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Abstract

The TB Portals program is an international collaboration for the collection and dissemination

of tuberculosis data from patient cases focused on drug resistance. The central database is a
patient-oriented resource containing both patient and pathogen clinical and genomic information.
Herein we provide a summary of the pathogen genomic data available through the TB Portals
and show one potential application by examining patterns of genomic pairwise distances.
Distributions of pairwise distances highlight overall patterns of genome variability within and
between Mycobacterium tuberculosis phylogenomic lineages. Closely related isolates (based

on whole-genome pairwise distances and time between sample collection dates) from different
countries were identified as potential evidence of international transmission of drug-resistant
tuberculosis. These high-level views of genomic relatedness provide information that can stimulate
hypotheses for further and more detailed research.
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Introduction

The TB Portals Program is an international collaboration (currently including 13 countries)
whose participants typically are under a heavy burden of drug-resistant tuberculosis (DR-
TB) (1). Several different terms are used to describe the extent of drug resistance in
tuberculosis isolates. The World Health Organization defines multidrug-resistant TB (MDR-
TB) as a positive TB culture demonstrating resistance to the first-line drugs rifampicin and
isoniazid. The next defined level of drug resistance is pre-XDR (extensively drug resistant),
which is MDR with additional resistance to one of the fluoroquinolone drugs (moxifloxicin
or levofloxacin). Extensively drug-resistant TB (XDR-TB) is defined as MDR-TB with
additional resistance to at least one fluoroquinolone and at least one of the antibiotics
bedaquiline or linezolid(2). Other terms used to describe drug resistant tuberculosis are
mono-resistant TB for cultures with demonstrated resistance to only one first-line antibiotic
and poly-resistant TB when there is demonstrated resistances to multiple first-line drugs
(rifampicin, isoniazid, pyrazinamide, and ethambutol) but not both rifampicin and isoniazid.

While drug-sensitive tuberculosis numbers are diminishing worldwide, and effectiveness

of treatment is above 90%, the threat of drug-resistant tuberculosis is growing and the
success rate of DR-TB treatment (usually expensive and toxic) is about 60% (2). To this
end, one of the permanent goals of TB Portals is to collect, study, and make public

a body of information about drug-resistant tuberculosis. A major part of this effort has

been the establishment of the TB Portals database, an anonymized patient-centric resource
containing multi-domain metadata, including patient images (chest x-rays and CT scans)
and pathogen single-nucleotide polymorphisms (SNP) associated with drug resistance (DR),
which are collected, curated, and made available to the research community. As part of

this international collaboration the TB Portals program has collected and processed genome
sequences for more than 2200 Mycobacterium tuberculosis (Mtb) samples.

Compared to drug-sensitive TB, DR-TB usually occurs at a lower frequency, although in
some countries secondary TB infections are very likely to be drug-resistant (3). Building

the capability to collect and manage a broad variety of patient and pathogen data was
considered an important first step for understanding the ecology of DR-TB. Previous
analyses of TB Portals data have included country-specific analyses of DR molecular
evolution (4) and genomic evaluation of relapse/reinfection status (5), polyclonal infection
among lung resection samples (6), clinical metadata correlation with treatment outcomes (7),
and prediction of DR status from patient imaging data via machine learning (8).

As a demonstration of the utility of the breadth of genomic data maintained in TB Portals,
we analyzed a cohort of all published and publicly available records with genomic data from
the TB Portals Data Exploration POrTal (DEPQOT) to assess patterns of diversity within and
between countries and also phylogenomic lineages. For this cohort we calculated pairwise
distances among the samples using SNP panels derived from full genome sequences.

The combination of genomic variability with curated patient metadata (especially sample
collection dates) allowed us to address one of the persistent problems of healthcare: tracking
the sources of drug-resistant TB and identifying local and global pathways of DR-TB
transmission.
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2. Methods

2.1 Processing of SRA records to generate genomic SNP panels

A snakemake(9) pipeline was created to download genome sequence data files from the
NCBI Sequence Read Archive (SRA) database (https://trace.ncbi.nlm.nih.gov/Traces/sra/).
These files were then aligned to the standard Mtb H37Rv reference genome (NC_000962.3)
using the BWA software (10). The resulting bam files were ordered and indexed with the
samtools software (11) and then processed with the pilon software (12) to call variants and
generate vcf files. Vcf files were annotated using the SnpEff software (13) and merged into
a single vcf file which was then processed to include only variable sites. The multi-sample
vcf file was also deposited in the TB Portals Genomic Analysis Portal (GAP) for use with
genomic analysis tools. A summary distribution of phylogenomic sublineage frequencies
by country was generated using the dplyr data wrangling and ggplot2 data visualization
packages in the RStudio statistical analysis software.

