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ABSTRACT
The history of Homo sapiens dispersal
around the world and inherent interpopulation contacts
and conﬂicts has given rise to several transitions in his
relationships with the natural world, with the ﬁnal result of changes in the patterns of infectious disease
(McMichael [2001] Ecosystem Health 7:107–115). Of particular interest, in this context, is the contact between
Amerindians and Europeans that started at the end of
the 15th century, and the resulting exchange of microbes. We successfully recovered ancient DNA from a
pre-Columbian mummy from Cuzco (Peru), radiocarbondated to 980–1170 AD, for which consistent mtDNA
ampliﬁcations and sequences were obtained. The analysis of mtDNA revealed that the mummy’s haplogroup

It is well-known that when Europeans began to
explore the Americas at the end of the 15th century, they
brought with them pathogenic microorganisms unknown
to the inhabitants of those lands. The Spanish conquest
introduced smallpox, measles, inﬂuenza, and probably
typhus to the New World, with devastating results: during the 16th century, these diseases killed around 90% of
the inadvertently infected Native populations. Afterwards, cross-continental trade and travel favored the
transoceanic spread of bacterial and viral infections to
nonimmune populations of both coasts, predominantly
via sailors and secondarily via animals and insects that
acted as carriers of diseases (Aufderheide and Rodrı́guez-Martı́n, 1998; McMichael, 2001). DNA analysis
offers a potentially powerful tool to unravel the history
of infectious diseases. Actually, the pre-Columbian presence of tuberculosis in the New World remained controversial for many years, until the sequencing of a segment of DNA unique to the M. tuberculosis complex in
an extract of a sample from a 1,000-year-old southern
Peruvian mummy settled the issue afﬁrmatively beyond
reasonable doubt (Salo et al., 1994). The scientiﬁc literature of recent years reported on several cases of ancient
pathogens identiﬁed in archaeological human remains
by DNA analysis. This, however, almost invariably refers
to infections that produce identiﬁable skeletal and softtissue alterations such as, in addition to the above-cited
tuberculosis, leprosy (Spigelman and Donoghue, 2001)
and syphilis (Kolman et al., 1999); this allows the researcher to perform a paleopathological screening of the
anthropological material prior to DNA analysis. To fully
appreciate the impact of human migration on the spread
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was characteristic of Native American populations. We
also investigated a sample of feces directly isolated from
the intestines of the mummy, using a polymerase chain
reaction system designed to detect the broadest spectrum of bacterial DNAs. The analysis of results, following a criterion of ‘‘paleoecological consistency’’ (Rollo and
Marota [1998] Philos. Trans. R. Soc. Lond. [Biol.] 354:
111–119), demonstrated that some vestiges of the original microbial ﬂora of the feces were preserved. In particular, we were able to identify the DNA of Haemophylus
parainﬂuenzae, thus suggesting that this recently recognized pathogen was present in precontact Native Americans. Am J Phys Anthropol 129:620–629, 2006. V 2005
C
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of infectious diseases, however, one would also need to
identify those infections that leave no obvious trace, or
poor traces only, on bone or desiccated soft tissue. In
addition, it should be considered that many microorganisms that behave as harmless commensals with respect
to their host under normal conditions can turn into
pathogens in response to a variety of causes, e.g.,
trauma, alteration of the host physiology, or reduction of
the immune response. Rodrı́guez Martı́n (1994), for
example, reported an epidemic of inﬂuenza that killed
more than 20% of the aboriginal Guanche population of
Tenerife (Canary Islands) following the ﬁrst contacts
with the Spanish conquerors in 1494. In this case, the
lethality of the viral infection was deﬁnitely augmented
by serious complications such as pneumonia and encephalitis. In past years, we extensively characterized, using
a variety of approaches such as anatomical dissection,
histology (Fornaciari et al., 1992), and molecular analysis (Ubaldi et al., 1998), a naturally mummiﬁed human

Grant sponsor: Ministero dell’Istruzione, dell’Università e della
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TABLE 1. Characteristic restriction-site polymorphisms for each haplogroup
Restriction site
AluI-5176
DdeI-10394
AluI-10397
MnlI 10871

