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SUMMARY. Tuberculosis is today one of the most spread infectious human 
diseases, being caused by a group of closely related species included in the 
Mycobacterium tuberculosis complex (MTBC). Molecular studies targeting 
tuberculosis affected human remains are important in order to understand the 
evolution of specific genomic sites related to virulence. The aim of this review is to 
describe several techniques that are useful for the confirmation of pathogen 
persistence in the human archaeological remains. It also presents the genomic loci 
investigated in the field of molecular bioarchaeology for discrimination of MTBC 
species. 
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Introduction 

World Health Organization (WHO) ranks tuberculosis as the second most 
dominant infectious disease, exceeded just by HIV/AIDS. Given the incidence of the 
disease today and the appearance of multi-drug-resistant strains, it is important to 
obtain information about the conserved and variable genomic loci and about the 
mutation rate of the pathogen. For this reason, ancient cases of tuberculosis have to 
be investigated and the co-evolution of the pathogens and modern humans should be 
tracked. 

Tuberculosis is caused by a group of closely related species with exclusively 
human hosts (Mycobacterium tuberculosis, M. africanum, M. canetti) or with a 
broader host spectrum: M. bovis (Brosch et al., 2002). These species are included in 
the M. tuberculosis complex (MTBC). 
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Comas et al. (2013) were able to infer the coalescence time of pathogenic 
species by analyzing the whole genomes of 259 MTBC strains. Thus, it was 
determined that MTBC accompanied humans in the Out-of-Africa migration and 
developed as a crowd disease during the Neolithic Demographic Transition (NDT). 
Evidence of spinal tuberculosis was found throughout the world, in Italy, Denmark 
and in the Middle East, dating from the Neolithic period (Smith, 2003). Osteological 
signs (resorption, growth) could not be interpreted as pathognomotic evidence for the 
disease. Ancient cases of tuberculosis should be confirmed by molecular methods. A 
number of techniques can be used for this purpose, targeting the ancient DNA 
(aDNA) of MTBC or the presence of mycolic acids in the human remains.   

The aim of this review is to describe how a series of molecular techniques 
can be used for the diagnosis of ancient tuberculosis cases. 

 

Detection of mycolic acids 

The cell envelope of Mycobacterium species is composed of arabinogalactan-
mycolate linked via a phosphodiester bond to the cell wall peptidoglycan. Mycolic 
acids are the dominant constituents of the cell envelope. They have structural and 
functional roles, defending the pathogen from noxious chemicals, oxidative stress or 
the host’s immune system. They are β-hydroxy fatty acids with a long α-alkyl side 
chain. Mycolic acids are classified in three structural classes: α-; methoxy- and keto-
mycolic acids. They contain a carboxylic acid headgroup with two unequal 
hydrophobic tails. The mero-mycolate chain is composed of 50-70 carbon atoms, with 
cyclopropane rings, ketones, methoxy groups and/or double bonds. The shorter chain is 
the α-branch, an alkane chain, consisting of ~25 carbon atoms. Methoxy- and keto-
mycolic acids have both cis- and trans- structural series, depending on the disposition 
of the cyclopropane rings. The α-mycolic acid has two cyclopropane rings, and a cis-, 
cis configuration. (Takayama et al., 2005; Langford et al., 2011). The chemical 
structure of mycolates can be seen in Figure 1.  

We will present three highly sensitive techniques used for the molecular 
identification of mycolates in the MTBC infected paleopathological human remains. 

 

FT-IR (Fourier Transform InfRared spectroscopy) 

FT-IR is a sensitive and rapid analytical technique. It can provide 
information about the composition of the sample and about the amount of the 
compounds. The device contains an interferometer which has the ability to produce a 
signal that encompasses all infrared frequencies with wavenumbers between 4000 
cm−1 and 400 cm−1. Specific sets of chemical bonds within the sample will absorb 
electromagnetic radiation at different frequencies. This will result in chemical bonds 
vibration which will be recorded as peaks in the infrared spectrum. Because each 
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substance is a unique combination of atoms, there are no two compounds that will 
produce the exact same spectrum. Thus, FT-IR is a useful method for the qualitative 
analysis of the sample. Moreover, the height of the absorption peak is indicative of 
the amount of material present, rendering this technique also as a quantitative 
approach (Coates, 2000; Mark et al., 2010). 

 
 

 
 

Figure 1. The chemical structure of mycolic acids. There are five forms of mycolic acids:  
α- type from the H37Ra strain, and methoxy- and keto-mycolates, each having cis- and  

trans- configurations, from the DT, PN, and C strains (from Takayama et al., 2005). 
 