2.2 Calculation of pairwise distances

The Plink2 (14) make-king-table function was used to calculate the number of pairwise
SNP differences among all samples in our cohort. The KING robust kinship analysis (15)
implemented in Plink2 was used to calculate the IBSO statistic for each pair of samples to
further characterize variation among Mtb isolates. Many of these records represent multiple
samples from individual patients, including some from the same infection event, which
could potentially bias downstream results. To control for this issue, we calculated pairwise
distances between samples and only kept the most recent sample for cases where the
distance among samples from the same patient was less than 10 SNPs.

The R package ggplot2 was used to generate frequency histograms of the filtered pairwise
distance data. For samples with a pairwise distance of 10 SNPs or less the number

of expected SNPs between closely related sample pairs was calculated using the lineage-
specific substitution rates estimates of Menardo, et al. (16). All of these closely-related
samples were from lineages 2 (East Asian) or 4 (Euro-American) and all pairs were from the
same sublineage. The specific substitution rates used were the rates estimated by separate
BEAST analyses using the 1/x prior on the clock rate on random collections of 300 samples
from lineages 2.2.1 (Beijing) and 4 (Euro-American) (16).

3. Results

When this analysis was performed, 2082 genomes (from Azerbaijan, Belarus, Georgia,
Kazakhstan, Moldova, and Romania) were available as “published data” for analysis and had
genomic data available (presence/absence of DR SNPs) via the TB Portal. After filtering out
samples from potentially the same infection event within a patient, 1884 genomes remained
in the cohort analyzed for this study.

3.1 Phylogenomic sublineage distributions within countries

The distribution of phylogenomic sublineages (17) within sample cohorts for the countries
included in this study are presented in Figure 1. Most countries had the majority of
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their samples belonging to sublineage 2.2.1. The Moldovan samples had a roughly equal
distribution between sublineages 2.2.1 and 4.2.1. A previous analysis of the Moldovan
samples (5) found that these sublineage 4.2.1 samples formed a shallow phylogenetic
clade which was consistent with local person-to-person transmission of closely related DR
isolates. In contrast, compared to samples from other countries, Romanian isolates were
mostly represented by sublineages 4.1.2.1 and 4.8 with a reduced frequency of sublineage
2.2.1,

3.2 Pairwise distance distributions for samples in TB Portals

For the full matrix of pairwise distances we calculated an overall frequency distribution
and frequency distributions broken down by lineage and country. The overall distribution
of pairwise distances was multimodal, with three distinct peaks at 60, 180, and 240 SNPs,
and two large peaks at 1000 (900-1100) and 1500 (1350-1550) SNPs (Figure 2). In the
smaller distance peaks (60, 180, and 240 SNPs) all the pairwise distances were between
samples from the same lineage (or to a sample with a compound lineage that includes the
main lineage). In the two peaks of greater distances (1000 and 1500 SNPs) there were very
few pairs from within the same lineage.

The smaller and broader peak at 1000 SNPs in the overall distribution was primarily
composed of paired samples from sublineages 4.1.2.1, 4.2.1, 4.3.3 or 4.8 (87.5%), including
many 4.2.1+4.8 pairs. A small number of pairwise distances in this range involved samples
from sublineages 4.2.1.1 or 4.8 with samples from sublineage 2.2.1 (9 total pairwise
distances). These pairs involved a specific individual sublineage 4.2.1.1 or 4.8 sample

with multiple sublineage 2.2.1 samples. In each of the individual country distributions
(Supplemental Figure 1) this peak at 1000 SNPs was also present and was the largest peak
in the pairwise distance distribution for samples from Romania which reflects the overall
predominance of lineage 4 isolates in the Romanian cohort. This peak also contained three
instances of pairwise distances between samples from the same lineage 4 sublineages. These
associations are described in more detail below.

The large peak at 1500 SNPs was predominantly composed of sublineage 2.2.1 samples
paired with samples from lineage 4 sublineages (49.7% of all pairwise distances, with

the next highest sublineage at 17.5%). The peak at 1500 SNPs contained two instances

of distances between samples from within the same sublineage. These two cases were

due to two individual samples, one from sublineage 4.3.3 and the other from sublineage
4.8, paired with multiple samples from the same sublineage. Further investigation of these
isolates indicated that these large distances were not due to data quality issues or sample
contamination but additional analysis of the cause was beyond the scope of this analysis.