Primer sequence
L5151: CTACTACTATCTCGCACCTG
H5252: CAAAAAGCCGGTTAGC
L10359: GTGTGGCCTATGAGTGACTAC
H10466: ATTTATGTAAATGAGGGGCATTTGG
L10359: GTGTGGCCTATGAGTGACTAC
H10466: ATTTATGTAAATGAGGGGCATTTGG
L10810: TCCAAAAAACACATAATTTG
H10900: GGGGAACAGCTAAATAGGTT

(female) kept, since the end of the 19th century, in the
National Museum of Anthropology of Florence (catalogue
no. 3076). Nothing is known about the archaeological
context in which the mummy was found, the sole information available being that it came from Cuzco (Peru).
In 2001, radiocarbon analysis of the remains by accelerator mass spectrometry (AMS) showed that the body is
older than previously inferred on an ethnological basis,
most likely (95.4% probability) dating between 980–1170
AD.
In the present study, we characterized the mitochondrial DNA (mtDNA) of the mummy in order to ascertain
whether its haplotype belongs to one of the four primary
founder Native American maternal lineages. In fact, the
yields of non-Amerindian-speciﬁc mtDNA sequences
would have been indicative of contamination. In addition, as the dissection of the mummy’s large bowel had
yielded a relevant amount of desiccated feces (a coprolite), we isolated DNA from samples of the coprolite and
performed a search for bacterial DNA, utilizing polymerase chain reaction (PCR) primer pairs designed to bind
to conserved portions of the 16S ribosomal RNA gene
(16S rDNA). This approach, though more laborious than
that of a search for a speciﬁc microorganism, allows one
to detect a broad range of pathogenic (and apathogenic)
bacteria in the absence of any skeletal or soft-tissue indication.

MATERIALS AND METHODS
Extraction of mummy DNA from bone
Fragments isolated from a cuneiform bone were powdered in a freezer/mill and divided into three aliquots.
Between each extraction, the grinder was washed with
10% bleach. DNA extraction and concentration were performed using the following protocol (Rickards et al.,
2001). About 500 lg of powder were washed overnight,
with shaking, in 0.5 M EDTA, pH 8.0. After centrifugation, the supernatant was removed, and the remaining
sample was incubated overnight at 378C with EDTA 0.5
M (pH 8.0), 0.5% SDS, 50 mM Tris HCl (pH 8.0), and
200 lg proteinase K. After incubation, the digest was
extracted twice, ﬁrst with phenol-chloroform/isoamylic
and then with chloroform/isoamylic, and the aqueous
phase was concentrated by dialysis centrifugation using
Centricon-30 microconcentrators (Amicon) to a 150-ll
volume. The DNA was further puriﬁed with the silica
binding method (GeneClean). One hundred and ﬁfty
microliters of DNA were mixed with 500 ll of 6 M
sodium iodide solution and 5 ll of silica matrix, and left
for 5 min on ice. After a spin, the supernatant was
removed, and the silica pellet was washed three times

Length of
PCR product

Length of
restriction fragment

Annealing
temperature (8C)

102

77/25

60

131

96/35

52

131

94/37

52

110

71/39

60

with NaCl/Tris/EDTA/ethanol. The nucleic acid was
eluted in 15 ll of sterile water and then stored at 208C
for at least 3–4 days before further DNA concentration
and puriﬁcation by silica matrix.
Negative controls for both extractions and PCRs were
used (i.e., experiments in which no bone or template
were added, respectively) in all sample processing.

MtDNA analyses
The ﬁrst and second hypervariable segments of the
mtDNA control region were sequenced between nucleotide positions (nps) 16,000–16,400, and 00030–00408, respectively, of the revised Cambridge Reference Sequence
(CRS; Andrews et al., 1999), in the pre-Columbian mummy.
Restriction fragment length polymorphism (RFLP) analysis of diagnostic mtDNA positions (Table 1) was carried
out, and the mtDNA haplogroup was assigned to the
sample following published criteria (http://www.stats.ox.
ac.uk/macaulay/founder2000/motif.html).
Also, the small region V between the cytochrome oxidase
II and lysine transfer RNA genes (COII/tRNALys), which
has two tandemly repeated copies of a 9-base pair (bp)
sequence (CCCCCTCTA), was studied (Wrischnik et al.,
1987). A length mutation consisting of a deletion of one of
the two repeat elements is often found in present-day individuals of Asian origin and reaches ﬁxation in some Polynesian islands, while it is present at rather low frequencies
among other populations (reviewed in Rickards, 1995).
Within America, the deletion is characteristic of haplogroup B, which together with haplogroups A, C, and D,
represent the four primary mitochondrial haplotype groups
present in contemporary Amerinds.

