicles, ribs, and long bones (Carter, 1931,
1934; Dalinka and Greendyke, 1972). Yet, observed lesion charac-
teristics and distribution differ significantly from those of para-
coccidioidomycosis: Mycoses generally involve non-contiguous
vertebral elements (Dalinka and Greendyke, 1972; Long and Merbs,
1981; Temple, 2006) and frequently involve transverse vertebral
processes (Dalinka et al., 1971; Dalinka and Greendyke, 1972).

Middle/Late Colonial period Burial U10 05-29 exhibited irreg-
ular lytic lesions of the posterior cranium involving the lateral
); CSJ-F1 (B) and Mórrope U12 05-15 (C).



Fig. 5. Superioreposterior sequence of transverse sections through the T7eT8 vertebrae of CSJ-21.
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portion of the occipital bone extending onto the infero-posterior
parietal across the lambdoidal suture on both right and left sides
(Fig. 6). These two irregular destructive foci perforated the inner
and outer tables and were surrounded by jagged margins lacking
evidence of inflammation. Radiographic and CT analyses reveal
lesions originating in the diploë (Fig. 7).

Diagnostic options for these lesions include Langerhans cell
hystiocytosis, metastatic neuroblastoma, metastatic carcinoma, and
tuberculosis. Langerhans cell hystiocytosis is a rare condition that
involves clonal proliferation of abnormally active macrophages
known as Langerhans cells that affect a wide variety of tissue
including bone (Aufderheide and Rodríguez-Martin, 1998; Ortner,
2003). Specifically, the Letterer-Siwe, Hand-Schuller-Christian,
and eosinophilic granuloma forms of the disease produce cranial
lesions identical to those expressed in this Colonial Muchik child.
Langerhans cell hystiocytosis cannot be ruled out as a diagnostic
option. In contrast, metastatic neuroblastoma is often characterized
by far more aggressive osteoblastic activity. Cancer metastasis
produces destructive lesions with raggedmargins that involve little
evidence of bony repair on the cranium, long bones, vertebrae, ribs,
Fig. 6. Three views of the left and right posterior cranium of Mórrope Burial U10
and pelvis (Copeland, 1931; Manchester, 1983; Merbs, 1985; Grupe,
1988; Rothschild et al., 1998; Smith, 2002). Yet, these lesions are not
described in subadults to suggest cancer metastasis as an unlikely
diagnostic option for the lesions observed in U10 05-29.

The distribution of tuberculosis infection in subadults is mark-
edly different from adults (Ortner, 2003). Cranial lesions arising
from tuberculosis often terminate in “moth-eaten” lytic foci with
destruction of the inner and outer tables (Straus, 1933). Subadults
more frequently develop tuberculosis lesions on the cranium
(Straus, 1933) in addition to the vertebral bodies, manual and pedal
phalanges, and long bone joints (Alred and Minear, 1952). Cranial
lesions associated with tuberculosis most frequently involve indi-
viduals between one and 10 years of age (Straus, 1933). The frontal
bone is most frequently affected by subadult tuberculosis, in
frequency by the parietal, occipital, and temporal bones (Straus,
1933) owing to the highly hematopoietic nature and high oxygen
tension of this tissue during growth and development (Ortner,
2003). Subadult cranial tuberculosis lesions may occur either as
a direct extension of tuberculoma of the brain or dura or as
a consequence of hematogenous dissemination (Ortner, 2003).
05-29 including a detailed view of lesion margin characteristics (left side).



Fig. 7. Transverse digital CT section of the occipital bone Mórrope Burial U10 05-29,
suggestive of lesions originating in the diploë.
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Radiographic images of U10 05-29 (Fig. 7) illustrating multiple lytic
lesions within the diploë are consistent with hematogenous
dissemination. Anatomical distribution and appearance of lesions
combined with the age of this individual fit the profile of subadult
tuberculosis well. Tuberculosis remains the most likely diagnostic
option for the observed lesions.
4.2. aDNA results