The distributions of pairwise distances within countries (Supplementary Figure 1) followed
the overall pattern of pairwise distances. For countries with a substantial number of lineage
2 samples there were multiple peaks at small distances and a large peak centered around a
distance of 1500 SNPs. As with the overall distribution, these peaks represented pairwise
distances within lineage 2 and between lineage 2 and lineage 4 samples, respectively. The
distribution for samples from Kazakhstan was qualitatively different due to the low number
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of samples from that country. The peak at 1500 SNPs was much smaller for the Romanian
isolates due to the overall lower frequency of lineage 2 in the samples from this country.

The distributions of pairwise distances/differences within phylogenomic sublineages were
consistently multimodal (Supplemental Figure 2). As most lineage 2 samples were from
sublineage 2.2.1 (1006 of 1044 samples) these pairwise distance distributions were nearly
identical. They had the same median value (189 SNPs) but the overall lineage 2 distribution
had a larger maximum value (889 SNPs versus 728 SNPs for sublineage 2.2.1). Despite the
overwhelming number of samples from sublineage 2.2.1 (906, 48.1% of all samples) the
maximum pairwise distance was only 889 SNPs, indicating that the lineage 2 isolates are
overall less divergent in comparison to the lineage 4 isolates present in our samples.

The lineage 4 pairwise distance distribution had a large peak centered at 1000 SNPs. This
peak was predominantly made up of pairwise distances of sublineage 4.2.1 and 4.8 samples
with other lineage 4 samples (49% of pairwise distances in this peak). Three lineage 4
samples (one from lineage 4 [no sublineage designation], one from sublineage 4.3.3, and one
from sublineage 4.8) had pairwise distances of 900-1100 SNPs with samples of the same
sublineage. The sample from sublineage 4.8 was the same sample having within-sublineage
distances in the peak at 1500 SNPs. Similar to what was found previously these large within-
sublineage distances for these samples do not appear to be due to sequence data quality or
contamination and additional analysis of the cause of these differences was beyond the scope
of this analysis.

Sublineage 4.2.1 was the least divergent sublineage, with a maximum value of 547 SNPs
and a median of 43 SNPs. This low median value is the result of most samples having a
pairwise distance of 20-49 SNPs. The majority of samples from this sublineage are from
Moldova (214 of 275 samples). These Moldovan sublineage 4.2.1 isolates were part of

a very closely related clade of samples that were consistent with high levels of person-to-
person transmission of one clonal lineage or a few closely related lineages of DR TB (5). As
these samples were selected as part of a study of relapse vs. reinfection in persistent DR TB,
there are many paired samples from single patients with recurring DR TB diagnoses in the
TB Portals database. Due to the filtering of closely related samples from the same patient,
the distribution in Supplementary Figure 2 does not reflect single-patient relapse cases but
does include closely related samples from separate patients.

The pairwise distance distributions for sublineages 4.1.2.1, 4.3.3, and 4.8 had much

larger maximum (772 SNPs, 1849 SNPs, and 1561 SNPs, respectively) and median (256
SNPs, 168 SNPs, and 412 SNPs, respectively) values, indicating higher levels of among
sample diversity in these sublineages. The sublineage 4.8 samples had the most divergent
distribution of pairwise differences with a large median (412 SNPs), although the maximum
value (1561 SNPs) was just less than the maximum values for sublineage 4.3.3 (1849
SNPs). Based on the median value, sublineage 4.8 has the most divergent isolates among the
samples in the TB Portals database.
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3.3 Relationships of closely-related samples

We then filtered the complete matrix of distances to only include samples separated by

10 genomic SNPs or less to investigate patterns among closely related samples (Figure

3). Several very closely related and highly internally connected clusters emerged from this
analysis. These clusters generally consist of samples from one country, but there were
exceptions. There was one sample from Romania that clustered within the main cluster of
samples from Moldova. No other Romanian samples had close relationships with samples
from other countries in the database. Two clusters of samples from Belarus had close
connections to separate samples from Azerbaijan. In the center of Figure 3 there was

a loose cluster consisting mostly of samples from Georgia but also including individual
samples from Belarus, Azerbaijan, and Moldova. This cluster also had a connection through
one sample to a tight cluster of several Georgian samples. For samples from Belarus and
Moldova it was shown that these closely related samples were consistent with person-to-
person transmission of DR TB (4,5).