 
In the case of the MTBC infected human remains, a set of unique peaks 

appear in the spectrum. As it can be seen in Fig. 1, mycolic acids are mainly made up 
of methylene groups and several methyl groups. Coates (2000) emphasized that if 
there are absorptions at 2935 cm-1 and 2860 cm-1, where methylene and methyl 
groups absorb radiation, and if there are also peaks at 1470 cm-1 and 720 cm-1, as a 
result of long chain deformations, then the sample probably contains a long linear 
aliphatic chain. The comparison between a normal bone and one infected with 
tuberculosis can be seen in Figure 2. It is important to mention that FT-IR 
spectroscopy has only guiding relevance. Being a low cost method, FT-IR analysis 
could be used before other more precise, time consuming and expensive techniques, 
in order to assess if the effort would be worth. 
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Figure 2. Differences between FT-IR spectra of tuberculosis infected  

and not infected skeletal remains. 
 
MALDI TOF-MS (Matrix-assisted laser desorption/ionization time-of 

flight mass spectrometry) 

This type of spectroscopy is used for molecule identification and 
determining their chemical structure by analyzing the m/z ratio. The general principle 
consists in the photo-volatilization of the sample that is included in an UV-absorbing 
matrix, followed by time-of-flight mass spectrum analysis. Since the matrix serves as 
an absorber of UV radiation, it is important for it to be in excess, the optimal 
matrix:sample ratio being between 100:1 and 10.000:1. The matrix substance is 
broken down immediately after iradiation and passes into the gaseous phase. Because 
the sample does not absorb the laser radiation directly, the technique is considered a 
„soft ionization technique” and allows the analysis of biomolecules up to several 
hundred kDa (Marvin et al., 2003).   

The mixture between the sample and the matrix is applied on a target slide, 
placed inside the device and irradiated. A beam of UV light is used (N2 laser), with a 
wavelength of 337 nm. The matrix vaporizes, together with the sample, which in the 
process acquire an electric charge. An electric field is applied, which guides the ions 
into the flight tube and then separates them according to their mass. The result will 
be displayed as a series of lines in the spectrum that corresponds to the fragments of 
the initial substance which was broken down. By analyzing the peak patterns in the 
spectrum, it is possible to identify the structure of the investigated molecule (Marvin 
et al., 2003; Mark et al., 2010). 
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Mycolic acids, as they are found in the cell envelope, cover a diverse group 
of fatty acids, with m/z values between 1000 and 2000. After external calibration, 
Mark et al. (2010) analyzed 11 tuberculosis infected archaeological bone samples. A 
great majority of the recorded peaks was detected between m/z 1000-1600, the 
interval which corresponded to the mass spectrum distribution of a standard mixture 
of mycolic acids used as a positive control. A specific oxygenated methoxy-mycolic 
acid methyl ester pattern dispalys peaks at 1290, 1318 and 1346 m/z. Also, 
oxygenated keto-mycolic acids were found to have C82 and C84 respectively, with 
peaks at m/z 1246 and 1274. A healthy bone was tested as a negative control and a 
total absence of peaks was obtained in the critical mass range (Mark et al., 2010). 
These results can be seen in Figure 3.  

 

 
Figure 3. MALDI-TOF spectra of a) the mycolic acids standard mixture;  
b) a archaeological specimen infected with MTBC; c) a healthy bone as  

a negative control (after Mark et al., 2010). 
 
HPLC (High-performance liquid chromatography) 

HPLC is a powerful chromatography technique able to separate similar 
substances from a mixture in a short period of time. The method requires a mobile 
phase (liquid) and a stationary phase (liquid/solid). The stationary is phase usualy 
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indicated by the column used, while the eluent is the mobile phase. Both phases are 
selected in order to best suit the sample and the purpose of the separation. The 
resolution and the order of the elution depends on the stationary and mobile phase 
selected. Substances that have a higher affinity for the mobile phase will emerge first, 
while others, with an affinity for the stationary phase will remain in the column 
longer (Meyer, 2010).  

In order to force the mobile phase into the column filled with very small 
particles, a high constant pressure is necessary to be applied. The basic principle is 
that under the same conditions, the time between the injection of the component and 
its elution remains constant. The output is a chart presenting the time-depending 
changes in the signal intensities as a consequence of substance separation. The 
technique can be used in qualitative and quantitative approaches, as the height and 
the area of each peak is proportional to the concentration of the corresponding 
substance (Meyer, 2010). 

Mycolic acids can be recognized based on their chain length (C70 - C90), 
the presence of double bonds, their long side chain, their additional oxygen or methyl 
functions. The three main classes of mycolates from mycobacteria can be separated 
using „normal phase” HPLC, but characteristic peaks for MTBC can not be 
identified. However, „reserse phase” HPLC (rpHPLC), can separate mycolic acids 
according to their chain length and their polarity, sensing the difference between 
pathogenic species and environmental ones (Gernaey et al., 2001; Minnikin et al., 
2011). 