D-loop PCR ampliﬁcation and direct
sequence analysis
The mtDNA hypervariable region 1 (HVS-I) and 2 (HVSII) sequences of the mummy were reconstructed from four
and two overlapping ampliﬁcation products, respectively,
applying the following strategy. A ﬁrst, PCR was carried out
using 1 ll of template, 1 unit of Taq polymerase (Applied Biosystems, Foster City, CA), 10 3 reaction buffer (100 mM
Tris-HCl (pH 8.3), 15 mM MgCl2, 500 mM KCl, and 1 mg/ml
gelatin), 1 mM dNTPs, and 0.1 lM of each primer reported in
Table 2. After an initial 5-min denaturation step, 25 cycles of
ampliﬁcation were performed, each cycle consisting of 30-sec
steps, with denaturation at 948C, annealing at 608C, extension at 728C, and a ﬁnal extension step of 10 min at 728C.
Negative controls consisting of mock extractions (powdered
tissue omitted) and PCR blanks without ancient DNA were
undertaken along with the ancient samples to monitor
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TABLE 2. Primers used to amplify HVS-I and HVS-II of
mtDNA control region1
HVS-I
L15997
H16142
L16131
H16218
L16159
H16271
L16209
H16401
HVS-II
L29
H285
L172
H408

50 -CACCATTAGCACCCAAAGCT-30
50 -ATGTACTACAGGTGGTCAAG-30
50 -CACCATGAATATTGTACGGT-30
50 -TGTGTGATAGTTGAGGGTTG-30
50 -TACTTGACCACCTGTAGTAC-30
50 -GTGGGTAGGTTTGTTGGTATCCTA-30
50 -CCCCATGCTTACAAGCAAGT-30
50 -TGATTTCACGGAGGATGGTG-30
50 -GGTCTATCACCCTATTAACCAC-30
50 -GGTTTGGTGGAAATTTTTTGT-30
50 -ATTATTTATCGCACCTACGT-30
50 -CTGTTAAAAGTGGAAATTTTTTGT-30

et al., 1994, 1996; Richards et al., 2000). PCR reactions
were performed on a Perkin-Elmer thermal cycler, with
the different proﬁles and primers reported in Table 1.
Negative controls (extraction blanks and PCR blanks)
were performed in parallel to monitor contamination. To
screen the restriction site markers deﬁning the haplogroups, 20 ll of the respective unpuriﬁed PCR products
were digested overnight at 378C with 5 units of the
appropriate endonucleases, electrophoresed on 12% polyacrylamide gel in 1 3 TBE buffer (0.045 M Tris-borate,
0.001 EDTA), and stained with ethidium bromide. The
speciﬁc mtDNA sites in the coding region were also
screened by ampliﬁcation, cloning, and sequencing of the
surrounding region.

1
Base positions refer to CRS (Anderson et al., 1981; Andrews
et al., 1999).

against contamination. To obtain sufﬁcient quantities of
DNA for sequence analysis, a second step of PCR was set up,
using 1 ll of the ampliﬁcation product in 50-ll reampliﬁcation reactions. Overlapping fragments were obtained which
covered the entire HVS-I and HVS-II regions. Five microliters of the PCR products were electrophoresed in 1.5% agarose gels in TAE (0.04 M Tris/acetate, 0.001 M EDTA) buffer
and visualized with ethidium bromide staining. Positive
ampliﬁcations were then puriﬁed with ethanol precipitation.
Three independent ampliﬁcations were carried out for each
DNA extraction to conﬁrm the mutations. Automated
sequencing of all puriﬁed PCR products was performed by
dideoxy terminator cycle sequencing following the recommended sequencing kit protocols, and sequence data were
obtained using an ABI Prism 310 DNA sequencer (Applied
Biosystems). The analyzed sequences were completely veriﬁed through full overlap of light and heavy strands.