DNA analysis was performed on three of the five samples (ILL-
22, CSJ-21, and U10-05-29) that could be exported from Peru. All
extraction and PCR blanks were negative on each run, and positive
controls were positive. When the quantitative PCR assays were
performed, ILL-22 rendered no human DNA or M. tuberculosis rpoB
DNA, but was positive for the IS6110 repetitive fragment from the
M. tuberculosis complex. Although cloning and sequencing is
required for authentication of the ancient DNA fragment, the small
amount of DNA present in bone was unamplifiable with traditional
PCR, and thus we were unable to clone. However, as no contami-
nation was found in any of the extraction, conventional PCR, or
quantitative PCR blanks, all indications suggest that this is an
authentic ancient M. tuberculosis complex molecule. CSJ-21 was
positive for humanmtDNA, but no human nuclear orM. tuberculosis
DNA. Though of the most recent date and best skeletal preserva-
tion, Mórrope Burial U10 05-29 contained no amplifiable DNA of
any kind, human or M. tuberculosis.
5. Discussion

5.1. Local, regional, and hemispheric considerations

Determination of tuberculosis infection in ILL-22 is the first in
coastal Peru to be achieved by independent visual, radiographic,
and molecular diagnoses. Diagnosis of tuberculosis in CSJ-21, CSJ-
F1, and Mórrope U12 05-15 is likely based on visual and radio-
graphic examination. Mórrope Burial U10 05-29 (subadult) is
designated a possible case, as it either represents tuberculosis or
Langerhans cell hystiocytosis. These findings carry several impli-
cations and lead to new questions and research agendas.

The geographical and temporal extent of Andean tuberculosis
infection is broadened to include the late pre-Hispanic northern
north coast of Peru. Diet likely played an important role in the
expression of tuberculosis including in these cases. Wilbur et al.
(2008) model defines five potential outcomes linking immune
status, activity of T-helper cells (Th1 and Th2), dietary iron, and
skeletal manifestation of tuberculosis. Category 1, with sufficient
dietary protein and iron, predicts ample Th1 immunity, but with
iron available to mycobacteria, growth and dissemination is
possible. Category 2, characterized by sufficient protein but low
dietary iron, promotes Th1 immunity but less iron for mycobacteria
may promote latent infection. Category 3 suggests conditions of
low protein but high iron will promote Th2 immunity and either
fulminant pulmonary disease (rib lesions), no dissemination, or
dissemination but death before formation of osseous lesions.
Category 4 predicts that under conditions of low protein and low
iron, Th2 immunity is possible, but macrophages will be generally
unable to contain mycobacteria bacilli e but with little iron avail-
able, disease will progress via a chronic pathway and potentially
lead to classic lesion formation. Category 5 models a diet high in
protein and iron, but the presence of intestinal parasites that steal
bioavailble iron leaves less for host and tuberculosis bacilli alike,
leaving the possibility of chronic infection dependent on iron levels.

Zooarchaeological and paleobotanical evidence of diet indicate
late pre-Hispanic Muchik foodways were relatively well balanced
between marine and terrestrial resources (Klaus and Tam, 2010)
and was sufficient in terms of terrestrial and marine protein and
iron. By Moche V (A.D. 550e750), camelids may have surpassed
marine foods as the chief source of protein (Shimada, 1994). Diet in
late pre-Hispanic Lambayeque may resemble Wilbur et al.’s (2008)
Category 1. Th1 immunity was likely achieved due to adequate
protein consumption, but iron sufficiency provided micronutrient
fuel for bacilli to disseminate to the skeleton. Yet, the significant
amount of marine foods in the pre-Hispanic diets (Shimada, 1994)
is a well-known correlate of intestinal parasitism (Larsen, 1997).
More likely, late pre-Hispanic Lambayeque most closely resembled
Category 5 in which dissemination of tuberculosis bacilli to the
vertebral column is dependent on individual variation in host
parasite loads.

