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Ancient and historical tuberculosis (TB) can be recognized by its typical paleopathology in human
remains. Using paleomicrobiology, it is possible to detect many more individuals infected with TB but
with no visible lesions. Due to advances in molecular analysis over the past two decades, it is clear that TB
was widespread in humans from the Neolithic period and has remained so until the present day. Past
human populations were associated with different lineages of the Mycobacterium tuberculosis complex,
thereby elucidating early human migrations. Using paleomicrobiology, it is possible to detect individuals
infected with TB who are also co-infected with other bacteria or parasites. TB is also found in hosts with
co-morbidities such as neoplasms, or metabolic disorders such as rickets and scurvy. In well-preserved
human skeletal or mummified tissue, whole genome sequencing has detected individuals with multiple
infections of different M. tuberculosis strains. Such studies put modern findings into context and
emphasize the importance of human population density in such circumstances.
© 2016 The Author(s). Published by Elsevier Ltd on behalf of International Society for Infectious Diseases.
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1. Recognition of ancient and historical TB by paleopathology

Paleopathologists are readily able to identify the characteristic
appearance of Pott’s disease that results from tuberculosis (TB) of
the spine. There is damage to the spinal column that results in
kyphosis, associated with damage to the spinal column and
paralysis in the lower limbs.'? Symptoms of TB also include a
chronic or ‘cold’ abscess, periosteal reactive lesions on tubular
bones, hypertrophic osteoarthropathy, and osteomyelitis, but
these conditions are not specific.2"® Brucellosis and chronic
inflammation can also cause bony changes, so further tests are
required for confirmation of infection. In addition, it is estimated
that skeletal TB occurs in only 3-5% of untreated cases, so it is clear
that any diagnosis that relies solely on gross morphology will
detect only a small fraction of ancient TB infections.”

In recent years, additional techniques have been used to detect
past pathological conditions, including infectious diseases. Micro-
scopic techniques, such as fluorescent con-focal microscopy,
enable the fine detail of pathogenic lesions to be assessed, but
may not provide definitive identification of the infecting agent in
the absence of macroscopic bone changes.® Computed tomography
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(CT) and micro-CT scanning have largely replaced traditional
radiographs. However, although these can identify pathological
conditions, the high level of radiation can inactivate ancient DNA
(aDNA), so it is important to optimize the protocols and to follow
some simple rules to minimize any aDNA damage.’

2. Detection and characterization of Mycobacterium
tuberculosis ancient DNA

The development of molecular diagnostic methods, including
DNA amplification via PCR, has enabled anthropologists and
paleopathologists to examine historical and archaeological speci-
mens for the presence of pathogen aDNA and other molecular
markers. Ancient TB and leprosy were the first human infectious
diseases to be confirmed by PCR.'°~'? Initially there was much
concern about contamination with modern DNA, coming princi-
pally from those working on human and other mammalian
material.'>!* Although it is easier to prevent such contamination
when investigating an obligate human pathogen with no known
environmental reservoir,'>!® many studies have incorporated
independent verification from other laboratories, including the use
of totally different techniques to identify pathogen molecular
markers, such as bacterial cell wall lipids.!”"'® It is now clear that
TB was very common in the past and that typical paleopathology is
the exception rather than the rule.
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The introduction of PCR enabled aDNA from the Mycobacterium
tuberculosis complex to be detected and also opened the way to the
direct characterization of past strains and lineages. The clinical
importance of modern TB and the need for rapid diagnosis led to
the development of PCR-based diagnostics, and these were soon
applied to M. tuberculosis aDNA. Specific short repetitive
sequences, such as IS6110 and IS1081, have been used as targets
for DNA amplification, although care is needed to ensure the
primer specificity.!®?° Some skeletal and mummified tissues were
sufficiently well preserved to enable characterization based on
synonymous single nucleotide polymorphisms (SNPs).>! Spoligo-
typing, based on spacer regions in the repetitive DR locus, also
enabled characterization of strains and lineages.?? Spoligotyping,
SNP analysis, and other polymorphisms were used in an early
biomolecular study of some well-preserved 18" century naturally
mummified human remains from the town of Vac in Hungary that
were infected with M. tuberculosis.?>** As there were contempo-
raneous church and civic archives, it was possible to draw
conclusions about the epidemiology of the disease in this
population.?®

The sequencing of the M. tuberculosis genome enabled the
recognition of current M. tuberculosis lineages, revealing the
association of different human populations with different lineages
of M. tuberculosis.?® It also led to an understanding of the probable
origin of the different M. tuberculosis lineages and their geographi-
cal distribution.?”?® It was soon realized that the identification of
different lineages of M. tuberculosis aDNA could be used as an
indicator of past human migrations. An early example of the
recognition of different lineages was the study of TB in ancient
Egypt. M. tuberculosis aDNA was detected in the early dynastic (ca
3500-2650 BC), Middle Kingdom to Second Intermediate Period
(ca 2100-1550 BC), the New Kingdom and the Late Period (ca
1450-500 BC).2° M. tuberculosis aDNA was found in many bones
that had no pathological lesions. Spoligotyping indicated that both
M. tuberculosis and Mycobacterium africanum were present. The
strains of M. tuberculosis included those in which the TbD1 deletion
had occurred, but also strains that were TbD1-intact. However,
there was no evidence of Mycobacterium bovis.2° Indeed, M. bovis
aDNA has been found only in a community of Siberian pastoralists,
who overwintered in huts that also contained their animals.>!>?
However, human remains close to a Peruvian river that flows into
the Pacific Ocean were found to contain an M. tuberculosis complex
strain that was most closely related to Mycobacterium pinnipedii,
suggesting that sea mammals may have been a source of infection
in that community (see Section 6).%*