Cloning of PCR products and clone sequencing
To estimate the rate of misincorporations due to template damage or Taq errors, different PCR ampliﬁcations
using six pairs of primers (L15997/H16142, L16131/
H16218, L16159/H16271, L16209/H16401, L29/H285, and
L172/H408) were cloned and sequenced using a TOPO TA
cloning kit (Invitrogen), following the supplier’s instructions. Two microliters of the PCR product were ligated
into a plasmid vector linearized with single 30 deoxythymidine overhangs. The ligation occurred spontaneously
within 5 min at room temperature. Two microliters of
the ligation product were transformed into 100 ll of competent cells and grown in 250 ll of SOC medium before
plating on Amp/X-gal agar plates. Recombinant white
colonies were added to a 20 ll PCR mix that was incubated for 10 min at 948C to lyse the cells and inactivate
the nucleases. DNA was ampliﬁed for 25 cycles (948C for
1 min, 558C for 1 min, and 728C for 1 min, with a ﬁnal
extension at 728C for 10 min). Inserts that yielded the
expected size in an electrophoresed gel were puriﬁed,
and 15 ll of each puriﬁed product were directly sequenced
using a commercial DNA sequencing kit (Applied Biosystems), and analyzed by an ABI Prism 310 DNA sequencer
(Applied Biosystems). For each ampliﬁcation, 20 clones
were screened.

Typing of coding region diagnostic mutations
Puriﬁed DNA was used to amplify the polymorphic
sites deﬁning Native American mtDNA lineages (Torroni

Detection of the COII/tRNALys 9-bp deletion
The mtDNA segment encompassing the deletion region
was analyzed using cycling parameters, primers, and
conditions described by Rickards (1995). The presence of
the 9-bp tandem repeats was veriﬁed by sequencing of
the PCR products. A Gene Clean (Bio 101) kit was used
to purify the PCR products and concentrate the template. Sequencing reactions were performed as described
above, using an internal primer (Wrischnik et al., 1987).

Contamination control
Three independent DNA extractions from bone fragments of the mummy were performed in the Center of
Molecular Anthropology for aDNA Studies of the Department of Biology, University of Rome Tor Vergata, following a series of standard practices to reduce laboratory
contamination as much as possible, and with stringent
criteria for authentication. To prevent introduction of
exogenous modern DNA during ancient samples processing, laboratory rooms routinely ultraviolet (UV)-irradiated, and exclusively dedicated to aDNA analysis, were
used. In particular, nucleic acid extractions and PCRs
were performed in two physically isolated work areas,
using dedicated reagents and equipment for each. PCRs
were set up in a laminar ﬂow cabinet with dedicated
equipment. The instruments were treated with 0.1 M
HCl, followed by extensive rinsing in UV-irradiated distilled H2O. Aerosol-resistant barrier pipette tips, sterile
gloves, face masks, and laboratory coats were employed.
All equipment, disposables, and reagents were UV-irradiated before use to decontaminate them properly, and frequent bleaching of working surfaces was adopted.
All analysts who handled ancient samples were typed in
order to exclude contamination. To check for concordance of
results, duplicate testing of the ancient samples was also
performed in the laboratory at UNICAM (Camerino, Italy).

Database search
The mtDNA consensus sequence of the mummy was
phylogenetically classiﬁed within a scheme based on
RFLP patterns of variation and associated D-loop diagnostic sequence motifs.
For comparisons with extinct and extant populations,
matching data from the literature were collected from
various Native American populations (the complete database is available at http://www.uniroma2.it/biologia/centri/
rickards/antrodna.htm).
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Analysis of bacterial DNA from the
mummy’s coprolite

