Tuberculosis 137 (2022) 102181

Contents lists available at ScienceDirect

Tuberculoss

Tuberculosis

journal homepage: www.elsevier.com/locate/tube

ELSEVIER

Check for

Metagenomic analysis reveals mixed Mycobacterium tuberculosis infection in [ %&s"
a 18th century Hungarian midwife

Heidi Y. Jager >, Frank Maixner >, Ildiké Pap ™ ¢, Ildiké Szikossy ¢, Gyorgy Palfi> !,
Albert R. Zink *'

2 Institute for Mummy Studies, Eurac Research, Viale Druso, 1, 39100, Bolzano, Italy

b Department of Biological Anthropology, Faculty of Science and Informatics, University of Szeged, 6726, Szeged, Kozép Fasor 52, Hungary
¢ Department of Anthropology, Hungarian Natural History Museum, 1083, Budapest, Ludovika tér 2-6, Hungary

4 Department of Biological Anthropology, Eétvos Lorand University, Faculty of Science, 1117, Budapest, Pazmany Péter sétany 1/c, Hungary

ARTICLE INFO ABSTRACT

Keywords: The Vac Mummy Collection comprises 265 well documented mummified individuals from the late 16th to the
Ancient DNA early 18th century that were discovered in 1994 inside a crypt in Vac, Hungary. This collection offers a unique
Metagenomics

opportunity to study the relationship between humans and pathogens in the pre-antibiotic era, as previous
studies have shown a high proportion of tuberculosis (TB) infections among the individuals. In this study, we
recovered ancient DNA with shotgun sequencing from a rib bone sample of a 18th century midwife. This indi-
vidual is part of the collection and shows clear skeletal changes that are associated with tuberculosis and syphilis.
To provide molecular proof, we applied a metagenomic approach to screen for ancient pathogen DNA. While we
were unsuccessful to recover any ancient Treponema pallidum DNA, we retrieved high coverage ancient TB DNA
and identified a mixed infection with two distinct TB strains by detailed single-nucleotide polymorphism and
phylogenetic analysis. Thereby, we have obtained comprehensive results demonstrating the long-time prevalence
of mixed infections with the sublineages L4.1.2.1/Haarlem and L4.10/PGG3 within the local community in
preindustrial Hungary and put them in context of sociohistorical factors.

Mixed infection
Single nucleotide polymorphisms
Phylogeny

is only a limited number of available ancient TB genomes, as Myco-
bacteria are highly clonal and historical specimens are often contami-

1. Introduction

Tuberculosis (TB) is an ancient disease that co-evolved with humans
many millennia ago [1,2]. Its evolutionary history has been of great
interest because, to date, it remains a globally spread infectious disease
caused by the members of the Mycobacterium tuberculosis complex
(MTBC) and was responsible for approximately 1.4 million deaths in
2019 alone [3]. Over the past decade, vast achievements in high
throughput sequencing technologies have drastically increased the
amount of genomic pathogen data retrieved from historical human re-
mains. The reconstruction of ancient pathogen genomes is highly valu-
able as it allows the assessment of pathogen occurrence in past
populations, and provides important insight into host-pathogen evolu-
tion, host susceptibility, and host resistance [4-10]. Nevertheless, there
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nated with environmental bacterial DNA that are hard to distinguish
from authentic ancient tuberculous DNA [11].