3. Detection of ancient tuberculosis via other biomolecules

Several studies have reported the use of matrix-assisted laser
desorption/ionization tandem time-of-flight mass spectrometry
(MALDI-TOF MS) for the detection of ancient proteins or
peptides.>* Mycocerosic acids and other specific components of
the M. tuberculosis cell wall were detected in the ribs of
49 individuals from the 19™ and 20" century Coimbra Identified
Skeletal Collection, half of those being historically documented
with TB infections.!” Other organic chemical methods, such as
fluorescence high performance liquid chromatography (HPLC), or
selected ion monitoring (SIM) negative ion chemical ionization
(NICI) gas chromatography mass spectrometry (GCMS) have both
the sensitivity and specificity to directly detect and quantify
ancient mycobacterial cell wall lipid biomarkers, without the need
for amplification.!®3>

The analysis of ancient microbial proteins has been less
productive than studies based on M. tuberculosis aDNA or cell
wall lipids due to their lower specificity, but it was predicted that
MALDI-TOF MS should be able to detect host signatures specific

to infection.®® In 2012 the protein expression profile of buccal
swabs from two 500-year-old Andean mummies was obtained by
the use of shotgun proteomics.>® Several proteins were detected
that are not normally present in blood or saliva, but are
consistent with a host immune response to infectious disease.
In addition, a probable pathogenic Mycobacterium was detected.
It appears that ancient microbial proteins are less informative
than other biomarkers, as in a recent study of seven samples from
18™ century Hungarian mummified lung, chest, and pleural
tissues where TB was prevalent, shotgun proteomics identified
only four peptides with unique matches to the M. tuberculosis
complex.>’

4. Tuberculosis in relation to early humans

The earliest case of an M. tuberculosis complex infection was
recognized in a Pleistocene bison that was excavated from the
Natural Trap Cave in Wyoming, USA. The environmental
conditions enabled excellent preservation of aDNA and other
molecular markers. Evidence of TB was obtained from just
below the articulating surface of a metacarpal bone.>® The
early findings were queried but a subsequent analysis of
mycobacterial cell wall lipid molecular biomarkers confirmed
the diagnosis.>®

Before the development of molecular diagnostic techniques it
was assumed that, in the Neolithic period, domesticated animals
were the source of TB that subsequently infected humans.*°
However, recent genomic studies have confirmed that
M. tuberculosis is more ancestral than M. bovis,*' so it is believed
now that TB became common in the Neolithic period due to animal
domestication supporting larger human populations, thereby
facilitating the spread of infection. Using both aDNA and
mycobacterial cell wall lipid analysis, M. tuberculosis was detected
in a submerged 9000-year-old village off the eastern Mediterra-
nean coast,**>*3 but the associated animal bones were negative.**
Limited molecular evidence of TB was also obtained from an
11 000-year-old pre-domestication site (8800-8300 BCE cal.) and
an early domestication site (8200-7600 BCE cal.) in Syria,** but yet
again, the animal bones provided no evidence of TB. There has been
speculation that TB may have occurred even earlier in hominids
such as Homo erectus,*® although the paleopathology in this case
was disputed.”” Recently it has been suggested that the
M. tuberculosis complex may be yet more ancient than has
previously been believed*® and that Neanderthals were possibly
infected.*

The association of TB with population density is due to the
combination of the aerosol route of infection of M. tuberculosis and
the fact that it is an obligate pathogen. It appears that early
lineages of M. tuberculosis are less virulent than the predominant
strains today and this may have resulted from the necessity for the
pathogen to survive in small, scattered human populations until
there was an opportunity for transmission. However, more virulent
strains of M. tuberculosis have emerged in ancient centres of
population where they still persist.’® It is believed that the
M. tuberculosis complex evolved from smooth colony strains
termed ‘Mycobacterium prototuberculosis™' that subsequently
gained additional persistence and virulence mechanisms.”>>> The
modern smooth colony strains in the M. tuberculosis complex are
classified as Mycobacterium canettii, are found in the horn of Africa
and may have an environmental reservoir. They are very diverse,
experience horizontal gene transfer, yet share a highly conserved
core genome with other members of the M. tuberculosis complex.>>
Infections are rare in the local human population and there is little
evidence of person-to-person spread.” In contrast, the other
members of the M. tuberculosis complex show no evidence of
horizontal gene transfer. They appear to have emerged via an
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evolutionary bottleneck followed by clonal expansion,?”*!>> and

modern M. tuberculosis lineages are associated with different
human populations.®®

