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Abstract

Background: Stoolis an important diagnostic specimen for tuberculosis in populations who struggle to provide
sputum, such as children or people living with HIV. However, the culture of Mycobacterium tuberculosis (M. tuberculosis)
complex strains from stool perform poorly. This limits the opportunity for phenotypic drug resistance testing with this
specimen. Therefore, reliable molecular methods are urgently needed for comprehensive drug resistance testing on
stool specimens.

Methods: We evaluated the performance of targeted next-generation sequencing (tNGS, Deeplex® Myc-TB) for the
detection of mutations associated with M. tuberculosis complex drug resistance on DNA isolated from stool specimens
provided by participants from a prospective cohort of patients treated for tuberculosis in Eswatini (n =66; 56 with and
10 participants without M. tuberculosis complex DNA detected in stool by real-time quantitative PCR), and an inde-
pendent German validation cohort of participants with culture-confirmed tuberculosis (n=21).

Results: The tNGS assay detected M. tuberculosis complex DNA in 38 of 56 (68%) samples; for 28 of 38 (74%) samples,
a full M. tuberculosis complex drug resistance prediction report was obtained. There was a high degree of concord-
ance with sputum phenotypic drug susceptibility results (k =0.82). The ability to predict resistance was concentra-
tion-dependent and successful in 7/10 (70%), 18/25 (72%), and 3/21 (14%) of samples with stool PCR concentration
thresholds of > 100 femtogram per microliter (fg/ul), 1 to 100 fg/ul, and < 1 fg/ul, respectively (p=0.0004). The German
cohort confirmed these results and demonstrated a similarly high concordance between stool tNGS and sputum
phenotypic drug susceptibility results (k= 0.84).

Doctor B. Sibandze, Alexander Kay, Viola Dreyer and Welile Sikhondze
contributed equally to this work.

TStefan Niemann and Anna Mandalakas contributed equally to this work.

*Correspondence: Alexanderkay@bcm.edu; Anna.mandalakas@bcm.edu

2 Baylor College of Medicine Children’s Foundation-Eswatini, Mbabane,
Eswatini

3 Global Tuberculosis Program, Baylor College of Medicine, Houston, TX,
USA

Full list of author information is available at the end of the article

©The Author(s) 2022, corrected publication 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0
International License, which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes

were made. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a
credit line to the data.


http://orcid.org/0000-0001-5283-4697
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13073-022-01054-6&domain=pdf

Sibandze et al. Genome Medicine (2022) 14:52

Page 2 of 11

Conclusions: tNGS can identify drug resistance from stool provided by tuberculosis patients. This affords the
opportunity to obtain critical diagnostic information for tuberculosis patients who struggle to provide respiratory

specimens.
Keywords: Tuberculosis, Drug resistance, Feces

Background

Only 7.1 million (71%) of the estimated 10 million indi-
viduals with tuberculosis (TB) accessed care in 2019 [1].
A large case detection gap exists for people living with
HIV (PLHIV), children, and patients with drug-resistant
tuberculosis [1]. Multi-drug resistant (MDR) tuberculosis
(resistance to at least isoniazid and rifampicin) now rep-
resents 3.3% of new tuberculosis cases and 18% of previ-
ously treated cases globally [1] and continues to rise as
a proportion of detected tuberculosis cases [2—4]. There
is an urgent need for rapid, comprehensive detection of
drug resistance of Mycobacterium tuberculosis (M. tuber-
culosis) complex strains to guide appropriate treatment
regimens [5]. Early identification of patients with multi-
drug-resistant tuberculosis, rapid molecular drug resist-
ance testing (mDST), and linkage to care is paramount
to decreasing transmission of MDR M. tuberculosis com-
plex strains.

The etiology of the case detection gap in low and
middle-income countries is multifactorial, but in part
is due to challenges with sputum collection in children
and PLHIV [6, 7]. Young children and PLHIV are often
unable to physically provide sputum samples; thus, pro-
cedures such as sputum induction or gastric aspiration
are required to collect diagnostic specimens for pulmo-
nary tuberculosis [8]. A growing body of evidence dem-
onstrates that M. tuberculosis can be found in the stool
of patients with tuberculosis. Identification of M. tuber-
culosis complex in stool specimens by polymerase chain
reaction (PCR), typically with the GeneXpert® MTB/
RIF (Xpert), has demonstrated sensitivity between 60
and 70% against culture on respiratory specimens in chil-
dren and adults [9, 10]. Hence, stool is now accepted as a
diagnostic specimen to detect M. tuberculosis complex in
children and PLHIV who have difficulty producing spu-
tum [11, 12]. Sensitivity may be improved through spe-
cialized DNA extraction protocols [13]. In contrast, stool
culture of M. tuberculosis complex strains has a sensitiv-
ity of under 30% against respiratory culture, limiting the
utility of phenotypic drug susceptibility testing (pDST)
from stool specimens [14]. Therefore, reliable methods
for resistance prediction based on stool specimens are
urgently needed.

Herein, we share the results of an investigation to
assess the feasibility and accuracy of targeted ampli-
con-based next-generation sequencing (tNGS) with the

Deeplex® Myc-TB assay (Genoscreen, Lille, France) on
DNA obtained by a specialized stool DNA extraction
method, using an adjusted version of the MP Fast DNA
kit for soil (MP Biochemicals, Solon, OH) [13]. We evalu-
ated the performance of tNGS with DNA isolated from
stool specimens provided by participants from a prospec-
tive cohort of patients treated for TB in Eswatini (n = 66;
56 with and 10 participants without M. tuberculosis
complex DNA detected in stool by real-time quantita-
tive PCR), and an independent German validation cohort
of participants with culture-confirmed TB (n=21). We
present the first evidence that tNGS not only detects M.
tuberculosis complex DNA from stool samples in rela-
tion to the amount of DNA present, but also provides full
mDST predictions for at least 13 anti-tuberculosis drugs.