RESULTS
mtDNA analysis

For DNA extraction, a fragment of approximately 330
mg was aseptically removed from the coprolite and left
overnight in an extraction medium composed of SDS,
Na2EDTA, Tris-HCl (pH 8.0), and phenol. It was subsequently milled in a mortar with a pestle, following further addition of the extraction medium. The homogenate
was then extracted stepwise, using phenol, phenol/
chloroform/isoamylic alcohol, chloroform/isoamylic alcohol, and ether, and the nucleic acid fraction was precipitated using ethanol at 208C. The DNA was further
puriﬁed using a Mermaid kit (Bio 101, Vista, CA). The
ﬁnal preparation was electrophoresed through a 2%
(w/v) agarose gel to check the size of the DNA fragments, and the result was recorded by a digital camera
equipped with a ﬁlter. PCR was performed in 50 ll of a
reaction mixture containing 10 mM Tris-HCl (pH 8.8), 2
mM MgCl2, 50 mM KCl, 0.1% Triton X-100, 200 lM
each dNTP, 1 lM of each primer, 2 units of DyNAzyme
II DNA Polymerase (Finnzymes OY, Espoo, Finland),
and 1 ll DNA. ‘‘Universal’’ 29f and 98r primers for 16S
rDNA, as described by Ubaldi et al. (1998), were
employed. The thermal proﬁle was set for 5 min at
948C, followed by 40 cycles at 948C (1 min), 608C (30
sec), and 728C (30 sec), and concluded by a step at 728C
for 10 min. To eliminate any types of contaminant DNA,
the Taq polymerase and the reaction components were
pretreated with 1 unit of DNase I (from bovine pancreas) for 30 min at room temperature. After incubation,
the DNase I was inactivated by boiling for 10 min at
948C. PCR products were visualized by UV light, following electrophoresis on a 4% (w/v) agarose gel (AquaPor
HR GTAC, National Diagnostics, Atlanta, GA). For
sequence analysis, PCR products were puriﬁed and then
cloned using a pGEM-Teasy vector system (Promega
Corp., Madison, WI). Recombinant plasmids were isolated using a Miniprep kit (Applied Biosystems), and
insert size and DNA concentration were assessed by gel
electrophoresis. DNA sequences were obtained using an
ABI-Prism 310 automated DNA sequencer and the BigDye Terminator Cycle Sequencing Version 2.0 Ready
Reaction kit (Applied Biosystems). Cycle sequencing
products were puriﬁed by Centri-sep spin columns
(Princeton Separations, Adelphia, NJ). Results were
compared with the reference sequences in the GenBank
database, using the National Center for Biotechnology
Information (NCBI) BLAST search. To prevent crosscontamination, we routinely employ stringent precautions such as wearing of sterile gloves and clothing, pretreatment of mortars and pestles with HCl, and the use
of UV-irradiated safety cabinets, dedicated micropipettes, gel trays, and tanks. Moreover, all DNA extractions and initial PCR ampliﬁcation steps are performed
in a DNA-free chamber, physically separated from the
site of subsequent analysis, cloning, and sequencing.
Traditional contamination controls are represented by
mock extraction and blank ampliﬁcation reactions. We
routinely perform both these types of control. In our laboratory, however, monitoring of contaminant DNA does
not stop at this point, as we clone and sequence any
type of spurious band. In this way, we are able to detect
low copy number contaminant DNA species which might
escape detection by other means. In the case of the preColumbian mummy, this was unnecessary, as no spurious band was produced.

As a ﬁrst step, the ancient sample was characterized
at the mtDNA level, using the strategy of control region
sequencing. Since even in the best preservation conditions ancient DNA molecules tend to be damaged, ampliﬁcation of long fragments is very difﬁcult. Therefore, we
decided to reconstruct the whole HVS-I and HVS-II
mtDNA regions by ampliﬁcation of four and two short
overlapping fragments, respectively. Both DNA strands
of each region were directly sequenced from the PCR
products obtained from three independent ampliﬁcations. Duplicate extractions and successful sequence determinations were performed. Then, to detect possible
nucleotide misincorporations during the ampliﬁcation
reactions, which could affect most of the molecules of the
ampliﬁed products, overlapping fragments for both
regions were ampliﬁed, each PCR product was cloned,
and several clones were sequenced.
The ancient HVS-I and HVS-II consensus sequences,
inferred from screening the clones, showed mutations
with respect to the CRS identical to the substitutions
found in the direct sequencing and that are known to be
polymorphic among Native American populations (Fig. 1).
On the basis of the transitions C to T at nt 16223, T to C at
nt 16362, and A to G at nt 00073, the type was tentatively
attributed to haplogroup D. The consensus sequence did
not correspond to any of the DNA sequences of the
molecular anthropologists involved in the study. This
ﬁnding, together with the fact that blanks showed no
signs of contamination during the study, also excluded
laboratory contamination, hence supporting the authenticity of sequences retrieved.
To conﬁrm the attribution of the sequence to haplogroup D, speciﬁc mtDNA sites were also analyzed. The
mummy showed the motifs () 5176 AluI (5178T), (þ)
10394 DdeI (10398G), (þ) 10397 AluI (10400T), and ()
10871 MnlI (10873C). These mutations, together with
the lack of the 9-bp deletion in the COII-tRNALys intergenic region, diagnostic of the B haplogroup, and with
the control region sequencing proﬁle, allowed us to
establish that the sequence belonged to the D haplogroup.