5. Past co-infections and co-morbidities

Pulmonary TB was widespread in the past, so it is unsurprising
that M. tuberculosis aDNA can be found in association with other
infections and non-infectious conditions. However, it is difficult to
distinguish between active and latent disease. Injury or other
infections lower host resistance, thereby allowing latent TB to re-
activate. Similarly, the very young or old are more susceptible to
infection. In contrast, worms and parasites were common in past
human societies and these are known to have a developmental and
regulatory role in the host immune response.”” There are examples
of human skeletal remains that demonstrate paleopathology that
indicates co-infections, for example of TB and leprosy. In central
Europe, M. tuberculosis and Mycobacterium leprae aDNA have been
detected in the same specimens.>®>° This led to the suggestion that
leprosy declined as urbanization and thereby the level of TB
increased.”® The population data suggest that this is a feasible
theory.? TB has also been associated with malaria in Ancient
Egypt®! and with Chagas disease in 10" century northern Peru.®?
M. tuberculosis and Leishmania spp have been detected as co-
infections in Early Christian Nubia and Middle Kingdom ancient
Egypt.”

Co-morbidities include cancer and metabolic disorders such as
rickets and scurvy. These can be detected by paleopathology of
skeletal material, including cribra orbitalia (pitting of the eye
sockets), which is interpreted as indicating nutritional or
metabolic stress. Vitamin deficiency and malnutrition will
decrease host resistance to infection and may result in re-
activation of latent infection.®*> An example is shown by a study
of the Cross Bones burial site in Southwark, London, UK, dating
from the mid-19™ century that contained a majority of adult
women and infants. The site was notorious for prostitution and
the burial ground was for those who were destitute. Many of the
human remains show clear signs of infectious and metabolic
diseases, but none were identified by paleopathology as having
TB. However, a biomolecular analysis showed that 27% of
individuals in this population were positive for M. tuberculosis
aDNA.°® Other conditions in this population identified by
paleopathology have included syphilis, Paget’s disease, prostate
cancer, healed rickets, scoliosis, and osteoarthritis. Another
cancer-like condition that has been found in association with
active TB is Langerhans cell histiocytosis. Such a case was
discovered in one of the Vac 18" century mummies - a 4-year-old
boy who was infected with M. tuberculosis.®’” This demonstrates
the complexities in past populations where many factors
contribute to the final outcome.

6. Insights from whole genome sequencing (WGS)

Advances in sequencing and instrumentation have enabled
whole genomes of historical strains of M. tuberculosis to be
determined. However, most historical and archaeological speci-
mens will include high levels of environmental microbial DNA.
Therefore, various enrichment strategies have been devised, such
as capture of targets by probes or microarrays, or selective capture
of damaged DNA molecules using probe-based, solid phase or
whole genome target enrichment.®®®° The use of WGS provides
additional confirmation of the authenticity of aDNA by the analysis
of DNA damage patterns.®®®® A next generation sequencing (NGS)
approach that included hybridization capture of specific regions of
interest enabled a detailed genotype to be identified from an
individual buried in a 19" century church crypt in Leeds, UK.”® In

the Peruvian study described in Section 2, a selection of skeletal
samples from pre- and post-contact New World sites were
examined, initially using screening based on a capture assay
designed for five M. tuberculosis genes. Three samples showed
convincing evidence of M. tuberculosis DNA and were subsequently
examined by whole genome analysis. DNA libraries were treated
with uracil DNA glycosylase to remove and repair damaged
nucleotides, and were subsequently used for full genome
hybridization capture.®® In a different strategy, Chan et al. used
a metagenomic approach, with open-ended sequencing of aDNA,
without target-specific amplification or enrichment.”! This was
possible due to the excellent preservation of the 18" century
naturally mummified tissue from Vac, Hungary. The source of the
tissue, a young woman aged 28 years at the time of death, was
infected with two different strains of M. tuberculosis, both similar
to the Haarlem and Erdman lineages. In a further study of eight
Hungarian 18"-century mummies, a majority were infected with
two M. tuberculosis genotypes and one individual contained three
genotypes.’? Overall, 14 genotypes were obtained, all belonging to
M. tuberculosis lineage 4.

The phenomenon of mixed strain M. tuberculosis infection has
recently been highlighted as an increasing problem today, as it may
affect the outcomes of treatment for infected individuals and
influence the impact of population-level interventions against
TB.”>7% Modern studies have emphasized the impact of HIV co-
infection, antimicrobial therapy, and drug resistance on this
phenomenon, but the data from the pre-antibiotic era highlight the
importance of human population density in this interaction
between host and pathogen.