During the colonial era, ethnohistoric and oral health data
independently signal a major indigenous dietary change following
contact evidently dominated by larger proportions of starchy
carbohydrates (i.e., less iron) whose bulk was likely compensating
for reduced meat intake (Klaus and Tam, 2010). Biocultural context
here points towards two possibilities. One is a Category 4 low
protein/iron combination producing disseminated osseous tuber-
culosis if given enough time. However, the goodness-of-fit of
Category 4 for Colonial Lambayeque is questionable. First, the two
affected individuals are younger than expected for a Category 4
context. This of course does not rule out such conditions in the
general population, and individual genetic and physiological factors
may have predisposed these two young people to tuberculosis
infection. However, an 18th century source (Rubiños y Andrade
1782 [1936]) states the Mórrope population’s diet consisted mostly
of corn and beans, the latter being a moderate to good source of
protein. The postcontact situation may then most closely mirror
a Category 2 setting: relatively sufficient protein promoted
adequate Th1 immunity. Simultaneously, minimal iron for tuber-
culosis bacilli made dissemination unlikely unless individual
factors were to be triggers. But one element appears clear: the
postcontact Muchik probably consumed less iron. For all the
negative biocultural effects of European contact and colonization in
Mórrope, one outcome may have conferred improved resistance to
tuberculosis.

5.2. New questions and research agendas

More questions than answers emerge from this study to help
define future agendas for ancient tuberculosis research on several
levels. IS6110 was identified in the earliest molecular work in the
Andes (Salo et al., 1994; Arriaza et al., 1995) and later work with
North American samples (Braun et al., 1998; Raff et al., 2006), but
Wilbur et al.’s protocols have yet to demonstrate the presence of
the IS6110 repeat in a single Andean case, with a total of 34
screened before ILL-22. Moreover, if confirmed, ILL-22would be the
first precontact sample, from either precontact North or South
America, to contain this sequence as detected by the Arizona State
laboratory. Unfortunately, conventional PCR was unable to produce
amplicons sufficient for cloning and sequencing, the ultimate
confirmation of ancient DNA authenticity. Definitively, we have no



H.D. Klaus et al. / Journal of Archaeological Science 37 (2010) 2587e2597 2595
evidence of contamination but there is a remote possibility that ILL-
220s IS6110 sequence somehow represents some form of unde-
tected contamination. At the same time, ILL-22 raises amuch larger,
unresolved question: what is the definitive status of the IS6110 in
the evolution and history of New World mycobacterial infection?
Are previous studies detecting a contaminant? Is IS6110 in reality
absent from indigenous New World strains to imply that M.
tuberculosis was not the agent behind ancient New World infec-
tion? Could have another mycobacterium, Mycobacterium kansasii,
been responsible instead, which also causes nearly identical clinical
symptoms as M. tuberculosis? Wilbur and Stone are currently
designing assays to better differentiate between these different
species and further test this key hypothesis that ILL-22may provide
a key perspective.

The Colonial period samples from Mórrope open the door to
questioning the evolution of tuberculosis after European contact.
Though in this study we were not able to successfully amplify
postcontact aDNA, Wilbur and colleagues (year) have identified
IS6110 (unique to M. tuberculosis) in other postcontact New World
skeletons. Does this signify the introduction of a European strain(s)
introduced to the postcontact Americas? Was Mycobacterium bovis
introduced? Or, was there a broader species replacement with
M. kansasii being replaced by M. tuberculosis? Assays that are more
phylogenetically grounded are currently under development and
will help clarify this fundamental issue. Equal archaeological and
ethnohistoric attentionmust be shed on further defining how novel
behaviors e such as population nucleation and resettlement, new
gender roles, dietary change, economic intensification, and new
animal reservoirs e shaped postcontact mycobacterial infection in
the New World. Additionally, the pre-Hispanic individuals in this
study were all males, which fits well with the general Andean
pattern of preferential male infection as described earlier. Could the
Colonial-period teenage female and child represent a broader
change in infection patterns away from men? If so, why and how?
These and related questions represent key themes for future
research as we move toward more detailed and sophisticated
understandings of tuberculosis infection in the Americas.

5.3. Methodological considerations

Paleopathological reconstruction of disease history is compli-
cated by methodological shortcomings. Overlapping lesion
patterning, simplistic “snap” diagnoses, over-interpretation, and
use of non-standard terminologies can lead to problematic
assessments even with complete skeletons (Grauer, 2008; Wilbur
et al., 2009). As is often the case with archaeological human
remains, natural and anthropogenic taphonomy more often than
not create partial or damaged skeletons leading to a potentially
paralyzing loss of data. This hampers diagnostic procedures by
preventing a complete picture of lesion distribution and creates
reasonable diagnostic doubt. These factors prompted critical
discussions regarding the scientific nature of paleopathology,
highlighted tensions between case study and population biology
approaches, and emphasized the difficultly of assigning a causative
agent to skeletal lesions (Ortner, 1991, 1992, 1994; Miller et al.,
1996).