Methods

Study population and setting

For the Eswatini cohort (cohort one), samples were
obtained from a prospective study cohort including child
and adult tuberculosis patients, at or within two weeks
of treatment initiation, and their asymptomatic house-
hold contacts. Between 2014 and 2019, outpatients were
recruited from tuberculosis clinics at the Mbabane Gov-
ernment Hospital, Baylor Children’s Foundation Clinic
in Mbabane, and the Raleigh-Fitkin Memorial Hospital
in Manzini. Study data was captured by trained research
assistants using uniform case report forms. Respiratory
specimens were provided by expectorated or induced
sputum in adults and by induced sputum or gastric aspi-
ration in children unable to expectorate. Participants
were considered to have confirmed tuberculosis if a res-
piratory specimen was positive by Xpert or liquid cul-
ture with Mycobacteria Growth Indicator Tubes (MGIT,
Becton Dickinson, Franklin Lakes, NJ, USA) and prob-
able tuberculosis if radiographs, clinical symptoms and
response to therapy were compatible with tuberculosis.
For the German cohort (cohort two), stool and sputum
samples from adult patients with culture-confirmed pul-
monary tuberculosis were prospectively collected, follow-
ing informed consent for participation in a prospective
cohort, at the Medical Clinic of the Research Center
Borstel, Germany, between 2018 and 2019. Patients at
the Medical Clinic in Borstel, Germany are commonly
referred for initiation of TB treatment or diagnostics
when the diagnosis is considered at other facilities.
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The objective of this study was to assess the feasibility
and accuracy of tNGS on M. tuberculosis complex DNA
isolated from stool in patients diagnosed with tuberculo-
sis. A cross-sectional, convenience sample of specimens
with a range of concentrations of M. tuberculosis DNA
detected by qPCR or negative was selected to evaluate
tNGS performance. Furthermore, samples from both
cohorts were analyzed for concordance between mDST
by stool tNGS and pDST from sputum.

Laboratory methods

Cohort One: Consistent with Eswatini national guide-
lines [15], each participant provided two sputum speci-
mens. One was tested by Xpert MTB/RIF (2014—-2019)
or Xpert Ultra (2019) in accordance with manufacturer
instructions [16]. The second specimen was used for cul-
ture at the National Tuberculosis Research Laboratory
(NTRL) in Mbabane, Eswatini. Sputum cultures were
performed with the Mycobacterium Growth Indicator
Tubes (MGIT) 960 system, liquid media for the cultiva-
tion of mycobacteria, according to manufacturer instruc-
tions [17]. Phenotypic DST was performed with the
MGIT system for isoniazid, rifampicin, pyrazinamide,
streptomycin, ethambutol, and, when indicated, fluoro-
quinolones, amikacin and capreomycin. Phenotypic DST
on solid culture (Lowenstein-Jensen) and for second-line
drugs such as moxifloxacin or bedaquiline was not pos-
sible to perform due to limitations in laboratory capacity
in Eswatini.

Cohort Two: Each participant provided two sputum
samples and a stool sample, on the same day as admission
for tuberculosis care. Specimens were stained for acid-
fast bacilli and analyzed by microscopy and the presence
of M. tuberculosis complex DNA by Xpert Ultra, if not
already performed at the referring hospital. Solid culture
(Lowenstein-Jensen) and liquid culture (MGIT) were
performed in addition to phenotypic DST for isoniazid,
rifampicin, ethambutol, and pyrazinamide. In the case of
drug resistance against isoniazid and rifampicin, compre-
hensive second-line pDST was performed for levofloxa-
cin and moxifloxacin, bedaquiline, linezolid, clofazimine,
cycloserine/terizidone, delamanid, amikacin, kanamycin,
capreomycin, PAS, and prothionamide (representative
for thiamids). Second-line DST was performed in MGIT
and interpreted based on World Health Organization
(WHO) critical concentrations [18]. For cycloserine,
pDST was performed on a solid medium using a critical
concentration of 30 mg/L.

For both cohorts, stool was frozen within 12 h of col-
lection at -80 °C. In Eswatini, stool was frozen without
preservatives in 2-g aliquots prior to DNA isolation. In
Germany, stool was aliquoted with 500 mg stool in one
ml 20% Glycerol/PBS. Stool was thawed in batches and

Page 3 of 11

DNA was isolated as previously described [13, 19]. In
brief, 500 mg of stool was processed using the MP Fast
DNA kit for soil (MP Biochemicals, Solon, OH) with a
six-minute homogenization via bead-beating disruption
on the SI-D238 Disruptor Genie (Scientific Industries,
Inc., Bohemia, NY). The isolated DNA was tested with
a previously described qPCR [13] or with the Diarella
MTB/NTM/MAC kit (Gerbion, Kornwestheim, Ger-
many) following the manufacturer instructions [20] and
quantified using H37Rv standard curves.

Isolated DNA was sent to the Molecular and Experi-
mental Mycobacteriology, Research Center Borstel, Bor-
stel, Germany for tNGS analysis. The Deeplex® Myc-TB
assay targets full sequences (i.e. coding sequence plus
part of promoter region) or the most relevant regions of
18 drug resistance-associated genes (rpoB, ahpC, fabGl,
katG, inhA, pncA, embB, gyrA, gyrB, rrs, eis, tlyA, gidB
rpsL, ethA, rv0678, rrl, rplC), combined with genomic
targets for mycobacterial species identification (/isp65)
and M. tuberculosis complex strain genotyping (CRISPR
locus)21. After Deeplex® Myc-TB amplification as
instructed by the manufacturer (24-plexed PCR using a
single Master Mix), amplicon libraries were prepared
using the Nextera XT kit and sequenced with 150 bp
paired-end reads using a NextSeq 500 instrument (Illu-
mina, San Diego, California, USA). Analyses were per-
formed using the integrated bioinformatics pipeline v1.3
implemented in the Deeplex® Myc-TB web application
[22]. In short, NGS reads were automatically mapped on
M. tuberculosis H37Rv reference sequences using Bow-
tie 2 [23], and variants were called with a limit of 3%
read proportion depending on coverage depth. Samples
were then classified in accordance with breadth of target
coverage and categorized by quality as ND,—,+,+ +,
or+ + +. Detected variants were automatically associ-
ated with drug resistance or susceptibility, or phyloge-
netic lineage by comparison with integrated reference
variant using the curated ReSeqTB database [21]. When
variants were not included in the database, mutations
were defined as uncharacterized. Furthermore, a 401-bp
segment of the /sp65 gene is used as a primary reference
for mycobacterial species identification [21], the direct
repeat region for spoligotype identification of MTBC
strains [24], and an internal control sequence to control
PCR inhibition. The identification can also be used as
control for mixed infections, as not only the best match is
reported by the software.