The aim of this study was to extend the current knowledge of TB by
supporting the number of ancient TB genomes of the Vac Mummy
Collection (VMC). The VMC, housed at the Department of Anthropology
of the Hungarian Natural History Museum in Budapest, Hungary, com-
prises the remains of 265 well documented individuals and allows a
unique insight into the relationship between human populations and
infectious diseases during the pre-urbanization era of 17th-18th century
Central Europe. The collection came to light in 1994 during recon-
struction work of the 18th-century Dominican “Church of Whites”
(Fig. 1B), which is located in the city of Vac, about 70 km North from
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Budapest (Fig. 1C). Due to the cold and dry microclimate and continuous
ventilation in the crypt, many of the bodies remained in different states
of natural mummification for over 200 years. The pinewood coffins
filled with pine shavings, often preserved the names and years of death
of the deceased, revealing that the burial site was used from 1731 until
1838. In addition, archives or other contemporary registers offered
further details such as the age of death, sex, family relationship, and
sometimes occupation and cause of death of the individual. Several
studies have been conducted using macromorphological and radio-
graphic examination, polymerase chain reaction-based detection, and
high-performance liquid chromatography approaches, confirming a
very high proportion of tuberculosis (TB) infections within the deceased
individuals from Vac [12-17]. TB was epidemic in Europe with a sea-
sonal pattern from the 18th to 19th century. Denser populations, poor
sanitation, and malnutrition caused by urbanization were driving forces
for the spread of TB until its peak during the Industrial Revolution in the
mid-19th century and then decline due to general improvements of
living conditions [18,19]. Fletcher et al. and Kay et al. were the first to
raise the epidemiological aspect of this collection, with the latter suc-
cessfully reconstructing 14 ancient TB genome sequences from eight
individuals and demonstrating a high prevalence of mixed infections
(MIs) with the Euro-American Lineage 4 (L4) [14,20,21].

In this study, we present a thus far unpublished individual, the late
Szabina Orlich, a 62-year-old midwife who died in 1755 in Vac (from
here on referred to as body210) and whose partially mummified remains
were discovered inside the crypt. Beside year of birth and death as well
as occupation, macromorphological examination revealed palae-
opathological evidence indicating a probable TB and syphilis co-
infection. To provide molecular proof for such co-infection, we
applied a metagenomic shotgun-sequencing approach to recover ancient
DNA from a partial rib bone sample of body210 and screened for
pathogen DNA. While we could not confirm any treponemal DNA, we
retrieved high coverage ancient TB genomic DNA. Hence, in this study,
we focused on extending the collection of available ancient TB genomes
and successfully identified a mixed TB infection with two distinct strains
of L4 sublineages L4.1.2.1/Haarlem and L4.10/PGG3 by single-
nucleotide polymorphism (SNP) based and phylogenetic analysis.
Furthermore, we compared our findings to historical records and social
factors to identify how they might have contributed to the local dispersal
of TB at that time.
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2. Methods
2.1. Sample preparation and shotgun sequencing

The remains of body210 were first macromorphologically examined
before a rib bone sample (Fig. 1A) was collected at the Department of
Anthropology of the Hungarian National History Museum in Budapest,
Hungary. All preparation steps including sampling, DNA extraction, and
library preparation were performed in a dedicated clean room labora-
tory located at the Eurac Research, Institute for Mummy Studies in
Bolzano, Italy. The surface of the sample was UV irradiated for 5 min
before processing a part of the bone into powder with a vibrating mill.
For DNA extraction, 100 mg of bone powder were incubated at 56 °C for
48 h with 0.5 M EDTA (pH 8) and 20 mg/pL Proteinase K and then
subjected to three times snap freezing with liquid nitrogen. For DNA
purification and precipitation, a modified protocol by Maixner et al. was
applied [22]. The extracted genomic DNA was converted into two
double-indexed and double-stranded Illumina libraries (body210A,
body210B) according to the published protocol of Meyer and Kircher
[23] and sequenced on the Illumina HiSeqX platform using the 151 bp
paired-end sequencing kit.

2.2. Post-sequencing processing and taxonomic profiling

After quality evaluation with FastQC v.0.11.8 [24], paired-end reads
of library body210A and body210B were subjected to adapter removal
and quality filtering using fastp v.0.20.1 with standard parameters [25].
All quality passed reads of both libraries were merged into one dataset
(body210). All reads under 30 bp were removed using seqkit v.0.8.2
[26]. For general taxonomic profiling DIAMOND v.2.0.4 blastx was run
against the non-redundant protein database [27]. The output was con-
verted with MEGAN v.6.19.9 [28] and visualized using Krona v.2.7.1
[29].

2.3. Human and Treponema pallidum DNA analysis

Paired-end reads of body210 were mapped against the full human
genome (build hg19) [30], human mitochondrial genome (rCRS) [31],
and the Treponema pallidum reference genome (GenBank accession no.
GCA_000604125.1) using Bowtie2 v.2.3.5 with standard parameters
[32]. After filtering out alignments with mapping qualities lower than
30 with samtools v.1.12 [33], remaining reads were deduplicated with
DeDup v.0.11.3 [34]. To verify the authenticity of ancient DNA, the
damage pattern was calculated with DamageProfiler v.1.1 [35].