In this study, we have aimed to overcome some of these
potential limitations. Lesions were thoroughly documented using
standardized terminology and protocols regarding the appearance
of lesions both visually and radiographically, and using assessment
of distribution of lesions on a skeletal element and throughout an
individual (Lovell, 2000; Byers, 2002). With that information,
systematic differential diagnosis can realistically narrow down the
possibilities to a few or a single candidate condition and increase
diagnostic accuracy e even with incomplete remains. While our
conclusions are naturally tempered by the incomplete nature of the
pre-Hispanic skeletons, the efficacy of this approach is illustrated
by a visual-radiographic diagnosis of tuberculosis in ILL-22 and
perhaps with identification of the IS6110 repeat element.

Yet, we feel that an exclusive embrace with molecular analysis
for diagnosis is unwise. Donoghue et al. (2009: p. 2799) argue
that tuberculosis can be “confidently diagnosed in ancient bones
only on the basis of biomolecular investigations such as a study of
aDNA or other biomarkers (emphasis ours).” While aDNA studies
can sometimes benefit from greater diagnostic confidence,
exclusion of other lines of information is ill-advised and unjus-
tifiable. From our perspective, molecular methods are best
supplementary or companion lines of evidence to traditional
paleopathology given the limits of present technology (Wilbur
et al., 2009). This study should serve as another caution in
addition to those discussed by Wilbur et al. (2009). The fact that
we were unable to amplify MTBC aDNA in the other sampled
specimens does not mean that it was never present despite the
fact that dry bone lesions clearly suggest its presence. Simply,
absence of evidence is not evidence of absence using current
technology. Pathogen DNA was perhaps not preserved or was
present in quantities too small to recover. Although Mórrope U10
05-29 was the most recent in date, no DNA of any kind could be
amplified at all. This skeleton was found in a wooden coffin, and
it is possible, if not likely, that compounds from the wood
leached into the bone and were coextracted to inhibit amplifi-
cation. This could be tested at a later date, and if inhibitors are
found, it may be possible to remove them and reattempt DNA
amplification. As noted earlier, further diagnostic problem arose
with the inability of conventional PCR to produce amplicons
sufficient for cloning and sequencing. As well, the inability of the
qPCR assays to amplify rpoB from any sample is problematic, as
this gene is present in all mycobacteria. These difficulties again
underscore the need for caution in interpretation as well as in
assay design.

Thus, we highlight the need for rigorous and well-developed
visual and radiographic differential diagnosis. Inclusive pairing of
visual and radiographic methods with aDNA analysis represents
a solution to some of the inherent challenges in disease identifi-
cation in skeletal remains and paleomolecules (Roberts and
Ingham, 2008; Wilbur et al., 2009). The current debate about
what are the “best” methods in tuberculosis identification and
analysis is ultimately a sign of maturation of method and theory
surrounding this issue. This discussion hopes to contribute
towards further development in the paleopathological study of
tuberculosis.

6. Conclusion

This analysis of five suspected cases of late pre-Hispanic and
Colonial period tuberculosis infection in the South American Andes
has expanded the geographical and temporal extent of ancient
tuberculosis infection to the northern north coast of Peru. The
findings contribute to new observations, questions, and research
agendas about the nature of Andean tuberculosis, including the role
of diet and the presence of the IS6110 sequence in the pre-
Columbian Americas. This study also employed a formal, integrated
morphological-molecular approach, assessing multiple indepen-
dent lines of information from visual, radiographic, and aDNA
observations. While the last decade has seen significant debate and
advances in differential diagnosis and aDNA analyses, integrating
these advances through a synthesis of traditional paleopathology
with molecular methods is necessary for the exploration the
natural history and human coevolution with ancient diseases in
South America and beyond.
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