Gernaey et al. (2001), using rpHPLC, were able to identify the components 
corresponding to mycolic acids in two ribs belonging to a skeleton affected by 
tuberculosis dating to Medieval times. The total fraction of mycolates isolated from 
the two ribs was compared with a standard mixture of MTBC mycolic acids.. The 
similarity of the profiles suggests that the basic features of the mycolic acids were 
preserved in the medieval bones. The chromatograms can be seen in Figure 4A. In 
the chosen negative control, the concentration of mycolates was too low for 
confirmation of the disease. The soil was also tested for the presence of the mycolic 
acids, and the sample was shown to be free from MTBC mycolates. Environmental 
mycobacteria, that produce the same classes of mycolates, are not problematic for the 
assay, because their mycolic acids are smaller in size and have shorter retention times 
in rpHPLC. Moreover, individual α-, methoxy- and keto-mycolates were also 
identified in the two investigated ribs (Figure 4B).   

After a discussion of these techniques, we recognize their potential use for 
the diagnosis of ancient MTBC infection cases. The stability of mycolic acids  as 
biomarkers in tracing the paleoepidemiology of tuberculosis back into antiquity. 
However, lipid markers could not inform us about important aspects of the pathogen 
evolution. For this reason it is essential to isolate high quality, informative aDNA. 
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Figure 4. A. Comparable rpHPLC profiles of M. tuberculosis standard and the two 

investigated ribs; B. The three classes of mycolates found in the MTBC infected  
samples compared with the standard (from Gernaey et al., 2001). 

 
 
The presence of MTBC inferred from aDNA  

Post-mortem degradation of DNA 

 “aDNA” does not refer to the macromolecule’s age, but to its state of 
conservation (Shapiro and Hofreiter, 2014). Valuable information can be inferred 
from aDNA sequencing and, for this reason, great efforts are made for proper aDNA 



C. CHIRIAC, A.-S. TĂTAR, C. RADU, I. LUPAN, B. KELEMEN 
 
 

 
122 

investigation. Immediately after the organisms` death, the DNA degradation occurs 
in two main stages: microbial digestion and chemical degradation (Smith et al., 2003; 
Allentoft et al., 2012). In recent years, many authors tried to find a correlation 
between the sample’s age and the amount of high quality endogenous aDNA. This is 
difficult to achieve as environmental parameters greatly vary (Marota et al., 2002). 

The principal chemical degradation paths are: oxidation, hydrolytic 
depurination and β-elimination. They are influenced by pH, humidity, and mainly 
temperature (Lindahl, 1993; Smith et al., 2003). Also, OH-2’ removal in the DNA 
sugar moiety renders the N-glycosidic links vulnerable leading to the apparition of 
apurinic and apyrimidinic sites. Apyrimidinic sites occur 20 times less frequently 
than the apurinic ones. After depurination, the DNA is cleaved in a β-elimination 
process (Lindahl, 1993). Hydrolitic deamination will result in DNA mutations. 
Cytosine deamination will result in an uracil in the DNA strand and 5-methyl-
cytosine deamination in a thymine (Lindahl, 1993). 

DNA depurination, deamination and oxidation will lead to breaks in the 
DNA chain. After long periods of time, chemical degradation will be too advanced to 
allow the recovery of informative aDNA.  

 
Detection of MTBC aDNA 

The extraction protocol of aDNA follows a similar pattern in almost all 
cases. The bone sample is first demineralized and then treated with Proteinase K for 
protein (mainly collagen) digestion. The sample is then usually disaggregated with 
phenol-chloroform or guanidine thiocyanate, and finally precipitated with ethanol or 
isopropanol. In the recent years, a switch to silica membranes took place, these being 
used in the final steps of extraction. Generally, aDNA is poorly preserved, the length 
of the fragments rarely  exceeding 100-200 bp. In this situation, DNA amplification 
via PCR (Polymerase Chain Reaction) makes possible the recovery of specific 
informative loci. The yield of a standard PCR can be increased by further 
amplification through a nested or semi-nested reaction (Minnikin et al., 2011).  

In many cases, PCR is directed at two insertion sequences (IS). These are 
mobile genetic elements, that can move within the bacterial genome, and also from 
one bacterium to another. It is possible that these elements co-mobilize other genes, 
probably even those for antibiotic resistance. Among the first sequences ever 
amplified were IS6110 and IS1081. Both of them have more then 20 copies in a 
single bacterial genome, but IS6110 has the disadvantage of being absent in some M. 
tuberculosis strains. Thus, a negative PCR result is compatible with both the presence 
or the absence of the MTBC in the sample. On the other hand, successful IS1081 
amplification shows that a member of the complex is present. More specific markers 
are available now, and they enable the discrimination between MTBC species 
(Brown and Brown, 2011). 
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An important distinction to be made is between M. tuberculosis and M. 
bovis, ruling out the probability that the skeleton may have contacted the bovine 
form of the disease (Brown and Brown, 2011).  