7. Recent findings from epigenetics and transcriptomics

An exciting new area of study is emerging in the field of physical
anthropology—that of epigenetics and transcriptomics. The
epigenome is viewed as a collection of regulatory layers that
control when, where, and how genes are turned on or off.”®
Epigenetic changes, such as methylation patterns, have been
detected in ancient humans and other mammals.”® This opens the
way to the analysis of regulatory changes underlying adaptation
and species divergence. This approach was used in the analysis of
methylation data from the hair of a 4000-year-old paleo-Eskimo,
where the extent of methylation indicated that this individual
probably died in his 50s.”” It is possible to selectively enrich
microbial DNA from a background of vertebrate host DNA,’®
although this is less of a problem when examining historical or
ancient material. Recent studies using a methylated binding
domains (MBD)-based enrichment method’® have shown that
when aDNA is preserved under favourable conditions, methylation
can survive over 45 000 years, whereas in less favourable
conditions such as warmer regions, its half-life can be as short
as approximately 1500 years.”” However, MBD enrichment
appears to be appropriate only for the analysis of very well
preserved samples where DNA fragmentation and deamination are
limited.”®

M. tuberculosis transcriptomics is currently an active field of
study, but the techniques have not yet been applied to historical
or ancient human remains.®%8! This is clearly an area where
important insights should be obtained, provided suitable well-
preserved specimens containing sufficient M. tuberculosis aDNA
are available for analysis, such as historical remains from the
permafrost or possibly the 18" century Hungarian Vac mum-
mies. The combination of epigenetics, proteomics, and tran-
scriptomics should throw light on the differences in gene
expression and virulence between M. tuberculosis strains and
lineages.?>%3
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8. Summary and conclusions

The detection of M. tuberculosis aDNA more than 20 years ago
led to the new field of paleomicrobiology. It was initially viewed as
a useful method to confirm the presence of TB in human remains
with typical paleopathology. However, it rapidly became clear that
visible paleopathology was the exception and that TB was far more
prevalent than had been assumed previously. Also, additional
paleopathological indicators of M. tuberculosis infection were
thereby authenticated. It became possible to identify different
M. tuberculosis genetic lineages and to associate these with early
human populations, thus providing data on migrations. The use of
M. tuberculosis aDNA and cell wall lipids has allowed past
M. tuberculosis infection to be studied alongside other markers
of migration and diet, such as stable isotope analysis.
M. tuberculosis ancient biomolecules have also provided insights
into the interpretation of modern findings, such as infections
involving mixed lineages of M. tuberculosis. Perhaps the greatest
contribution of M. tuberculosis aDNA research is that it enables
genetic changes to be studied in real time and the rate of
evolutionary change to be directly calibrated. This demonstrates
the value of ‘blue skies’ research, as we now appreciate the extent
to which paleomicrobiology can enhance our understanding of
both ancient and modern infection.

Conflict of interest: There is no conflict of interest to declare.

References

1. Ortner DJ, Putschar WG. Identification of pathological conditions on human
skeletal remains. Washington DC: Smithsonian Institution Press; 1981.

2. Aufderheide A, Rodriguez Martin C. The Cambridge encyclopedia of human
paleopathology. Cambridge: Cambridge University Press; 1998.

3. Dutour O. Paleopathology of human infections: old bones, antique books,
ancient and modern molecules. Microbiol Spectrum 2016;4. PoH-0014-2015.

4. Evinger S, Bernert Zs, Fothi Zs, Wolff K, Kévari I, Marcsik A, et al. New skeletal
tuberculosis cases in past populations from Western Hungary (Transdanubia).
Homo 2011;62:165-83.

5. Kelley MA, Micozzi MS. Rib lesions in chronic pulmonary tuberculosis. Am J Phys
Anthropol 1984;65:381-6.

6. Santos AL, Roberts CA. Anatomy of a serial killer: differential diagnosis of
tuberculosis based on rib lesions of adult individuals from the Coimbra identi-
fied skeletal collection, Portugal. Am J Phys Anthropol 2006;130:38-49.

7. Donoghue HD. Human tuberculosis—an ancient disease, as elucidated by
ancient microbial biomolecules. Microb Infect 2009;11:1156-62.

8. Wanek J, Papageorgopoulou C, Riihli F. Fundamentals of paleoimaging techni-
ques: bridging the gap between physicists and paleopathologists. In: Grauer AL,
editor. A companion to paleopathology. Chichester, UK: Blackwell Publishing Ltd;
2012. p. 324-38.

9. Immel A, Le Cabec A, Bonazzi M, Herbig A, Temming H, Schuenemann V], et al.
Effect of X-ray irradiation on ancient DNA in sub-fossil bones—guidelines for
safe X-ray imaging. Sci Rep 2016;6:32969. http://dx.doi.org/10.1038/srep32969

10. Spigelman M, Lemma E. The use of the polymerase chain reaction (PCR) to
detect Mycobacterium tuberculosis in ancient skeletons. Int J Osteoarchaeol
1993;3:137-43.

11. Salo WL, Aufderheide AC, Buikstra ], Holcomb TA. Identification of Mycobacte-
rium tuberculosis DNA in a pre-Columbian Peruvian mummy. Proc Natl Acad Sci
US A 1994;91:2091-4.

12. Rafi A, Spigelman M, Stanford ], Lemma E, Donoghue H, Zias J. Mycobacterium
leprae DNA from ancient bone detected by PCR. Lancet 1994;343:1360-1.