Mixed infection is also signaled by a phylogenetic vari-
ant detected at less than 95%, indicating the simultane-
ous presence of one strain harboring this variant present
at this percentage and another strain sharing the same
sequence as the reference at this position, present at
approx. 100% minus this percentage.
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The association between the qPCR cycle threshold
category and a successful Deeplex® Myc-TB result was
evaluated using a Cochran-Armitage test for trend.
Cohen’s kappa statistic was used to compare Deep-
lex® Myc-TB results on stool to sputum susceptibility
results.

The sequencing data has been deposited in European
Nucleotide Archive (ENA) database (Accession num-
ber: PRJEB47403, https://www.ebi.ac.uk/ena/browser/
view/PRJEB47403?show=reads [25].

Results

Study cohorts

Cohort one included 66 patients diagnosed with
tuberculosis (Table 1); 56 participants with and 10
participants without M. tuberculosis complex DNA

Page 4 of 11

detected in stool by qPCR. The cohort was predomi-
nantly female (59%) with a median age of 31 (Inter-
quartile (IQR 22 to 36) years (10/66 were aged less
than 19 years) and 67% were PLHIV with a median
CD4+T cell count of 248 cells/ml (IQR 121-346).
The majority had confirmed tuberculosis (96%) with
83% confirmed by Xpert, 73% by MGIT culture on
respiratory specimens, and 85% by stool qPCR. The
results of respiratory diagnostic testing compared
with the stool qPCR are described in Table 2. Among
participants positive by stool qPCR, 10/56 (18%) had
a concentration of>100 femtogram per microliter
(fg/ul) (approximately 2316 CFU of M. tuberculosis),
25/56 (45%) were between 1 and 100 fg/ul, and 21/56
(37%) had <1 fg/pl of M. tuberculosis DNA (approxi-
mately 63 CFU of M. tuberculosis)13.

Table 1 Cohort characteristics of participants undergoing stool Deeplex® Myc-TB testing

Cohort characteristics

Eswatini cohort N (%) German cohort N (%)

Total number 66 21
Sex Female 39 (59) 2(10)
Male 27 (41) 19 (90)
Age (years) Median (IQR) 31(22-36) 30 (22-39)
Age Oto 18 10 (15) 0
19 and above 56 (85) 21 (100)
Tuberculosis disease classification Confirmed 63 (96) 21 (100)
Probable 34 0
HIV status Positive 44 (67) 0
Negative 22 (33) 21 (100)
CD4(cells/ml) Median cells/ml (IQR) 248 (121-346)° NA
BMI Median (IQR) 20 (18-23)° 21 (19-24)
Sputum Xpert MTB/RIF Ultra M. tuberculosis complex: Detected 55 (83) 16 (76)
M. tuberculosis complex: Trace 0 2(10)
M. tuberculosis complex: Not 6(9) 1(5)
detected
NA 5(8) 2(10)
Xpert rifampicin resistance Detected 3(6) 8(50)
Not detected 47 (86) 8 (50)
NA 5(8) NA
Sputum culture result Positive 48 (73) 21 (100)
Negative 5(8) 0
NA 13(19) 0
Stool PCR qualitative result M. tuberculosis complex 56 (85) 16 (76)
Detected
M. tuberculosis complex 10 (15) 5(24)
Not Detected
Stool PCR fg/ul M. tuberculosis complex DNA >100 10 (18) 2(13)
1to 100 25 (45) 7 (44)
<1 21(37) 7 (44)

IQR interquartile range, NA not available, PCR polymerase chain reaction, m/ milliliter, M. tuberculosis complex Mycobacterium Tuberculosis Complex

2N=36,"°N=62
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All 21 participants of cohort two (Table 1) were
HIV-negative adults with culture-confirmed tubercu-
losis, predominantly male (90%) with a median age of
30 years (IQR 22-39). Xpert Ultra detected M. tubercu-
losis complex DNA in sputum of 86% of the patients (16
positive and 2 trace) (Table 2). Of the 16 German par-
ticipants positive by stool qPCR, 2 (13%) had concen-
trations > 100 fg/ul, 7 (44%) were between 1 and 100 fg/
ul, and 7 (44%) had<1 fg/pl of M. tuberculosis DNA
(Fig. 1B).

Performance of tNGS

Each DNA specimen isolated from stool was evaluated
by tNGS. In the Eswatini cohort (Fig. 1A), of ten speci-
mens that were negative by stool quantitative qPCR,
tNGS results were negative in nine and positive in one.
Overall, tNGS detected M. tuberculosis complex DNA in
38/56 (68%) of samples that were positive by M. tuber-
culosis complex qPCR. Of the 38 samples with tNGS
results, 28 (74%) had sufficient reads for the prediction of
drug resistance in up to 13 anti-tuberculosis drugs.