For this analysis we identified several samples from different countries that were also very
closely related (Table 1). To better understand the relationships among these samples, we
calculated the lower and upper bounds of expected number of SNPs between samples using
the sample collection dates and lineage-specific substitution rates (16). In most cases the
number of expected SNPs between closely related pairs was much smaller than the number
of SNPs between the two genomes. This pattern is consistent with these samples being
related through a common ancestor that is older than the current set of samples. In four cases
the actual number of SNPs fell within the range of expected number of SNPs calculated
using the 95% highest posterior density of the estimated lineage-specific substitution rates
(16). This pattern is consistent with a close genealogical relationship among the samples
from these patients. These four pairs of samples are highlighted in Table 1.

Closer inspection of these four pairs of samples from Table 1 found that they also had

very similar DR SNP panels. Two of the pairs had identical SNP panels. The sample

pair from Azerbaijan and Kazakhstan (SRR7655790 and SRR10303352, respectively) was
separated by less than one year (288 days) and had identical DR SNPs. The remaining three
pairs consisted of two older samples from Belarus (SRR1159053 and SRR1163177) with
one newer sample from Georgia (SRR10397096) and two from Azerbaijan (SRR6384965
and SRR7655469). The older sample from Belarus that was very similar to a single

sample from Azerbaijan (SRR1163177 and SRR7655469, respectively) was separated by
6.6 years but still had an identical panel of DR SNPs. The other older sample from

Belarus (SRR1159053) was very similar to two samples from Georgia (SRR10397096) and
Azerbaijan (SRR6384965). The elapsed time between this Belarus sample and the Georgia
sample was 3.3 years, while the Azerbaijan sample was collected 4.5 years after the Belarus
sample. This Belarus sample had the katG S315T and rpoB S450L DR SNPs. The newer
Azerbaijan sample additionally had the gyrA D94G fluoroquinalone DR SNP. The Georgia
sample had a complex genotype. It had multiple DR SNPs including the katG S315T

and rpoB S450L SNPs but all the DR SNPs in this sample were present at intermediate
frequencies (55.2%-60.5% of the reads). This pattern of nearly equal frequencies of reads
across DR SNP loci in the sample is consistent with this sample having a mixed infection.

Tuberculosis (Edinb). Author manuscript; available in PMC 2023 March 01.
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Without further sequencing efforts it is impossible to determine the exact DR SNP status
of the individual strains present in this sample. It should also be mentioned that if there
were extraneous factors that could have increased substitution rates (such as hitchhiking
of genomic SNPs with DR SNPs under selection due to therapy (18)) then there could be
additional candidates for direct transmission across international borders.

Overall, we have found that magnitudes of pairwise distance among Mtb genomes are

due to differences among lineages. Interestingly, some sublineages within lineage 4 are

as divergent from each other as they are from lineage 2. There are also some rare cases
where individual isolates are extremely divergent from members of their same phylogenomic
lineage. The use of full genome sequence data with curated isolate metadata, particularly
sample collection date, allow the identification of isolates from different countries that are
closely linked genealogically. This is strong evidence for international transmission of DR
TB. These relationships would be difficult to ascertain from data collected under a more
limited geographic, genealogical, or temporal scope.

4. Discussion

The samples deposited in the TB Portals database provide researchers the basic resources to
investigate broad patterns of pathogen genetic variation and how it correlates with clinical
and phenotypic aspects of these samples. Since one aspect of these samples provided by
individual countries is their retrospective analysis as part of local research initiatives the
samples will reflect individual donors’ research foci. This can lead to subtle biases in the
data, such as the presence of multiple samples from individual patients when the time-course
of infection is of interest. Factors such as this must be taken into account when performing
broader analyses of TB Portals data.