13. Poinar HN. The top 10 list: criteria of authenticity for DNA from ancient and
forensic samples. Int Congress Ser 2003;1239:575-9.

14. Pddbo S, Poinar H, Serre D, Jaenicke-Després V, Hebler ], Rohland N, et al. Genetic
analyses from ancient DNA. Annu Rev Genet 2004;38:645-79.

15. Witt N, Rodger G, Vandesompele ], Benes V, Zumla A, Rook GA, et al. An
assessment of air as a source of DNA contamination encountered when per-
forming PCR. J Biomol Tech 2009;20:236-40.

16. Taylor GM, Mays SA, Huggett JF. Ancient DNA (aDNA) studies of man and
microbes: general similarities, specific differences. Int | Osteoarchaeol
2010;20:747-51.

17. Redman JE, Shaw M]J, Mallet Al, Santos AL, Roberts CA, Gernaey AM, et al.
Mycocerosic acid biomarkers for the diagnosis of tuberculosis in the Coimbra
skeletal collection. Tuberculosis 2009;89:267-77.

18. Minnikin DE, Lee OY, Wu HH, Besra GS, Donoghue HD. Molecular biomarkers for
ancient tuberculosis. In: Cardona PJ, editor. Understanding tuberculosis—deci-
phering the secret life of the bacilli. Rijeka, Croatia: InTech Open Access Publisher;
2012. p. 3-36. Available at: http://www.intechopen.com/articles/show/title/
molecular-biomarkers-for-ancient-tuberculosis

19. Eisenach KD, Cave MD, Bates JH, Crawford JT. Polymerase chain reaction
amplification of a repetitive DNA sequence specific for Mycobacterium tubercu-
losis. ] Infect Dis 1990;161:977-81.

20. McHugh TD, Newport LE, Gillespie SH. IS6110 homologs are present in multiple
copies in mycobacteria other than tuberculosis-causing mycobacteria. J Clin
Microbiol 1997;35:1769-71.

21. Sreevatsan S, Pan X, Stockbauer KE, Connell N, Krieswirth BN, Whittam TS, et al.
Restricted structural gene polymorphism in the Mycobacterium tuberculosis
complex indicates evolutionary recent global dissemination. Proc Natl Acad Sci
U S A 1997;94:9869-74.

22. Kamerbeek ], Schouls L, Kolk A, van Agterveld M, van Soolingen D, Kuijper S,
et al. Simultaneous detection and strain differentiation of Mycobacterium
tuberculosis for diagnosis and epidemiology. J Clin Microbiol 1997;35:
907-14.

23. Fletcher HA, Donoghue HD, Holton ], Pap I, Spigelman M. Widespread occur-
rence of Mycobacterium tuberculosis DNA from 18"-19" century Hungarians.
Am ] Phys Anthropol 2003;120:144-52.

24. Fletcher HA, Donoghue HD, Taylor GM, van der Zanden AG, Spigelman M.
Molecular analysis of Mycobacterium tuberculosis DNA from a family of 18"
century Hungarians. Microbiology 2003;149:143-51.

25. Donoghue HD, Pap [, Szikossy I, Spigelman M. Detection and characterization of
Mycobacterium tuberculosis DNA in 18" century Hungarians with pulmonary
and extra-pulmonary tuberculosis. In: Gill-Frerking G, Rosendahl W, Zink A,
Piombino-Mascali D, editors. Yearbook of mummy studies 1. Miinich, Germany:
Verlag Dr. Friedrich Pfeil; 2011. p. 109-14.

26. Cole ST, Brosch R, Parkhill ], Garnier T, Churcher C, Harris D, et al. Deciphering
the biology of Mycobacterium tuberculosis from the complete genome sequence.
Nature 1998;393:537-44.

27. Brosch R, Gordon SV, Marmiesse M, Brodin P, Buchrieser C, Eiglmeier K, et al. A
new evolutionary scenario for the Mycobacterium tuberculosis complex. Proc
Natl Acad Sci U S A 2002;99:3684-9.

28. Wirth T, Hildebrand F, Allix-Béguec C, Wolbeling F, Kubica T, Kremer K, et al.
Origin, spread and demography of the Mycobacterium tuberculosis complex. PLoS
Pathog 2008;4:e1000160. http://dx.doi.org/10.1371/journal.ppat.1000160

29. Zink AR, Grabner W, Reischl U, Wolf H, Nerlich AG. Molecular study on human
tuberculosis in three geographically distinct and time delineated populations
from ancient Egypt. Epidemiol Infect 2003;130:239-49.

30. Zink AR, Molnar E, Motamedi N, Palfy G, Marcsik A, Nerlich AG. Molecular
history of tuberculosis from ancient mummies and skeletons. Int ] Osteoarchaeol
2007;17:380-91.

31. Murphy EM, Chistov YK, Hopkins R, Rutland P, Taylor GM. Tuberculosis among
Iron Age individuals from Tyva, South Siberia: palaeopathological and biomo-
lecular findings. J Archaeol Sci 2009;36:2029-38.