Bacterial DNA analysis of the coprolite
Once analyzed by gel electrophoresis, the DNA fraction of the coprolite was shown to be extensively damaged, with a maximum fragment length 100 bp. A similar situation was previously found for 14 bioptic samples
from the internal organs of the mummy (Ubaldi et al.,
1998). Correspondingly, PCR systems designed to bind to
16s rDNA portions longer than 100 bp (e.g., 196 bp)
failed to produce any ampliﬁcation signals. On the other
hand, the 29f/98r primer pair repeatedly gave yields on
the gel to a sharp ampliﬁcation band of approximately
100 bp in length, while no signal was produced by mock
extractions or ampliﬁcation blanks. Following plasmid
cloning of the ampliﬁcation product, we sequenced a
total of 65 clones. A preliminary BLAST search in the
GenBank database and a sequence analysis by multiple
alignment showed that the clones clustered into 12
groups (A1, A2, B, CC090, H, CC086, P, R, CC005,
CC124, U, and X). They are shown in Figure 2, with the
corresponding consensus sequences. Further analysis
allowed us to putatively identify the microorganisms cor-
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Fig. 1. (See legend page 625.)
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Fig. 1. Sequences from clones generated from different ampliﬁcations of mtDNA HVS-I (a) and HVS-II (b) (þ16,000; Anderson et al., 1981; Andrews et al., 1999). Nucleotides identical to CRS (upper line) are represented by dots.
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Fig. 2. Alignment by cluster of 65 16S rDNA sequences obtained by analysis of pre-Columbian coprolite. Corresponding consensus sequence is shown above each alignment.
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TABLE 3. Identiﬁcation for 10 consensus sequences from coprolite
Consensus

No. of
clones

A1

5

A2

6

B
CC090
H

3
1
3

P
CC005
CC124
U
X

27
1
1
6
6

Taxonomic identiﬁcation2
Class

Order

Gamma
subdivision
Gamma
subdivision

Family

Genus

Moraxellaceae

Acinetobacter

Moraxellaceae

Acinetobacter

Clostridiaceae
Pasteurellaceae

Clostridium
Haemophilus

Pseudomonadaceae

Pseudomonas

Species

Uncultured3

lwofﬁi

61/62
62/62
Feces

Clostridia
Gamma
subdivision
Gamma
subdivision

Clostridiales

parainﬂuenzae

Enterobacteriaceae

76/78
60/60
68/68
61/62

Feces
Feces
Environment
Gamma
subdivision

Base
similarity

77/78
67/68
62/62
63/64

1

Only consensus sequences showing not more than two mismatches with GenBank reference sequence were considered.
Query sequences match with those of cultivated bacteria: columns show lowest taxonomic level univocally determined through
BLAST search. Note that identiﬁcation level varies from sequence to sequence e.g., consensus X matches equally well with more
than one genus, and thus univocal identiﬁcation is possible only at family level. Consensuses A2, CC090, and P, on the other hand,
are identiﬁed at genus level. Finally, consensuses A1 and H can be identiﬁed at species level.
3
Query sequences match with those of bacteria known by DNA analysis only: in this case, column indicates type of sample from
which reference sequence was obtained, as reported in database.
2

responding to 10 (A1, A2, B, CC090, H, P, CC005,
CC124, U, and X) out of 12 consensus sequences (that
were found to correspond to reference sequences with no
more than two mismatches), as shown in Table 3.

DISCUSSION
mtDNA
The ancient Peruvian sequence was not observed to
date in any extinct or extant population of our broad
database of 1,500 Native American mitochondrial sequences.
The ﬁnding that the mummy’s haplogroup is D perfectly agrees with the overall geographic distribution of
the founding haplogroups in the extant Native populations of the Americas, which indicates the existence of
opposing clines in the relative frequencies of mtDNA lineages. Indeed, the haplogroup to which the ancient
sequence appears to belong is frequent among modern
South American populations. In fact, haplogroup A displays a marked decrease in frequency with southerly latitude, whereas haplogroup B appears to be essentially
conﬁned to the central area of the continent. In contrast,
haplogroups C and D exhibit a marked southward trend
toward higher frequencies (Rickards et al., 1999). This
pattern of variation was explained as the result of independent migrations from Asia accompanied by a reduction in genetic diversity of the Asiatic ancestors due to
genetic drift, which occurred in each region and caused
an increase in genetic diversiﬁcation between populations.