There was a concentration-dependent relationship
for tNGS drug resistance prediction; it was possible for
7/10 (70%), 18/25 (72%) and 3/21 (14%) of samples with
stool qPCR concentrations of>100 fg/ul, 1 to 100 fg/pl
and<1 fg/pl to produce a resistance report, respectively
(p=0.0004). This was confirmed by a logistic regres-
sion model, which demonstrated a strong association
between increasing M. tuberculosis DNA concentrations

Table 2 Cross-tabulation of stool gPCR results with respiratory
diagnostics (MTB culture and Xpert Ultra) in cohort 1 (Eswatini)
and cohort 2 (Germany)

Stool gPCR

Sputum Xpert Ultra results by stool qPCR result

Cohort 1 Positive Negative
MTB detected 49 6
MTB NOT detected 3 3
Not available 4 1
Cohort 2 Positive Negative
MTB detected 13 5
MTB NOT detected 1 0
Not available 2 0
Sputum MTB Culture results by stool qPCR result
Cohort 1 Positive Negative
Positive 42 6
Negative 3 2
Not available 11 2
Cohort 2 Positive Negative
Positive 15 6
Negative 0 0

Page 5 of 11

and successful tNGS drug resistance prediction (Addi-
tional file 1: Table S1). There was no association between
the timing of stool collection within the study enrollment
window and successful tNGS (Additional file 2: Table S2).
The quality of tNGS results increased with M. tubercu-
losis DNA concentrations, with a median average cover-
age depth of 2866.1 in samples with qPCR concentrations
of >100 fg/ul, of 1298.4 in samples with qPCR concen-
trations of 1-100 fg/pl, and 51.1 in samples with a qPCR
concentration of <1 fg/ul.

In cohort two (Fig. 1B), tNGS detected M. tuberculosis
complex DNA and produced a resistance report in 12/16
(75%) of samples that were positive by M. tuberculosis
complex qPCR; 2/2 (100%), 7/7 (100%) and 3/7 (20%) of
samples with stool qPCR M. tuberculosis DNA concen-
trations of >100 fg/pl, 1-100 fg/pul and<1 fg/pul, respec-
tively (p=0.02).

Detailed resistance analysis

Cohort one

Among cohort one participants with paired tNGS mDST
results in stool and pDST results from sputum, there
was a high degree of concordance (k=0.82) between
the two assays (Fig. 2A and Additional file 1: Table S3).
In 18 specimens with paired mDST and pDST results for
isoniazid and ethambutol, concordance was substantial
to almost perfect (k=0.73 and k=1, respectively). The
second-line pDST results for fluoroquinolones, amika-
cin and capreomycin in participants with first-line drug
resistance detected by Xpert or pDST were available in
three participants and were concordant with mDST
results from stool.

Out of the 28 samples from cohort one (Fig. 2A)
with sufficient sequencing quality, six (21%) were clas-
sified as multidrug-resistant, four of which harbored
the rpoB 1491F mutation. One sample was classified
as extensively drug-resistant based on the identifica-
tion of a fluoroquinolone resistance mutation and a
mutation in rv0678 [26]; the latter mutation has been
defined as a marker for bedaquiline and clofazimine
resistance [27]. The pDST and stool mDST on this
patient also demonstrated fluoroquinolone resist-
ance. In addition, three other samples with the rpoB
[491F mutation also had the mutation in rv0678 and
are therefore likely to be bedaquiline and clofazimine
resistant. In Eswatini, pDST testing for these medica-
tions was not available.

Among the 18 specimens with paired molecular and
phenotypic results for rifampicin resistance, two were
resistant by both methods, including one specimen
identified with the rpoB 1491F mutation. However, two
additional specimens identified with the rpoB I491F
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Fig. 1 Study flow chart demonstrating results classified in accordance with real-time polymerase chain reaction (qPCR) and concentrations in fg/ul
(1 and 100 fg/ulL of DNA equates to 62.65 CFU and 2316.13 CFU of H37Rv Mtb/50 mg of stool). Targeted sequencing quality was graded as quality
(ND) not detected (red), quality — indicative of partial reads (yellow), and quality +,+ 4, and + + + indicating complete reads with adequate
depth of coverage (green). A Cohort 1 and (B) Cohort 2. *partial resistance report possible for one sample. Abbreviations: ND, not detected

mutation via mDST were tested susceptible by pDST. The
remaining 14 specimens were susceptible by both meth-
ods. Overall concordance between mDST and pDST for
rifampicin resistance was substantial (k=0.61). Notably,
all of the specimens with an rpoB I1491F mutation also
had a rv0678 M146T mutation that confers resistance to
bedaquiline and clofazimine [27].

Cohort Two

The German validation set (cohort two) included 21
participants with culture-confirmed tuberculosis. Stool-
based mDST results were completely interpretable for
drug resistance in 11 of 21 (52%) stool specimens and
partially interpretable in one additional sample (B1)
(Fig. 2B). Concordance between stool-based mDST with
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sputum pDST was high (k=0.84) including the drugs
used in multidrug-resistant tuberculosis treatment regi-
mens, for which few pDST data were available for the
Eswatini samples (Fig. 2B and Additional file 1: Table S3).
Six out of these 12 (50%) were classified by mDST in stool
as rifampicin-resistant and one sample had an unknown
mutation in rpoB L430P, which showed resistance by
pDST.

Two out of the six samples with rifampicin resistance
showed additional resistances: one was classified as
pre-XDR-TB based on the identification of a fluoroqui-
nolone resistance mutation and another one defined as
XDR-TB due to a combination of fluoroquinolone resist-
ance-mediating mutation gyrA D94G and bedaquiline

resistance-mediating mutation in rv0678. The pDST on
these participants confirmed the genotypically predicted
resistances. For clofazimine, mDST in stool identified a
rv0678 G65E mutation, but the corresponding sputum
specimen was determined to be susceptible by pDST
(B12). However, this mutation is flagged as a mutation
with a minimum of confidence and was also called with
low frequency of 6%.

Mixed infections

The tNGS assay also generates data on mixed infections
(e.g. with two M. tuberculosis complex strains), heterore-
sistance, spoligotype, and phylogenetic lineage classifica-
tion. Within cohort one, four participants were found to
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have mixed infections (one by species identification and
three by lineage-specific SNP analysis) with the minority
population detected by the species identification match
at 8% of the total (Additional file 1: Table S4). Multiple
lineages were detected in one patient with multidrug-
resistant tuberculosis. SNP-based lineage prediction was
possible for 28 samples, with two identified as belonging
to lineage 1, three to lineage 2, ten to lineage 4.3 and 13
which could not be further classified except as not H37Rv
(Additional file 1: Table S4).