For these types of analyses multiple instances of serial samples from single patients could
influence the results and must be accommodated. As an example, for our analysis of the
pairwise distances this bias should skew the distribution of pairwise differences, inflating
the peak at lower values. Even after controlling for relapse cases (removing one or more
samples from a single patient if the number of genomic SNP differences was < 10 SNPSs)
large peaks in the frequency distribution at small distances were still present. These peaks
are due to pairwise relationships among samples within the same phylogenomic lineage,
especially lineage 2. Within the TB Portals samples many of these close relationships are
due to samples consistent with high levels of person-to-person transmission in individual
countries. Previous phylogenomic analyses of the Belarus and Moldova samples found
closely related clusters which are consistent with this phenomenon (4,5). Interestingly,
evaluation of samples across the entire database found pairs of samples that were consistent
with close transmission but were collected in different countries. Therefore, our genomic
analysis identified several cases of transmission of specific drug-resistant TB lineages across
international borders. In spite of the potential bias in TB Portals samples due to emphasis
on local DR outbreaks we still see obvious peaks around 1500 SNPs difference because
these depositions still contain samples across divergent lineages (lineage 2 and lineage 4),
and this is reflected in all of the single-country plots (Supplemental Figure 1). The presence
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of specific biases in the samples from individual collaborators did not negate other general
patterns that were present more broadly through the cohort.

The Mth genome is notorious for having a class of loci for which aligning typical short-
read genomic data are difficult. These loci, termed PE/PPE loci, encode for proteins
carrying proline-glutamate (PE) and proline-proline-glutamate (PPE) repeat motifs at their
N terminus and they make up approximately 10% of the Mtbh genome(19). The combination
of repetitive elements, sequence conservation, and high GC content makes mapping of reads
to these regions problematic. Typically, these loci are masked from Mth genomic analyses
due to these complications. This filtering step could potentially bias any results based on
genomic distances by excluding the variation at these loci. In our pairwise distance analysis
we did not exclude these regions so the distances reported include their variation. However,
the problematic alignment of short reads at many of these loci could lead to inaccuracies

in the estimation of SNP distances due to read misalignments(20). Our experience has been
that the inaccuracies in pairwise distances due to misalignment of reads at PE/PPE loci

is small with respect to the additional information gained by including these loci. Recent
advances in sequencing technology, especially with regarding long-read sequencing, show
promise in resolving many of these issues.

Another aspect of the pairwise distance analysis is the presence of ambiguous nucleotide
calls in the data. Since the Mtb genome is haploid, these ambiguities will be the result of
sequencing errors or pathogen population structure in the sample. Sequencing errors are
controlled by the quality assurance steps of the data processing pipeline so are considered
to be of minimal impact. The quasispecies nature of infections is the major source of
ambiguities in these data (21). In one case, one of the samples identified as being closely
related to samples from other countries was found to have majority nucleotide calls at DR
loci on the order of 50-60% of the reads at these sites. This can be an issue depending

on how the distance calculation algorithm deals with ambiguity codes in the nucleotide
sequences.

5. Conclusions

Bryant, et al. state that the “establishment of whole-genome databases will further enhance
the possibility to compare samples to exclude or propose transmission.”(22) Tuberculosis
is one of many diseases that are exacerbated by the increasing threat of drug-resistant
pathogens. Understanding and documenting the molecular basis of drug-resistance on a
broad scale would allow the fine tuning of diagnostics and treatment of evolving pathogens.
Continuous full-genome sequencing to monitor for new variants of pathogens is essential
for development of new drugs, vaccines and diagnostics. The TB Portals is an important
resource for the investigation of M. tuberculosis molecular evolution as it connects a
curated database of clinical and image data with publicly available whole-genome sequence
records. The TB Portals does not store fully assembled M. tuberculosis genomes, we
instead compute and make available all DR SNP data, complementing the submitted DST
tests results with genomic-wide analysis. For all TB Portals sequencing projects, the raw
genome sequence data files are deposited in the publicly accessible SRA database. The
breadth of the samples in the TB Portals database allows the discovery of heretofore
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unrecognized genomic relationships among isolates across geographic regions (the breadth
of which will increase with future depositions). The availability of complete genomes with
associated sample collection dates allows for the inference of genealogical connections
among the samples deposited in the TB Portals database. The collection of DR SNP data, in
conjunction with clinical and other metadata curated in the TB Portals, provides the research
community with an extraordinary resource that can be used for retrospective pathogen
genomic analysis across broad geographic, temporal, and evolutionary perspectives. Large,
broadly sampled databases of pathogen genomic sequence data, when combined with other
dimensions of these samples such as clinical and/or image data, facilitate the investigation of
epidemiological hypotheses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Distribution of pairwise distances for 2225 TB Portals samples. Distances represent number

of different genomic SNPs between individual Mtb genomes. PE/PPE loci were not filtered
out from the data used for these calculations.
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