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In the current study, we describe a novel DNA sensor system for specific and quantitative detection of myco-

bacteria, which is the causative agent of tuberculosis. Detection is achieved by using the enzymatic activity of

the mycobacterial encoded enzyme topoisomerase IA (TOP1A) as a biomarker. The presented work is the first

to describe how the catalytic activities of a member of the type IA family of topoisomerases can be exploited

for specific detection of bacteria. The principle for detection relies on a solid support anchored DNA substrate

with dual functions namely: (1) the ability to isolate mycobacterial TOP1A from crude samples and (2) the

ability to be converted into a closed DNA circle upon reaction with the isolated enzyme. The DNA circle can

act as a template for rolling circle amplification generating a tandem repeat product that can be visualized at

the single molecule level by fluorescent labelling. This reaction scheme ensures specific, sensitive, and quanti-

tative detection of the mycobacteria TOP1A biomarker as demonstrated by the use of purified mycobacterial

TOP1A and extracts from an array of non-mycobacteria and mycobacteria species. When combined with

mycobacteriophage induced lysis as a novel way of effective yet gentle extraction of the cellular content from

the model Mycobacterium smegmatis, the DNA sensor system allowed detection of mycobacteria in small

volumes of cell suspensions. Moreover, it was possible to detect M. smegmatis added to human saliva.

Depending on the composition of the sample, we were able to detect 0.6 or 0.9 million colony forming units

(CFU) per mL of mycobacteria, which is within the range of clinically relevant infection numbers. We, there-

fore, believe that the presented assay, which relies on techniques that can be adapted to limited resource set-

tings, may be the first step towards the development of a new point-of-care diagnostic test for tuberculosis.

Introduction

Tuberculosis (TB), caused by infections with the
Mycobacterium tuberculosis complex (MTBC), is among the
major threats to global health. The World Health Organization
reported 10.4 million new TB cases in 2016.1 With the
increased global mobility it is likely that the number of new
cases may even increase in the near future. This highlights the
importance of rapid diagnosis of TB in order to allow early
intervention by antibiotic treatment. This will ensure an
enhanced therapeutic outcome and prevent spreading of the
disease.2 Spurred on by such needs, an array of nucleic acid
based molecular methods for early detection of MTBC have
been presented during the past decade.3–6 However, when con-
sidering accessibility to high incidence areas considerable
challenges still remain. For instance, although the polymerase
chain reaction (PCR)5 and sequencing7 are promising for
highly sensitive identification of MTBC, both techniques are
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expensive and require extensive laboratory resources, which
are often not available in developing countries where TB is
most prevalent.8 In these areas, the diagnosis often relies on
the easily accessible tuberculin skin test, which suffers from
low sensitivity and specificity.9,10 Even in high resource
countries, complicated procedures of X-ray examination com-
bined with culturing of the bacteria and microscopic investi-
gations remain the gold standard for diagnosis of TB.11 For
these methods, the slow growth rate of MTBC results in a
report time of up to 8 weeks, which considerably delays com-
mencement of correct treatment and may lead to overtreat-
ment and development of multidrug-resistant MTBC strains.
Hence, the search for reliable and fast methods for MTBC
detection continues. Recently, relatively simple nucleic acid
based methods for MTBC detection such as Loop-Mediated
Isothermal Amplification (LAMP) and Reverse transcriptase-
LAMP3,12 have been presented with some encouraging results.
These methods utilize isothermal amplification techniques
and may be suited for low resource settings. However, LAMP
techniques are still susceptible to assay variations and require
extensive sample preparation for optimal performance.3,12–14

Detection of pathogens based on the presence of an “inac-
tive” biomarker (without catalytic activity) e.g. a nucleotide or
amino acid sequence often suffers from the need for extensive
signal amplification before readout. In some cases, sufficient
amplification is not even possible, while in other cases exten-
sive amplification steps may hamper the specificity of detec-
tion. To address such challenges, it is a great advantage to
utilize an “active” biomarker such as an enzyme (with catalytic
activity), which can add an extra step of signal amplification to
the detection system without compromising specificity.15–19

This is achieved by the inherent ability of enzymes to convert
substrate molecules present in molar excess to a large number
of products. Such products can then be detected either
directly16–18 or after further signal amplification.19 We pre-
viously demonstrated how the catalytic activity of DNA modify-
ing enzymes combined with a second signal amplification step
can be exploited for the development of highly sensitive,
specific and directly quantitative sensor systems for the detec-
tion of the malaria causing parasite Plasmodium20–22 or the
human immunodeficient virus (HIV).23 For this purpose, we
used the pathogen expressed enzymes plasmodium
Topoisomerase IB (TOP1B) or HIV Integrase (IN) as biomarkers
for detection. Also, we demonstrated the highly sensitive and
quantitative measurement of important enzyme targets of
anti-cancer therapy, namely the human TOP1B and TOP2.24–27

In all cases, enzyme activity was detected by the generation of
a specific DNA product that could be further amplified in an
isothermal rolling circle amplification (RCA) reaction that
allowed measurement with single-catalytic-event resolution.

The enzyme based detection systems were superior to other
detection systems with regard to sensitivity and the
Plasmodium specific assay was even demonstrated to be adapt-
able for low resource settings.21 However, different enzyme
activities from the same or different species are not as easily
distinguishable as different DNA or RNA segments, which can

be recognised based on their unique base sequence using a
battery of standard methods.28–30 The utilization of a pathogen
expressed enzyme activity as a biomarker for detection
depends on the identification of a unique enzymatic mecha-
nism of action that can form the basis for specific detection.
This means that the development of sensor systems for the
detection of a novel enzyme biomarker is never trivial. This
applies even when sensor systems exist, specific for other
enzymes that at first glance appears very similar to the new
biomarker enzyme.