Bacterial DNA
A fundamental issue in all studies devoted to the identiﬁcation of DNA of ancient bacteria in human remains
is how to discriminate between ancient and modern
DNA. This is particularly important due to the ubiquitous nature of microbes.
Through the years, two criteria have been proposed:

1. Use of PCR systems designed on the basis of DNA
sequences which are speciﬁc for the pathogenic forms
of a certain bacterium, and absent in free-living
isolates. Examples are given by the identiﬁcation of
M. tuberculosis (Dixon and Roberts, 2001) and Yersinia pestis (Drancourt et al., 1998) using, respectively,
the insertion sequence IS6110, and the RNA polymerase beta-subunit-encoding gene (rpoB) and the virulence-associated plasminogen activator encoding gene
(pla).
2. Application of the so-called criterion of ‘‘paleoecological consistency’’ (Rollo and Marota, 1998). According
to this criterion, remains are ﬁrst tested for their diagenetic state by analyzing the preservation of the
original human mitochondrial DNA and the level of
aspartic acid racemization. If the response is favorable, DNA preparations obtained from different bioptic samples are ampliﬁed using ‘‘universal’’ PCR systems addressed to the 16S rDNA sequence. Following
cloning and sequencing of the ampliﬁed DNA, the
ancient bacteria are putatively identiﬁed by database
search. The results are ﬁnally evaluated for the (at
least partial) consistency of the (putative) bacterial
type and distribution with that of living persons. This
criterion was applied to the study of the intestinal
microﬂora of the Tyrolean Iceman (Cano et al., 2000)
and to the present and past (Ubaldi et al., 1998)
investigations on the mummy of the Museo Nazionale
di Antropologia ed Etnologia of Florence.
We can remark that by no means are the two criteria
conﬂicting. The ﬁrst is to be preferred when the search
concentrates on a single pathogen, normally on the basis
of indications given by previous osteological or histological investigations. The second, on the other hand, overcomes the limitations posed by the ﬁrst when no previous indication is available. Practically, the second criterion can help in answering a question as generic as,
‘‘Which microbes, or symbionts, opportunists or pathogens, were associated with a certain historical individual
during his last days of life?’’
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The present investigation, and previous ones performed in our and other laboratories, show that indeed
the Andean mummy (catalogue no. 3076) of the Museo
Nazionale di Antropologia ed Etnologia of Florence
meets the above-described criterion of paleoecological
consistency. This conclusion stems from the following
evidence:
1. The aspartic acid racemization level (D/L Asp) determined for the mummy’s soft tissues is comparable to
that of modern specimens (Ubaldi et al., 1998);
2. Remains of the original mitochondrial DNA are found;
and
3. The concentration of bacterial DNA fragments along
the intestinal tract of the mummy follows a ‘‘physiological’’ pattern, i.e., it is lower in the small intestine
and substantially higher in the colon (Ubaldi et al.,
1998).
Interestingly, of the 10 consensus sequences found to
correspond to reference sequences in the database with
no more than two mismatches (Table 3), six (A1, A2,
CC090, H, P, and X) can be putatively identiﬁed at varying taxonomic levels (from species to family) with cultivated bacteria, while four (B, CC005, CC124, and U) correspond to uncultured microbes. According to the database, three sequences of the latter group (B, CC005, and
CC124) were previously obtained exclusively following
PCR ampliﬁcation of the DNA isolated from modern
fecal specimens. On the other hand, species belonging to
some of the cultured taxa (Enterobacteriacee, Pseudomonas, and Clostridium) are commonly found in human
feces, though they can also be found in other environments (Wilson and Blitchington, 1996; Suau et al.,
1999). Among the putatively identiﬁed cultured bacteria,
H. parainﬂuenzae is described in the microbiological literature as a human oropharyngeal commensal bacterium which is also found in approximately 25% of normal human feces (Nicoletti and Nicolosi, 1998). As suggested by the name, meaning ‘‘blood lover’’ in Greek, the
whole genus Haemophilus consists of species that live in
association with warm-blooded animals. Man, in particular, is the natural host of H. inﬂuenzae, H. aegyptius, H.
haemolyticus, H. ducreyi, H. parainﬂuenzae, H. parahaemolyticus, H. paraphrohaemolyticus, H. aphrophilus, H.
paraphrophilus, and H. segnis (Krieg and Holt, 1984). In
the past, the unfavorable growth characteristics of this
organism and the poor speciﬁcity of traditional methods
for species identiﬁcation were responsible for inaccuracies in the diagnosis of infection caused by H. parainﬂuenzae and related organisms, leading to a substantial
underestimation of their pathogenic role. More recently,
also thanks to the application of molecular techniques,
H. parainﬂuenzae was recognized as a cause of serious
invasive diseases such as endocarditis (Hamed et al.,
1994) and community-acquired pneumonia (Pillai et al.,
2000). Finally, three sequences (A1, A2, and U) are putatively identiﬁed with bacteria (either cultured, such as
Acinetobacter, or uncultured) that are not known members of the fecal ﬂora. In conclusion, the analysis of the
coprolite contributes toward conﬁrming that the residual
bacterial DNA meets, at least in part, the criterion of
palaeoecological consistency. It should be pointed out
that we never expect this criterion to be entirely fulﬁlled, for the obvious reason that we are dealing with
human remains with a rather long taphonomic history.
It is therefore conceivable that, through the centuries,