32. Taylor GM, Murphy E, Hopkins R, Rutland P, Chistov Y. First report of Myco-
bacterium bovis in human remains from the Iron Age. Microbiology
2007;153:1243-9.

33. Bos KI, Harkins KM, Herbig A, Coscolla M, Weber N, Comas I, et al. Pre-
Columbian mycobacterial genomes reveal seals as a source of New World
human tuberculosis. Nature 2014;514:494-7.

34. Tran TN, Aboudharam G, Raoult D, Drancourt M. Beyond ancient microbial
DNA: nonnucleotidic biomolecules for paleomicrobiology. Biotechniques
2011;50:370-80.

35. Minnikin DE, Lee OY-C, Wu HH, Nataraj V, Donoghue HD, Ridell M, et al.
Pathophysiological implications of cell envelope structure in Mycobacterium
tuberculosis and related taxa. Chapter 7. In: Ribon W, editor. Tuberculosis—
expanding knowledge. Rijeka, Croatia: Intech Open Access Publisher; 2015. p.
146-75.

36. Corthals A, Koller A, Martin DW, Rieger R, Chen EI, Bernaski M, et al. Detecting
the immune system response of a 500 year-old Inca mummy. PLoS One
2012;7:e1244.

37. Hendy ], Collins M, Teoh KY, Ashford DA, Thomas-Oates J, Donoghue HD, et al.
The challenge of identifying proteins in archaeological tissues. ] Archaeol Sci
2016;66:146-53.

38. Rothschild BM, Martin LD, Lev G, Bercovier H, Kahila Bar-Gal G, Greenblatt C,
et al. Mycobacterium tuberculosis complex DNA from an extinct bison dated
17,000 years before the present. Clin Infect Dis 2001;33:305-11.

39. Lee OY, Wu HH, Donoghue HD, Spigelman M, Greenblatt CL, Bull ID, et al.
Mycobacterium tuberculosis complex lipid virulence factors preserved in the
17,000-year-old skeleton of an extinct bison, Bison antiquus. PLoS One
2012;7:e41923.

40. Manchester K. Tuberculosis and leprosy in antiquity: an interpretation. Med
History 1984;28:162-73.

41. Galagon JE. Genomic insights into tuberculosis. Nat Rev Genet 2014;15:
307-20.

42. Hershkovitz I, Donoghue HD, Minnikin DE, Besra GS, Lee OY, Gernaey AM, et al.
Detection and molecular characterization of 9000-year-old Mycobacterium
tuberculosis from a Neolithic settlement in the Eastern Mediterranean. PLoS
One 2008;3:e3426.

43. Lee OY, Wu HH, Besra GS, Rothschild BM, Spigelman M, Hershkovitz I, et al.
Lipid biomarkers provide evolutionary signposts for the oldest known cases of
tuberculosis. Tuberculosis 2015;95:5127-32.

44, Hershkovitz I, Donoghue HD, Minnikin DE, May H, Lee OY, Feldman M, et al.
Tuberculosis origin: the Neolithic scenario. Tuberculosis 2015;95:5122-6.

45, Baker O, Lee OY, Wu HH, Besra GS, Minnikin DE, Llewellyn G, et al. Human
tuberculosis predates domestication in ancient Syria. Tuberculosis
2015;95:54-12.


http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0420
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0420
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0425
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0425
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0430
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0430
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0435
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0435
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0435
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0440
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0440
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0445
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0445
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0445
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0450
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0450
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0455
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0455
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0455
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0455
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0455
http://dx.doi.org/10.1038/srep32969
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0465
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0465
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0465
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0470
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0470
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0470
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0475
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0475
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0480
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0480
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0485
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0485
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0490
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0490
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0490
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0495
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0495
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0495
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0500
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0500
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0500
http://www.intechopen.com/articles/show/title/molecular-biomarkers-for-ancient-tuberculosis
http://www.intechopen.com/articles/show/title/molecular-biomarkers-for-ancient-tuberculosis
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0510
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0510
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0510
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0515
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0515
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0515
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0520
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0520
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0520
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0520
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0525
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0525
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0525
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0525
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0530
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0530
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0530
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0530
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0530
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0535
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0535
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0535
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0540
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0540
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0540
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0540
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0540
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0540
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0540
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0545
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0545
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0545
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0550
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0550
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0550
http://dx.doi.org/10.1371/journal.ppat.1000160
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0560
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0560
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0560
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0565
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0565
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0565
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0570
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0570
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0570
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0575
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0575
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0575
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0580
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0580
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0580
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0585
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0585
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0585
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0590
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0590
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0590
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0590
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0590
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0590
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0590
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0595
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0595
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0595
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0600
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0600
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0600
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0605
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0605
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0605
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0610
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0610
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0610
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0610
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0615
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0615
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0620
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0620
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0625
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0625
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0625
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0625
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0630
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0630
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0630
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0635
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0635
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0640
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0640
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0640

180

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

H.D. Donoghue/ International Journal of Infectious Diseases 56 (2017) 176-180

Kappelman J, Alcicek M, Kazanci N, Schultz M, Ozkul M, Sen $. Brief communi-
cation: first Homo erectus from Turkey and implications for migrations into
temperate Eurasia. Am J Phys Anthropol 2008;135:110-6.