250km

Fig. 1. Material used in this study and site description. A, partial rib bone of body210; dotted lines indicate the bone section used for ancient DNA extraction B, the
Dominican Church of Whites in Vac, Hungary C, map of Europe with Hungary highlighted in blue and city of Vac with yellow dot. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the Web version of this article.)
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2.4. Mycobacterium tuberculosis DNA analysis

Paired-end reads of body210 were mapped against the reconstructed
ancestral MTB genome [36] with stringent Bowtie2 parameters not
allowing more than three mismatches per 100 bases. The resulting
alignment file was quality evaluated using QualiMap2 v.2.2.1 [37].
Variant calling for MTB reads was performed using samtools mpileup
with a minimum base and mapping quality of 30. All variants were
subsequently filtered with VarScan v.2.4.2 mpileup2snp calling SNPs
with a minimum read and SNP coverage of 5X [38].

2.5. Mixed infection detection

The datasets of three Vac individuals published by Kay et al. were
included for comparative analysis [21]. Body68 and body92 are positive
controls for MIs with two strains and body80 serves as a negative control
for MIs as this individual was infected with only a single TB strain. We
considered homozygous SNPs with a frequency of 100% as fixed for all
strains and discarded heterozygous SNPs with frequencies lower than
5% or higher than 95%. The number of heterozygous SNPs was visual-
ized in a frequency histogram and was compared with the SNP distri-
bution pattern of the comparative datasets. Additionally, to investigate
whether the observed allele frequency range is reliable, lineage-specific
SNPs were identified using a reference database [39] and were high-
lighted in a scatter plot representing the allele frequency of each SNP
against their respective position on the reference genome.

2.6. Phylogenetic reconstruction

We compiled two datasets for phylogenetic tree reconstruction
including 252 previously published modern MTBC genomes and 142
previously published modern L4 genomes of the MTBC, respectively
[40-42]. Both datasets include the genome data presented in this pub-
lication as well as four previously published ancient genome datasets
[21,43]. Mycobacterium canetti was used as an outgroup for the MTBC
dataset and L2_N0020 for the L4 dataset. All reference datasets were
subjected to the alignment and variant calling pipeline as described for
the body210 dataset using standard mapping parameters in Bowtie2.
Overrepresented regions such as proline-glutamic acid (PE) and
proline-proline-glutamic acid (PPE) protein families were removed
(Data S1 and S2), and multi-FASTA alignment files were generated using
beftools v.1.12. After selecting the optimal substitution model with the
ModelFinder [44] program implemented in IQ-TREE 2 v.2.1.2 [45], two
maximum likelihood trees with 1,000 bootstrap samples were
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generated. The resulting tree files in Newick format were visualized and
annotated with iTOL v.6.3 [46].

3. Results
3.1. Palaeopathological examination

The partially mummified state of body210 exposed gross pathologies
on the bones. Morphological studies of the non-mummified bony ele-
ments of the lower limbs revealed advanced-stage osteo-periosteal le-
sions and typical osteitis (Fig. S1C), corresponding to Hackett’s criteria
in treponematosis [47]. The thickened and deformed tibiae were
involved most severely (Fig. S1A). Less developed alterations were
detected in the long bones of the upper limbs. Clustered pits - as earliest
phase of caries sicca — are visible on the outer surface of the skull vault
(Fig. 2D) [48-50] and advanced stage of osteoarthritis of the first met-
atarsophalangeal joint and well-developed marginal osteophytes were
probably caused by the chronic overuse of this articulation in dorsi-
flexion (Fig. S1B). This degenerative articular process correlates with
the long-term kneeling or sitting in a low chair in the everyday working
life of a midwife. Three right-side ribs have evident traces of periosteal
appositions and remodelling on the visceral surfaces indicating a prob-
able chronic pulmonary infection consistent with tuberculosis
(Fig. 2A-C). Palaeopathological studies have shown that inflammatory
rib lesions are an important indicator in differential diagnosis of
tuberculosis in skeletal remains [51].