Within cohort two, two of 13 participants were found
to have mixed infections (one by blast and one by line-
age-specific SNP analysis) with the minority population
detected by blast at 6% of the total (Additional file 1:
Table S5). Overall, SNP-based lineage prediction was
possible for 13 samples, with one identified as belong-
ing to lineage 1, four to lineage 2, one to lineage 3, one
with markers for lineage 1, 7 (M. tuberculosis), 5, 6 (M.
africanum), animal lineages or M. canettii and six which
could not be further classified except as being other than
H37Rv (Additional file 1: Table S5).

Discussion

In these observational cohorts of outpatients diagnosed
with confirmed and probable tuberculosis in Eswatini
and Germany, we demonstrate for the first time that
comprehensive mDST from stool samples is possible
by combining a specific DNA extraction method with
targeted genome sequencing [13]. The performance
and accuracy of tNGS for molecular resistance predic-
tion from stool samples was confirmed in our validation
cohort pointing towards stool as a diagnostic opportu-
nity to complete rapid DST through tNGS when analy-
sis in sputum fails or when sputum is not available. The
data obtained also indicated that a simple pre-screening
procedure based on qPCR standardized quantitative lev-
els of M. tuberculosis complex DNA can be used to select
samples with the highest chance of successful tNGS. This
evidence highlights the potential to expand the role of
stool as a specimen for the diagnosis of tuberculosis by
allowing for rapid comprehensive mDST of first-line and
second-line anti-tuberculosis drugs.

Stool is now recommended as a tuberculosis diagnos-
tic specimen by the World Health Organization for use
with the Xpert assay, but resistance testing with this
assay is limited to rifampicin and misses relevant muta-
tions such as I1491F in rpoB [28]. Following a novel stool
DNA extraction method [13], the tNGS assay provided
sequence-based drug resistance information on 57%
(41/72) of specimens positive by stool qPCR including
both cohorts investigated in this study. The rate of tNGS
M. tuberculosis complex resistance detection from stool
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DNA increased to 77% (34/44) when the testing was lim-
ited to specimens with a qPCR concentration of > 1 fg/pl.
Similar to reductions in performance of line probe assays
[29], WGS [30], and tNGS [21] with smear-negative res-
piratory samples, we found a reduction in M. tuberculosis
complex resistance detection by tNGS in specimens with
a qPCR DNA concentration of<1 fg/ul. This provides a
potential threshold for triaging stool samples on which
tNGS can reliably be performed; thereby, reducing costs
associated with unsuccessful runs.

The DNA isolation described in this study was per-
formed in a tuberculosis research laboratory in Eswatini,
proving that it can be implemented in other high-bur-
den settings. Likewise, the Deeplex® Myc-TB assay
streamlines sequencing requirements and has now been
implemented in national drug resistance surveys in sub-
Saharan Africa [21, 31], suggesting that this approach
may also be suitable for high-burden settings. Indeed,
implementation of tNGS through the SeqMDRTB_NET
network project (https://ghpp.de/de/projekte/seqmd
rtb-net/) in multiple Sub-Saharan countries, including
Eswatini, is currently underway.

One important characteristic of the Deeplex® Myc-
TB assay is the ability to interrogate 18 genomic regions
involved in resistance development to 13 anti-tubercu-
losis drugs in clinical M. tuberculosis complex strains.
This is crucial in areas that are affected by the epidemic
spread of drug-resistant strains with resistance mutations
not detected by other conventional mDST assays such as
Xpert [27, 32]. For example, in Eswatini more than 50% of
the multidrug-resistant M. tuberculosis complex strains
carry the 1491F mutation in rpoB, which is not detected
by the Xpert and line probe assays endorsed by the WHO
[27, 33]. As a consequence, strains with this mutation,
which confers clinical resistance to rifampicin, are typi-
cally inaccurately tested sensitive by Xpert, line probe,
and liquid pDST [34-37]. This leads to delayed detection
of patients affected by multidrug-resistant tuberculosis,
non-effective treatment, and ongoing transmission of the
I491F rpoB outbreak strains [27, 32]. This effect is evi-
denced by the increase of the 1491F rpoB outbreak strains
in Eswatini, from 30% in 2008/2009 to 60% in the recent
drug resistance survey [38]. Of equal concern is the fact
that more than 50% of the 1491F rpoB MDR M. tubercu-
losis complex outbreak strains also have a Rv0678 M146T
mutation, which confers bedaquiline and clofazimine
resistance [27]. TNGS performed directly on sputum
and now on stool samples can overcome this diagnostic
challenge.

The capacity to perform targeted sequencing on M.
tuberculosis complex DNA isolated from stool also has
important implications for evaluating the impact of
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mixed infections on patient outcomes. In this study, 12%
(6/51) of patients from both cohorts with M. tuberculo-
sis complex detected had evidence of mixed infections
which are unlikely to be detected by liquid culture media
after the growth of the predominant strain. Further stud-
ies are needed to determine to what extent tuberculosis
patients are affected by mixed infection, potential differ-
ences in the detection of mixed infections in stool and
sputum samples, and the impact of mixed infection on
diagnostics and treatment outcomes.

Although the data presented in our study represent an
important new area of research for tuberculosis diag-
nostics and drug susceptibility testing, our study also
has limitations. As this nested study capitalized upon
an existing biorepository, there may be selection bias
in the samples analyzed. The sample size was modest
and limited to two distinct clinical populations. Further,
we could not determine whether discordance between
mDST and pDST results was present due to strain dif-
ferences in sputum and stool or inherent differences in
molecular vs. phenotypic methods; the debate between
whether the molecular or phenotypic susceptibil-
ity result should be considered the reference standard
for some tuberculosis medications such as rifampicin
or bedaquiline is ongoing. As M. tuberculosis culture
performs poorly on stool, a comparison of mDST and
pDST results on stool was not indicated. Finally, while
these findings underline the potential impact of tNGS
on stool samples as an additional diagnostic procedure,
additional studies with a direct comparison of tNGS
from stool and sputum will be needed to more accu-
rately establish the target population, perhaps high-risk
populations such as PLHIV and children, most likely to
benefit from stool testing clinically.