Roberts CA, Pfister LA, Mays S. Letter to the Editor: Was tuberculosis present in
Homo erectus in Turkey? Am J Phys Anthropol 2009;139:442-4.

Houldcroft CJ, Underdown SJ. Neanderthal genomics suggests a Pleistocene
time frame for the First Epidemiologic Transition. Am J Phys Anthropol
2016;160:379-88.

Brites D, Gagneux S. Co-evolution of Mycobacterium tuberculosis and Homo
sapiens. Immunol Rev 2015;264:6-24.

Barnes I, Duda A, Pybus OG, Thomas MG. Ancient urbanization predicts genetic
resistance to tuberculosis. Evolution 2011;65:842-8.

Gutierrez MC, Brisse S, Brosch R, Fabre M, Omais B, Marmiesse M, et al. Ancient
origin and gene mosaicism of the progenitor of Mycobacterium tuberculosis. PLoS
Pathog 2005;1:e5.

Comas I, Coscolla M, Luo T, Borrell S, Holt KE, Kato-Maeda M, et al. Out-of-Africa
migration and Neolithic coexpansion of Mycobacterium tuberculosis with mod-
ern humans. Nat Genet 2013;45:1176-82.

Perrin P. Humans and tuberculosis co-evolution: an integrative view. Tubercu-
losis 2015;95:5111-6.

Supply P, Marceau M, Mangenot S, Roche D, Rouanet C, Khanna V, et al. Genomic
analysis of smooth tubercle bacilli provides insights into ancestry and pathoa-
daptation of Mycobacterium tuberculosis. Nat Genet 2013;45:172-9.

Baniuls AL, Sanou A, Nguyen VA, Godreuil S. Mycobacterium tuberculosis: ecology
and evolution of a human bacterium. ] Med Microbiol 2015;64:1261-9.

Reed MB, Pichler VK, McIntosh F, Mattia A, Fallow A, Masala S, et al. Major
Mycobacterium tuberculosis lineages associate with patient country of origin.
J Clin Microbiol 2009;47:1119-28.

Rook GA, Raison CL, Lowry CA. Microbial ‘old friends’, immunoregulation and
socioeconomic status. Clin Exp Immunol 2014;177:1-12.

Donoghue HD, Marcsik A, Matheson C, Vernon K, Nuorala E, Molto JE, et al. Co-
infection of Mycobacterium tuberculosis and Mycobacterium leprae in human
archaeological samples: a possible explanation for the historical decline of
leprosy. Proc Biol Soc 2005;272:389-94.

Donoghue HD, Taylor GM, Marcsik A, Molnar E, Palfi G, Pap |, et al. A migration-
driven model for the historical spread of leprosy in medieval Eastern and
Central Europe. Infect Genet Evol 2015;31:250-6.

Hohmann N, Voss-Bohme A. The epidemiological consequences of leprosy-
tuberculosis co-infection. Math Biosci 2013;241:225-37.

Lairemruata A, Ball M, Bianucci R, Welte B, Nerlich AG, Kun JF, et al. Molecular
identification of falciparum malaria and human tuberculosis co-infections in
mummies from the Fayum Depression (Lower Egypt). PLoS One 2013;8:e60307.
Arrieza BT, Cartmell LL, Moragas C, Nerlich AG, Salo W, Madden M, et al. The
bioarchaeological value of human mummies without provenience. Chungara
Rev Antropol Chilena 2008;40:55-65.

Zink AR, Spigelman M, Schraut B, Greenblatt CL, Nerlich AG, Donoghue HD.
Leishmaniasis in Ancient Egypt and Upper Nubia. Emerg Infect Dis
2006;12:1616-7.

Talat N, Perry S, Parsonnet J, Dawood G, Hussain R. Vitamin D deficiency and
tuberculosis progression. Emerg Infect Dis 2010;16:853-5.

Kant S, Gupta H, Ahluwalia S. Significance of nutrition in pulmonary tubercu-
losis. Crit Rev Food Sci Med 2015;55:955-63.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Donoghue HD, Bekvalec |, Redfern R. Molecular evidence of tuberculosis from
mid-19th century human remains without typical palaeopathology, from the
Cross Bones burial site, Redcross Way, London. In: Nystrom P, Swales DM,
editors. Trends in biological anthropology 3. Oxford: Oxbow;.

Spigelman M, Pap I, Donoghue HD. A death from Langerhans cell histiocytosis
and tuberculosis in 18th century Hungary—what palaeopathology can tell us
today. Leukemia 2006;20:740-2.

Ginolhac A, Rasmussen M, Gilbert MTP, Willerslev E, Orlando L. mapDamage:
testing for damage patterns in ancient DNA sequences. Bioinformatics
2011;27:2153-5.