3.2. Ancient DNA authentication and taxonomic profiling

We assessed the overall quantity and quality of sequenced reads and
summarized the obtained data in Table S1. According to the generated
taxonomic profile, over 77% of the reads were assigned to the MTBC, 9%
to Firmicutes, 12% to other bacteria, leaving 2% of the reads unassigned
(Fig. S2). We could not detect any Treponema pallidum specific reads. The
human endogenous content was very low and therefore insufficient to
perform ancient DNA authentication (Table S2). However, we could
confirm a damage pattern and short reads typical for ancient DNA in
MTB specific reads (Figs. S3A-C). In total, 2,559,128 unique reads
mapped to the MTB ancestral genome with a mean coverage of 39.5-
folds and a standard deviation of 52.9-folds.

3.3. Verification of mixed infection

A total of 513 SNPs were called for body210 out of which 245 SNPs

Fig. 2. Skeletal remains of body210 with palaeopathological evidence. A-C, three right-side rib bones with evidence for longer term remodelling and lamellar bone
on the visceral surfaces (blue arrows). D, the skull of body210 with mummified tissue remains visible on the frontal lobe and close-up image of clustered pits
indicating a syphilis infection. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. Heterozygous and lineage-specific SNPs analysis for MI detection. Top row: Histograms with number of heterozygous SNPs for each allele frequency (1 bar =
2.5%). Only SNPs with allele frequency of 5-95% are included in analysis. Highlighted bars indicate allele frequencies of strains. Bottom row: Scatterplots with allele
frequency of SNPs against their respective position. Triangles indicate lineage specific SNPs. A-B, body210, C-D, body68, and E-F, body92 are positive controls for
MiIs and G-H, body80 for single strain infection. Colour key: turquoise: L4, yellow: L4.1.2/Haarlem, purple: L4.10/PGG3. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

are homozygous. The SNP frequency distribution pattern of body210
with two prominent peaks in Fig. 3A is in line with the similar bimodal
SNP distribution observed in body68 (Fig. 3C) and body92 (Fig. 3E),
indicating a MI with two strains. The mean and standard deviation of the
majority strain body210-1 and minority strain body210-2 allele fre-
quencies are 68.20 + 12.14% and 12.91 + 6.08%, respectively. Except
for a few outliers, no heterozygous SNPs were found in body80 (Fig. 3G),
confirming with a single strain infection.

Scatterplots are used to analyse strain frequencies as they are visu-
alized by SNP clusters at a certain allele frequency along the reference
genome (Fig. 3, bottom row). Most likely due to variable coverage, SNPs
in body210 were too widely scattered for a confident estimation of the
strain frequencies. Therefore, lineage specific SNPs were manually
inspected (Fig. 3B). For body210, a total of 21 L4 specific SNPs were
detected, out of which 14 are specific for L4.1 and L4.1.2/Haarlem and
two for L4.7 and L4.8, also known as L4.10/PGG3 (Table S3). The mean
and standard deviation for heterozygous SNPs is 70.53 + 11.91% for
L4.1 and L4.1.2/Haarlem and 9.47 + 0.45% for L4.10/PGG3, which is
accordance with our earlier observations. Further, there is a weak
negative correlation between the allele frequency of a SNP and its
respective total coverage, pointing to an overestimation of the body210-
1 majority strain frequency with lower coverage SNPs (Fig. S4). Con-
trary to expectations, the strain frequencies of body210 are not as pro-
portional as observed in body68 and body92 (Fig. 3D and F). We exclude
that low frequency SNPs derived from non-tuberculous reads by iden-
tifying L4.10/PGG3 specific SNPs and argue that the discrepancy of
strain frequency is caused by uneven genome coverage (Fig. S5). For
further phylogenetical analysis, we included heterozygous SNPs be-
tween 55% and 85% and all homozygous SNPs for body210-1. Body210-
2 was excluded from further analyses due to insufficient data.

Body68 was divided into majority strain body68-1 including het-
erozygous SNPs between 30% and 46%, and minority strain body68-2
including heterozygous SNPs between 48% and 64%, as previously
stated by Kay et al. [21]. Homozygous SNPs were included in both
body68 datasets (Fig. 3D). We excluded the minority strain of body92 as

we could not identify lineage specific SNPs within the low frequency
SNPs (Fig. 3F). Hence, only heterozygous SNPs with a frequency over
95% and homozygous SNPs were included for this dataset.