Conclusions

In conclusion, these findings represent an advance for
tuberculosis diagnostics by demonstrating proof of prin-
ciple that stool is a diagnostic specimen that can support
rapid comprehensive mDST to inform clinicians on the
choice of drugs for an individualized treatment regimen,
a critically important advancement for patients with
multidrug-resistant tuberculosis. The approach described
in our work has the potential to increase access to com-
prehensive mDST for patients unable to provide sputum
samples or who have greater concentrations of M. tuber-
culosis complex detected by stool PCR than in sputum
specimens. In light of the rapid rollout of new treatment
regimens for patients with multidrug-resistant tuberculo-
sis, expanding access to targeted sequencing technology
in high-burden settings must be a priority in the fight to
end tuberculosis.

Page 9 of 11

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513073-022-01054-6.

Additional file 1: Table S1. Logistic regression models comparing the
relationship between cycle threshold value (CT value) and femtogram per
microliter (fg/ul) of MTB DNA detected by gPCR with successful detection
of MTB by tNGS and successful resistance detection by tNGS. Table S2.
Logistic regression models assessing for an association between the
timing of stool collection within the study window (up to 14 days from TB
treatment initiation) and detection of MTB by gPCR, successful detection
of MTB by tNGS, and resistance detection by tNGS. Table $3. Comparison
of genotypic DST vs. phenotypic DST resistance detection. Table S4.
Mixed infection and lineage data from cohort one. Table S5. Mixed infec-
tion and lineage data from cohort two.

Acknowledgements
Not applicable

Authors’ contributions

AK, AM, AD, SN, GM(2), WS, DS and CL contributed to conceptualization;

AK, AD, VD, MD, DS, QD, GM(1), BK, JH, MK, FM and AM contributed to data
curation; AK and VD contributed to formal analysis and had access to all data;
AK, AD, SD, GM(2), SN, CL and AM contributed to funding acquisition; TD, SD,
GM(1,2), SN and AM contributed to project administration; VD contributed to
visualisation; GM(2), SD, BL, AM and SN supervised the project; AK wrote the
original draft and all authors contributed to review and editing. All authors
read and approved the final manuscript.

Funding

This work was funded by the US National Institutes of Health (ROTAI137527; PI
A Mandalakas and TKO1TW011482-01A1; PI A Kay) and the Thrasher Founda-
tion (14323; Pl A Kay), the Deutsche Forschungsgemeinschaft (DFG, German
Research Foundation) under Germany's Excellence Strategy — EXC 2167 Preci-
sion Medicine in Inflammation, and the Leibniz Science Campus Evolutionary
Medicine of the LUNG (EvoLUNG). The funders had no role in study design; in
the collection, analysis, and interpretation of data; in the writing of the report;
and in the decision to submit the paper for publication.

Availability of data and materials

The sequencing data analyzed for this study have been deposited in European
Nucleotide Archive (ENA) database (Accession number: PRJEB47403, https://
www.ebi.ac.uk/ena/browser/view/PRIEB47403?show=reads [25].

Declarations

Ethics approval and consent to participate

Clinical investigations were conducted according to the principles expressed
in the Declaration of Helsinki with written informed consent obtained from

all participants. Approval was obtained from all necessary ethical bodies
including the Baylor College of Medicine Children’s Foundation Eswatini
(IORG0006978) and the Eswatini National Human Health Research Review
Board, Baylor College of Medicine Institutional Review Board (FWA-00000286),
Houston, Texas, USA (cohort one), and the University of Libeck, Germany, Ethi-
cal Review Board (AZ 18-280; cohort two).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

"National Tuberculosis Reference Laboratory, Eswatini National Health Services
Laboratory, Ministry of Health, Mbabane, Eswatini. Baylor College of Medi-
cine Children’s Foundation-Eswatini, Mbabane, Eswatini. *Global Tubercu-

losis Program, Baylor College of Medicine, Houston, TX, USA. *Department

of Global Health, Amsterdam UMC, University of Amsterdam, Amsterdam,


https://doi.org/10.1186/s13073-022-01054-6
https://doi.org/10.1186/s13073-022-01054-6
https://www.ebi.ac.uk/ena/browser/view/PRJEB47403?show=reads
https://www.ebi.ac.uk/ena/browser/view/PRJEB47403?show=reads

Sibandze et al. Genome Medicine (2022) 14:52

The Netherlands. *Molecular and Experimental Mycobacteriology, Research
Center Borstel, Borstel, Germany. °German Center for Infection Research (DZIF),
Partner Site Hamburg-Libeck-Borstel-Riems, Borstel, Germany. / Fswatini
National Tuberculosis Program, Ministry of Health, Mbabane, Eswatini. éClinical
Infectious Diseases, Research Center Borstel, Borstel, Germany. *Respiratory
Medicine & International Health, University of Liibeck, Libeck, Germany. '“The
National School of Tropical Medicine, Baylor College of Medicine, Houston,
TX, USA. "' Cluster Precision Medicine in Inflammation, University of Kiel, Kiel,
Germany. '?Department of Internal Medicine |, University Medical Center
Schleswig-Holstein (UKSH), Kiel, Germany. '*National and WHO Supranational
Reference Center for Mycobacteria, Research Center Borstel, Borstel, Germany.
MInstitute of Medical Microbiology, Virology and Hygiene, University Medical
Center Hamburg-Eppendorf, Hamburg, Germany.