Orlando L, Gilbert MTP, Willerslev E. Reconstructing ancient genomes and
epigenomes. Nat Rev Genet 2015;16:395-408.

Bouwman AS, Kennedy SL, Miiller R, Stephens RH, Holst M, Caffell A, et al.
Genotype of a historic strain of Mycobacterium tuberculosis. Proc Natl Acad Sci
USA?2012;109:18511-6.

Chan JZ-M, Sergeant M]J, Lee OY, Minnikin DE, Besra GS, Pap |, et al. Metagenetic
analysis of tuberculosis in a mummy. N Engl | Med 2013;369:289-90.

Kay GL, Sergeant MJ, Zhou Z, Chan JZ-M, Millard A, Quick ], et al. Eighteenth-
century genomes show that mixed infections were common at time of peak
tuberculosis in Europe. Nat Commun 2015;6:6717.

Warner DF, Koch A, Mizrahi V. Diversity and disease pathogenesis in Mycobac-
terium tuberculosis. Trends Microbiol 2015;23:14-21.

Plazzotta G, Cohen T, Colijn C. Magnitude and sources of bias in the detection of
mixed strain M. tuberculosis infection. ] Theor Biol 2015;368:67-73.
Gokhman D, Meshorer E, Carmel L. Epigenetics: it's getting old. Past meets
future in paleoepigenetics. Trends Ecol Evol 2016;31:290-300.

Orlando L, Willerslev E. An epigenetic window into the past? Science
2014;345:511-2.

Pedersen ]S, Valen E, Vargas Velazquez AM, Parker BJ, Rasmussen M, Lindgreen
S, et al. Genome-wide nucleosome map and cytosine methylation levels of an
ancient human genome. Genome Res 2014;24:454-66.

Feehery GR, Yigit E, Oyola SO, Langhorst BW, Schmidt VT, Stewart FJ, et al. A
method for selectively enriching microbial DNA from contaminating vertebrate
host DNA. PLoS One 2013;8:e76096.

Seguin-Orlando A, Gamba C, Der Sarkassian C, Ermini L, Louvel G, Boulygina E,
et al. Pros and cons of methylation-based enrichment methods for ancient DNA.
Sci Rep 2015;5:11826.

Mukhopadhyay S, Nair S, Ghosh S. Pathogenesis in tuberculosis: transcriptomic
approaches to unraveling virulence mechanisms and finding new drug targets.
FEMS Microbiol Rev 2012;36:463-85.

Ghosh S, Padmanabhan B, Godbole AA, Tare P, Ahmed W, Vasu K, et al.
Transcriptional regulation of topology modulators and transcription regulators
of Mycobacterium tuberculosis. Biochem Biophys Res Commun 2016;475:257-63.
Esterhuyse MM, Weiner 3rd ], Caron E, Loxton AG, lannaccone M, Wegman C,
et al. Epigenetics and proteomics join transcriptomics in the quest for tuber-
culosis markers. MBio 2015;6:e01187-1215. http://dx.doi.org/10.1128/
mBio.01187-15

Peters ]S, Calder B, Gonnelli G, Degroeve S, Rajaonarifara E, Mulder N, et al.
Identification of quantitative proteomics differences between Mycobacterium
tuberculosis lineages with altered virulence. Front Microbiol 2016;7:813. http://
dx.doi.org/10.3389/fmicb.2016.00813


http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0645
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0645
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0645
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0645
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0645
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0650
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0650
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0655
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0655
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0655
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0660
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0660
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0665
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0665
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0670
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0670
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0670
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0675
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0675
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0675
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0680
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0680
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0685
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0685
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0685
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0690
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0690
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0695
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0695
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0695
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0700
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0700
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0705
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0705
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0705
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0705
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0710
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0710
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0710
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0715
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0715
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0720
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0720
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0720
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0725
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0725
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0725
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0730
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0730
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0730
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0735
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0735
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0740
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0740
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0750
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0750
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0750
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0755
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0755
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0755
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0760
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0760
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0765
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0765
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0765
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0770
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0770
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0775
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0775
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0775
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0780
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0780
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0785
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0785
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0790
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0790
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0795
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0795
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0800
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0800
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0800
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0805
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0805
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0805
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0810
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0810
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0810
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0815
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0815
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0815
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0820
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0820
http://refhub.elsevier.com/S1201-9712(16)31631-9/sbref0820
http://dx.doi.org/10.1128/mBio.01187-15
http://dx.doi.org/10.1128/mBio.01187-15
http://dx.doi.org/10.3389/fmicb.2016.00813
http://dx.doi.org/10.3389/fmicb.2016.00813

	Insights gained from ancient biomolecules into past and present tuberculosis-a personal perspective
	1 Recognition of ancient and historical TB by paleopathology
	2 Detection and characterization of Mycobacterium tuberculosis ancient DNA
	3 Detection of ancient tuberculosis via other biomolecules
	4 Tuberculosis in relation to early humans
	5 Past co-infections and co-morbidities
	6 Insights from whole genome sequencing (WGS)
	7 Recent findings from epigenetics and transcriptomics
	8 Summary and conclusions
	References