3.4. Phylogeny

All genome datasets used in this analysis are summarized in the Data
S3 and S4. Body68-1, body68-2, body80, body92 and LUNDI1 were
included as ancient reference datasets as they had sufficient genome
coverage for further phylogenetical analysis (Table S4).

The MTBC dataset included 16,172 parsimony informative sites and
the L3PU + F 4+ R19 model was estimated as the best fit model by
ModelFinder. The TVM + F + R4 model was applied for the L4 dataset
with 5,112 parsimony informative sites. We had high confidence values
for all branches of both trees (Fig. 4A and B). Already published ancient
genome datasets were assigned correctly to the same sublineages as
previously reported and served as reference points [21,43]. As expected
body210-1 was grouped with other Vac individuals in L4, more specif-
ically L4.1.2.1/Haarlem. Body210-2 was highlighted on a basal level
according to L4.10/PGG3 specific SNPs in Fig. 4B.

4. Discussion

In this study, we successfully recovered high coverage ancient MTB
genome data from a bone sample of a thus far undescribed individual of
the VMC. The molecular analyses were initiated based on evidence of
palaeopathological skeletal changes across the partially mummified
remains of body210, indicating a possible TB-syphilis co-infection.
However, the taxonomic profile of the metagenomic data acquired by
shotgun sequencing displayed a high proportion of ancient MTB reads
but no reads for Treponema pallidum. The pathogen load of Treponema
pallidum is initially relatively high in primary lesions but becomes
extremely low after it spreads throughout the body of the host and enters
the tertiary or latency stage. Skeletal changes in the host most frequently
occurs in this final phase of infection, therefore making it challenging to
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Fig. 4. Maximum-likelihood trees with 1,000 bootstrap samples. Generated with IQ-TREE 2 visualized with iTOL. A, unrooted maximum likelihood tree of MTBC
dataset, M. canetti served as an outgroup; yellow star highlighting body210-1. B, circular maximum likelihood tree of L4 dataset, L2 N0020 as outgroup; purple star
highlighting body210-2. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

detect treponemal DNA from such individuals. In addition, the pathogen
load in a sample can vary depending on the tissue and specific sampling
point. Lastly, post-mortem growth of other bacteria and the associated
primary putrefaction processes causes degradation of originally existing
endogenous DNA, including that of the pathogen, consequently making
it no longer detectable [52,53].

We were able to confirm a mixed TB infection with two strains of the
MTBC L4 sublineages L4.1.2.1/Haarlem and L4.10/PGG3, though the
data for the latter strain was not sufficient to perform a phylogenetic
analysis and we could only confirm it based on lineage-specific SNPs.
These genotypes as well as sublineage L4.3/LAAM were previously
identified in other individuals of the VMC. L4 belongs to one of the most
globally widespread and virulent strains of the human adapted MTBC
and comprises ten sublineages. The geographical distribution of these
sublineages is likely linked to host-susceptibility to TB and host genetic
diversity. L4 is divided into specialist sublineages which are restricted to
specific regions and therefore might be adapted to local host populations
and generalists, which are genetically more diverse than specialists. This
means that generalists have higher proportions of variable human T cell
epitopes and indicates past interactions with diverse immune escape
mechanisms and/or host populations. Generalists and specialists ac-
quired their ability to adapt to different host population independently
from each other and were probably dispersed through different levels of
mobility as they are entirely dependent on humans to migrate. Inter-
estingly, all thus far identified Vac L4 genotypes L4.1.2/Haarlem, L4.3/
LAM, and L4.10/PGG3 belong to generalists, which are the most
frequently found L4 sublineages today in Europe [54].