Received: 21 January 2022 Accepted: 5 May 2022
Published: 19 May 2022

References

1. Global Tuberculosis Report 2020. Geneva: World Health Organization;
2020. Licence: CC BY-NC-SA 3.0 IGO.

2. Knight GM, McQuaid CF, Dodd PJ, Houben RMGJ. Global burden of latent
multidrug-resistant tuberculosis: trends and estimates based on math-
ematical modelling. Lancet Infect Dis. 2019;19:903-12.

3. Dodd PJ, Sismanidis C, Seddon JA. Global burden of drug-resistant tuber-
culosis in children: a mathematical modelling study. Lancet Infect Dis.
2016;16:1193-201.

4. Lange C, Dheda K, Chesov D, Mandalakas AM, Udwadia Z, Horsburgh CR
Jr. Management of drug-resistant tuberculosis. Lancet. 2019;394:953-66.

5. Lange C, Aarnoutse RE, Alffenaar JWC, et al. Management of patients with
multidrug-resistant tuberculosis. Int J Tuberc Lung Dis. 2019;23:645-62.

6. Mathebula U, Emerson C, Agizew T, et al. Improving sputum collection
processes to increase tuberculosis case finding among HIV-positive
persons in Botswana. Public Health Action. 2020;10:11-6.

7. Ballif M, Renner L, Claude Dusingize J, et al. Tuberculosis in Pediatric
Antiretroviral Therapy Programs in Low- and Middle-Income Coun-
tries: Diagnosis and Screening Practices. J Pediatric Infect Dis Soc.
2015;4:30-8.

8. Guidance for National Tuberculosis Programmes on the Management
of Tuberculosis in Children. Geneva: World Health Organization, 2014
https://www.ncbi.nlm.nih.gov/pubmed/24999516.

9. Kay AW, Gonzalez Fernandez L, Takwoingi, et al. Xpert MTB/RIF and
Xpert MTB/RIF Ultra assays for active tuberculosis and rifampicin resist-
ance in children. Cochrane Database Syst Rev. 2020;8:CD013359.

10. Rahman SMM, Maliha UT, Ahmed S, et al. Evaluation of Xpert MTB/RIF
assay for detection of Mycobacterium tuberculosis in stool samples of
adults with pulmonary tuberculosis. PLoS ONE. 2018;13:e0203063.

11. Abaye GE, Abebe T, Worku A, Tolessa D, Ameni G, Mihret A. Detec-
tion of Mycobacterium tuberculosis from the stool of HIV sero-
positive individuals suspected of pulmonary tuberculosis. PLoS ONE.
2017;12:e0177529.

12. Song R, Click ES, McCarthy KD, et al. Sensitive and Feasible Specimen
Collection and Testing Strategies for Diagnosing Tuberculosis in Young
Children. JAMA Pediatr. 2021;175(5):e206069.

13. DiNardo AR, Kay AW, Maphalala G, et al. Diagnostic and Treatment Moni-
toring Potential of A Stool-Based Quantitative Polymerase Chain Reaction
Assay for Pulmonary Tuberculosis. Am J Trop Med Hyg. 2018;99:310-6.

14. Walters E, Demers A-M, van der Zalm MM, et al. Stool Culture for
Diagnosis of Pulmonary Tuberculosis in Children. J Clin Microbiol.
2017;55:3355-65.

15. National Tuberculosis Control Program. Kingdom of Eswatini National
Tuberculosis Control Program Manual. 3rd ed. 2019.

16. Cepheid. Xpert MTB/RIF Package Insert. 2020. https://www.cepheid.com/
Package%20Insert%20Files/Xpert-MTB-RIF-ENGLISH-Package-Insert-301-
1404-Rev-G.pdf.

17. Becton Dickinson. Mycobacteria Growth Indicator Tube 7 mL With BD
BACTEC™ MGIT™ 960 Supplement Kit: Package Insert. 2016. https://
legacy.bd.com/ds/technicalCenter/inserts/L000180JAA(04).pdf.

20.

AR

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

Page 10 of 11

. World Health Organization. Technical Report on critical concentrations for

drug susceptibility testing of medicines used in the treatment of drug-
resistant tuberculosis. https://apps.who.int/iris/handle/10665/260470.

. Mejia R, Vicuna Y, Broncano N, et al. A novel, multi-parallel, real-time

polymerase chain reaction approach for eight gastrointestinal parasites
provides improved diagnostic capabilities to resource-limited at-risk
populations. Am J Trop Med Hyg. 2013;88:1041-7.

Gerbion. Diarella MTB/NTM/MAC real time PCR Kit: Instructions for use.
2018. http//www.gerbion.de/pdf/G01114.pdf.

Jouet A, Gaudin C, Badalato N, et al. Deep amplicon sequencing for
culture-free prediction of susceptibility or resistance to 13 anti-tubercu-
lous drugs. Eur Respir J 2020; published online Sept 17. https://doi.org/
10.1183/13993003.02338-2020.

Feuerriegel S, Kohl TA, Utpatel C, et al. Rapid genomic first- and second-
line drug resistance prediction from clinical Mycobacterium tuberculosis
specimens using Deeplex-MycTB. Eur Respir J 2021; 57. https://doi.org/
10.1183/13993003.01796-2020.

Langmead B, Salzberg SL. Fast gapped-read alignment with Bowtie 2. Nat
Methods. 2012;9:357-9.

Kamerbeek J, Schouls L, Kolk A, et al. Simultaneous detection and strain
differentiation of Mycobacterium tuberculosis for diagnosis and epidemi-
ology. J Clin Microbiol. 1997;35:907-14.

Sibandze D, Kay A, Dreyer V, Sikhondze W, Dlamini Q, DiNardo A, Mtetwa
G, Lukhele B, Vambe D, Lange C, Dlamini M, Ness T, Mejia R, Kalsdorf B,
Heyckendorf J, Kuhns M, Maurer F, Dlamini S, Maphalala G, Niemann'S,
Mandalakas S. Rapid molecular diagnostics of tuberculosis resistance by
targeted stool sequencing: PRIEB47403. European Nucleotide Archive,
https://www.ebi.ac.uk/ena/browser/view/PRJEB47403?show=reads,
2022.