Another distinction is between “ancient” and “modern” M. tuberculosis 
strains, the classification made on the basis of the tuberculosis TbD1 deletion event 
(Taylor et al., 2005). By doing whole-genome analyses of MTBC, Gordon et al. 
(1999) found ten deletion events. Because their distribution among the samples 
varied, it is possible that the corresponding genes are related to virulence and host 
range. The D1 sequence of 5014 bp was determined from X318 BCG strain of M. 
bovis. In M. tuberculosis the same genomic site was found to be extended with an 
additional 2.8 kb. Pathogens were found fully virulent in animal models even if the 
deletion event occurred, suggesting that D1 is not related to virulence (Brosch et al., 
2002). 

A differentiation among MTBC species became possible when a SNP 
(Single-nucleotide polymorphism) was discovered in the oxyR pseudogene. Initially, 
this gene encoded an oxidative response regulator, but then it has been disrupted and 
is now found in the form of a pseudogene. Sreevatsan et al. (1996) reported a SNP 
located at position 285 in the pseudogene. For all M. bovis strains, the nucleotide is 
an adenine, while in all the other species of MTBC the nucleotide is a guanine. 

As time went on, other SNPs were identified. In the pncA gene, at position 
169, a nucleotide was shown to distinguish M. tuberculosis from M. bovis. 
Sequencing clearly established that in M. tuberculosis the nucleotide is cysteine 
(Taylor et al., 2005; Scorpio and Zhang, 1996). This site polymorphism is associated 
with the natural resistance of M. bovis and the susceptibility of the majority of M. 
tuberculosis strains to treatment with pyrazinamide (PZA). PZA is a pro-drug of 
pyrazinoic acids. It displays a broad range of anti-mycobacterial activities, together 
with its analog 5-chloro-PZA. Zimhony et al. (2000) were able to demonstrate that 
the drug targets the fatty acid synthetase I (FAS I) through the inhibition of the 
biosynthesis of long-fatty acids from the acetyl-CoA precursor. Furthermore, Shi et 
al. (2011) showed that PZA also inhibits trans-translationation via direct binding to 
RpsA. This protein is essential for translationation because it binds to the ribosome, 
and its C-terminus is involved in trans-translationation through the specific 
recognition of transfer-messenger RNA (tmRNA). In this process, a ribosome that 
has stalled in the process of decoding mRNA is rescued and the translation of a short 
tag encoded by tmRNA occurs. This tag encodes a signal for the stalled protein 
degradation. The process is known to be involved in stress survival, recovery from 
starvation or virulence. These two methods highlight why mutations in pncA gene 
are associated with the susceptibility or resistance of the tuberculosis strains. 

Another distinction in MTCB could be made based on the combination of 
polymorphic sites at katG codon 463 and at gyrA codon 95. katG encodes the 
catalase-peroxidase enzyme, while the gyrA is translated into subunit A of DNA-
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gyrase (Taylor et al., 1999). Sreevatsan et al. (1997) analyzed 842 MTBC isolates 
recovered from diverse geographical sites and established that they can be divided 
into three groups, as seen in Table 1. 

Table 1. 
MTBC genotypic groups based on katG and gyrA polymorphism 

Group 
katG (codon 463) gyrA (codon 95) 

sequence amino acid sequence amino acid 
I CTG Leu ACC Thr 
II CGG Arg ACC Thr 
III CGG Arg AGC Ser 
 
Summing all the aforementioned information deduced from the insertion 

sequences and specific SNPs, researchers can confirm a tuberculosis diagnosis and 
identify the precise tuberculosis species causing the disease. 

Even if Hofreiter et al. (2001) formulated several authentication criteria for 
aDNA, they may not be applicable to the analysis of MTBC cases. Results may not 
be reproducible because the pathogens are localized in the bone tissue and a repeated 
experiment may not give a positive result (Minnikin et al., 2011). 

 

Conclusions 

Tuberculosis accompanied humans in their Out-of-Africa migration and 
since then it was always a presence in human history. In our days it is one of the 
most wide-spread infectious disease, developing multi-drug resistance and 
extremely-drug resistant strains. This article reviewed a set of modern techniques 
used for the diagnosis of ancient tuberculosis. Studying such cases helps us inferring 
the mutation rate of the pathogens. Also, variability of specific genomic sites 
associated with virulence can be investigated.  
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