Moreover, MIs with more than one strain of MTB have become an
increasingly frequent phenomenon in high burden environments and
often cause heteroresistance, compromising the treatment success of

patients. Nevertheless, the detection of MIs remains complex due to the
lack of distinct intraspecies markers [55]. Compared to other strain
typing methods that are limited to specific nucleotide sequences, whole
genome sequencing can provide high resolution data to decipher the
genetic diversity of the MTBC, detect drug resistances, and transmission
dynamics [56-59]. SNPs are informative indicators for genotyping and
distinction between true MIs and other types of infections such as
microevolution, reinfections, or relapses [60-62]. A standardized
approach to analyse MIs has not yet been proposed and potentially
informative SNPs are often dismissed in the analysis as either
sequencing or alignment errors [1,43,63]. Here, we were able to verify a
MI with two distinct strains by applying stringent alignment parameters
and analysing heterozygous and lineage-specific SNPs. The verification
of this mixed TB infection places the introduction of 1L4.1.2.1/Haarlem
and L4.10/PGG3 to the local community to an earlier time point than
previously suspected (Fig. 5), demonstrating a long-time prevalence of
over 100 years in pre-antibiotic Hungary between the 17th and 19th
century, almost 100 years before TB reached its peak in Hungary be-
tween 1896 and 1905 [64].

The community of Vac was greatly affected by a series of terrible
events starting from the late 17th century (Fig. 5). In 1686, after the end
of Turkish rule for over 150 years, the city was left in ruins, with only a
few families surviving. An era of recovery followed with great efforts
made by the Catholic Church to repopulate and rebuild the city, starting
with the building of the Church of Whites in 1699. Families who had
once fled as refugees resettled, and many new artisan families from
German, Czech, and Moravian regions who were promised economic
benefits arrived. The city’s development was halted when it fell under
the control of the Habsburg Empire and was severely devastated by
Serbian mercenaries in 1709. Two-thirds of Vac burned down in 1731,
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Fig. 5. Local historical events of Vac, Hungary between year 1685 and 1838 CE in relation to the lifetime of eight additional Véc individuals with available TB
genome data from Kay et al. 2015. Shape indicates type of infection (circles: single strain infection; diamonds: mixed strain infection) and colours indicate strain type
(turquoise: L4, yellow: L4.1.2.1/Haarlem; pink: L4.3/LAAM; purple: L4.10/PGG3). Dotted lines indicate ambiguous dates. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

the same year as the first burial in the crypt. In 1740, soldiers returned
from war carrying the plague, killing ten percent of the population. The
first hospital and pharmacy were not built until 1763 [65]. We suggest
that the high rates of population mobility and the establishment of
strong social ties might have led to the introduction of new TB strains to
the community and that body210, who was born in 1693, was most
likely exposed to TB from early age. Upon infection, it is common for
MTB to enter a latent state that can last for decades and during which no
transmissions occur. This evolutionary strategy of MTB is considered to
have developed through co-evolution with their human host to sustain
in small populations over time [66,67]. The urbanization of the city and
the substandard living conditions caused by the repeated destruction
were both advantageous factors for the persistence of TB within the
community, which is in accordance with the diversity of L4 strains and
high prevalence of MIs as previously shown by Kay et al. and is now
further supported by our findings [21]. Furthermore, growing host
population density and distinct demographic histories are associated
with phenotypic differences such as increased pathogen virulence,
reduced latency periods or higher transmission potential [58,66,68].
While the concrete infection scenario with multiple TB strains of
body210 remains inconclusive, we believe that the advanced stage bone
remodelling on the ribs of body210 indicate an active and long-term
tuberculosis infection until the time of death. Additionally, due to the
individual’s profession as a midwife and the lack of medical facilities
during lifetime of body210, we argue that the individual had frequent
contact with different households and consequently with potential
actively infectious TB hosts. This, considered together with the acute
inflammation of joints and a possible co-infection with syphilis, points to
a continuous weakening of the immune system, ultimately leading to an
active TB infection. For comparison to body210, the lifetime and the
type of TB infection of the eight individuals with available TB genomic
data published by Kay et al. are shown in Fig. 5. This highlights the
possibility that L4.1.2.1/Haarlem and L4.10/PGG3 were likely intro-
duced to the community at an even earlier timepoint at the turn of the
century.

5. Conclusions

Our study provides further evidence for the long-time prevalence of
L4 generalists and high occurrence of MIs within the community of Vac.
In addition, we highlight the unique potential of the VMC to offer highly
valuable information about genetical and historical epidemiological
links within the community to reconstruct transmission events. This is
useful for better estimation of mutation rates and how different TB
strains have spread and persisted on a community and global level in the
presence of other virulent pathogens at the dawn of the Industrial
Revolution.
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