Roelens M, Battista Migliori G, Rozanova L, et al. Evidence-based Defini-
tion for Extensively Drug-resistant Tuberculosis. Am J Respir Crit Care
Med 2021; published online June 9. https://doi.org/10.1164/rccm.
202009-35270C.

Beckert P, Sanchez-Padilla E, Merker M, et al. MDR M. tuberculosis
outbreak clone in Eswatini missed by Xpert has elevated bedaqui-
line resistance dated to the pre-treatment era. Genome Med.
2020;12:104.

World Health Organization. Molecular assays intended as initial tests for
the diagnosis of pulmonary and extrapulmonary TB and rifampicin resist-
ance in adults and children: rapid communication. Policy update. 2020.
Nathavitharana RR, Cudahy PGT, Schumacher SG, Steingart KR, Pai

M, Denkinger CM. Accuracy of line probe assays for the diagnosis of
pulmonary and multidrug-resistant tuberculosis: a systematic review and
meta-analysis. Eur Respir J 2017; 49. https://doi.org/10.1183/13993003.
01075-2016.

Goig GA, Cancino-Muhoz |, Torres-Puente M, et al. Whole-genome
sequencing of Mycobacterium tuberculosis directly from clini-

cal samples for high-resolution genomic epidemiology and drug
resistance surveillance: an observational study. Lancet Microbe.
2020;1:175-83.

Mesfin AB, Araia ZZ, Beyene HN, et al. First molecular-based anti-TB drug
resistance survey in Eritrea. Int J Tuberc Lung Dis. 2021;25:43-51.
Makhado NA, Matabane E, Faccin M, et al. Outbreak of multidrug-resistant
tuberculosis in South Africa undetected by WHO-endorsed commercial
tests: an observational study. Lancet Infect Dis. 2018;18:1350-9.
Sanchez-Padilla E, Merker M, Beckert P, et al. Detection of drug-

resistant tuberculosis by Xpert MTB/RIF in Swaziland. N Engl J Med.
2015;372:1181-2.

André E, Goeminne L, Colmant A, Beckert P, Niemann S, Delmee

M. Novel rapid PCR for the detection of lle491Phe rpoB mutation

of Mycobacterium tuberculosis, a rifampicin-resistance-conferring
mutation undetected by commercial assays. Clin Microbiol Infect.
2017;23(267):e5-267.e7.

Van Deun A, Barrera L, Bastian |, et al. Mycobacterium tuberculosis strains
with highly discordant rifampin susceptibility test results. J Clin Microbiol.
2009;47:3501-6.

Rigouts L, Gumusboga M, de Rijk WB, et al. Rifampin resistance missed in
automated liquid culture system for Mycobacterium tuberculosis isolates
with specific rpoB mutations. J Clin Microbiol. 2013;51:2641-5.


https://www.ncbi.nlm.nih.gov/pubmed/24999516
https://www.cepheid.com/Package%20Insert%20Files/Xpert-MTB-RIF-ENGLISH-Package-Insert-301-1404-Rev-G.pdf
https://www.cepheid.com/Package%20Insert%20Files/Xpert-MTB-RIF-ENGLISH-Package-Insert-301-1404-Rev-G.pdf
https://www.cepheid.com/Package%20Insert%20Files/Xpert-MTB-RIF-ENGLISH-Package-Insert-301-1404-Rev-G.pdf
https://legacy.bd.com/ds/technicalCenter/inserts/L000180JAA(04).pdf
https://legacy.bd.com/ds/technicalCenter/inserts/L000180JAA(04).pdf
https://apps.who.int/iris/handle/10665/260470
http://www.gerbion.de/pdf/G01114.pdf
https://doi.org/10.1183/13993003.02338-2020
https://doi.org/10.1183/13993003.02338-2020
https://doi.org/10.1183/13993003.01796-2020
https://doi.org/10.1183/13993003.01796-2020
https://www.ebi.ac.uk/ena/browser/view/PRJEB47403?show=reads
https://doi.org/10.1164/rccm.202009-3527OC
https://doi.org/10.1164/rccm.202009-3527OC
https://doi.org/10.1183/13993003.01075-2016
https://doi.org/10.1183/13993003.01075-2016

Sibandze et al. Genome Medicine (2022) 14:52 Page 11 of 11

37. Van Deun A, Aung KJM, BolaV, et al. Rifampin drug resistance tests
for tuberculosis: challenging the gold standard. J Clin Microbiol.
2013;51:2633-40.

38. Sikhondze W, Dlamini T, Joloba M, Cirillo D, Ershova, J, Tosas, O, Glaziou,
P, Dean A, Cabibbe, A. XPERT MTB/RIF MISSES MORE THAN 50% OF
RIFAMPICIN RESISTANT TB CASES IN ESWATINI: RESULTS OF THE 2ND
NATIONAL ANTI-TB DRUG RESISTANCE SURVEY (2017/2018)20191101_
UNION2019_Abstracts_Final_0.pdf. In: ABSTRACT BOOK: 50th World
Conference on Lung Health of the International Union Against Tubercu-
losis and Lung Disease (The Union). Int J Tubercul Lung Dis, 2019. https://
theunion.org//sites/default/files/2020-09/20191101_UNION2019_Abstr
acts_Final_0.pdf.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://theunion.org//sites/default/files/2020-09/20191101_UNION2019_Abstracts_Final_0.pdf
https://theunion.org//sites/default/files/2020-09/20191101_UNION2019_Abstracts_Final_0.pdf
https://theunion.org//sites/default/files/2020-09/20191101_UNION2019_Abstracts_Final_0.pdf

	Rapid molecular diagnostics of tuberculosis resistance by targeted stool sequencing
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Study population and setting
	Laboratory methods

	Results
	Study cohorts
	Performance of tNGS
	Detailed resistance analysis
	Cohort one
	Cohort Two

	Mixed infections

	Discussion
	Conclusions
	Acknowledgements
	References