some microbes from the outer environment entered the
corpses, with the result of partially masking/erasing the
traces left by the oldest ones. This is probably the case
with the relatively large number of Pseudomonas (P)
and Acinetobacter (A1, A2) sequences found.

CONCLUSIONS
The present study makes it possible to insert the
ancient human mtDNA sequence within the phylogenetic scheme described for South America, excluding
contamination with contemporary DNA, since all the
experiments were performed by European researchers.
Fundamental to all speculations on the effects of European colonization on the New World is the detailed
knowledge of the microbiological situation of indigenous
populations prior to the era of geographic explorations. It
has been claimed that the exchange of microbes between
Amerindians and Europeans was virtually one-sided, as
few serious infectious diseases tormented the former.
This is currently explained by the fact that Amerindian
populations were the descendants of populations from
the Siberian region that had migrated through a partially sterilizing frozen environment (Torroni et al., 1993).
In addition, the ensuing Central and South American
civilizations had no large dense herds of wild animals to
domesticate, in contrast to those of Europe and Africa.
Hence, there were no ready herd-infection sources of
potential human pathogens (McMichael, 2001). We show
here that 400–500 years before the ﬁrst contact of Inca
populations with the Spaniards of Francisco Pizarro’s
expedition (1524), H. parainﬂuenzae was already associated with natives of the Andean region. On the basis of
the present results, we can assume that this bacterium
was most likely brought to the Americas by the migratory ﬂuxes that took place through Beringia, starting
approximately 30,000 years BP (Torroni et al., 1993). In
a global paleo-epidemiological perspective, it seems to us
of interest to remark that detailed molecular analyses
performed, in our laboratory, on a fecal sample from the
so-called Tyrolean Iceman (3350–3100 BC) using, also in
this case, ‘‘universal’’ 16S rDNA PCR systems, failed to
reveal any H. parainﬂuenzae sequences, though obviously this result cannot be taken as conclusive evidence
that the bacterium was not present in Copper-Age
Europe (Rollo et al., unpublished results).
Studies on the identiﬁcation of H. parainﬂuenzae in
ancient human remains would certainly beneﬁt from a
better knowledge of the evolutionary history of this
microorganism and the possibility of performing strain
differentiation. Unfortunately, only very recently has the
phylogeny of the genus Haemophylus been the object of
attention by specialists (Hedegaard et al., 2001; Nørskov-Lauritsen et al., 2005).These works, however, are
mainly aimed at verifying the correspondence between
traditional and molecular methods of bacterial classiﬁcation, rather than reconstructing an evolutionary history
of the pathogens. In addition, the techniques used in the
recent past to differentiate among biotypes of H. parainﬂuenzae are either based on amino-acid metabolism
(Taylor et al., 1992) or DNA ﬁngerprinting based on the
analysis of restriction-fragment patterns in the range of
1–3 kb (Kerr et al., 1993), and thus are totally unsuitable for the analysis of archaeological specimens. Other
methods such as PCR-ribotyping (Privitera et al., 1998),
based on identiﬁcation of length polymorphisms in the
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intergenic spacer regions of Haemophilus spp rDNA,
were only able to distinguish between H. inﬂuenzae
and H. parainﬂuenzae, but not to discriminate within
species.
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