In our previously described DNA sensor systems specific for
two eukaryotic TOP1B enzymes (expression in human or
Plasmodium spp.),20,21,25,26 human TOP224 or HIV IN23 we were
able to identify characteristics unique to each of the target
enzymes. Such characteristics were exploited for the develop-
ment of a DNA substrate specific for the target enzyme even
when present in crude biological samples. In the present
study, we describe the development of a DNA sensor system
that allows the detection of mycobacteria by using the activity
of the mycobacteria expressed enzyme TOP1A as a biomarker.
This enzyme belongs to the group of type IA topoisomerases.
Despite what the name may imply, members of this enzyme
group show no phylogenetic, structural or mechanistic simi-
larities to any of the eukaryotic topoisomerases previously
used as biomarkers for detection. Moreover, mycobacterial
TOP1A does not possess any mechanistic characteristics that
allow its catalytic activity to be distinguished from other type
IA topoisomerases using a simple DNA substrate design. The
development of a DNA biosensor system for specific detection
of mycobacteria via the mycobacteria TOP1A catalytic activity
must circumvent this problem.

Like all known type IA topoisomerases, mycobacteria
TOP1A regulates DNA topology in a Mg2+ dependent
reaction31–34 that involves temporary nicking of the DNA and
the formation of a transient covalent 5′-phosphotyrosyl clea-
vage complex. Restoration of intact DNA and release of the
enzyme is ensured by subsequent ligation of the 3′-OH DNA
end formed during cleavage. Unlike other type IA topoisome-
rases, however, mycobacterial TOP1A distinguishes itself from
other known enzymes by cleaving single-stranded DNA in a
Mg2+ independent and sequence specific manner at the strong
topoisomerase site (STS).35 These characteristics were utilized
in a previously reported Quantum dot (QD) based DNA nano-
sensor36 that measured specific cleavage at a STS. However, in
this QD sensor setup it was not possible to exploit the amplifi-
cation potential inherent to the mycobacterial TOP1A catalytic
capability. This seriously hampered the analytical sensitivity
(detection limit) of the sensor and prevented the detection of
mycobacteria TOP1A in concentrations relevant for clinical
testing.

In the current study, we describe a new mycobacteria
specific DNA sensor system that takes advantage of the cata-
lytic action of mycobacteria TOP1A for fast, quantitative and
sensitive detection of mycobacteria in crude samples. This is
achieved by the use of a solid support anchored linear DNA
substrate with a STS that can support both isolation and
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specific detection of mycobacteria TOP1A activity at the
single catalytic event level. Isolation of mycobacteria TOP1A
was accomplished by trapping the enzyme in the covalent
complex (the cleavage complex) with the DNA substrate. This
was followed by washing and addition of Mg2+ that induced
the DNA ligation reaction of the enzyme. Completion of the
catalytic cycle by DNA ligation released the enzyme to perform
consecutive catalytic cycles, which each converted the linear
DNA substrate to a circle. Each circle could subsequently be
detected at the single molecule level after RCA. By allowing
each enzyme to generate many DNA products that could each
be detected, the analytical sensitivity of the assay was superior
to that of the previously described QD-based DNA nano-
sensor. When combining the RCA based sensor system with
efficient, yet gentle, extraction of active enzymes by mycobac-
teriophage induced cell lysis, we were able to detect mycobac-
teria spiked in small volumes of human saliva at concen-
trations relevant for clinical testing.

Materials and methods
Biological samples

HEK293 T cells were provided by Associate Professor Pia
Møller Martensen, Department of Molecular Biology and
Genetics, Aarhus University. M. smegmatis and all utilized
mycobacteriophages were a kind gift from Professors Graham
F. Hatfull and Carlos A. Guerrero Department of Biological
Sciences, University of Pittsburgh, Pittsburgh, USA. The uti-
lized E. coli strain, XL-Blue, was from Thermo Fisher.

Purified M. smegmatis TOP1A

M. smegmatis TOP1A was expressed in E. coli from the plasmid
pPVN123 and purified essentially as previously described.37

Briefly, sonicated cell lysates were centrifuged at 100 000g, sub-
jected to PEI and ammonium sulphate precipitation (45–65%
cut), and dialyzed and the enzyme was purified by HiTrap
heparin Sepharose and HiTrap SP Sepharose column
chromatography.

Preparation of the E. coli lysate

E. coli was grown in standard 2xTY media and harvested by
centrifugation at 4000g for 10 minutes. The pellet was resus-
pended in 5 times volume of lysis buffer (10 mM Tris-HCl (pH
7.5), 1 mM EDTA, 1 mM PMSF, and 1 mM DTT) resulting in a
suspension containing 40 × 106 E. coli per µL. The bacteria sus-
pension was incubated on ice for 1 hour and sonicated 10
times for 10 seconds. NaCl was added to a final concentration
of 500 mM to the cell extract, which was then cleared by cen-
trifugation at 10 000g at 4 °C for 10 minutes. 200 × 106 E. coli
cells were used per reaction.

Preparation of the lysate using vortexing with glass beads

The mycobacterial strains (except M. smegmatis) and non-
mycobacterial strains (except E. coli) were grown on agar plates
with (mycobacteria) or without (non-mycobacterial bacteria)

5% blood. The cells were scraped off using a spatula to gene-
rate 30 µL of the cell pellet. The pellet was washed in PBS, and
resuspended in 60 µL PBS containing 1 mM phenylmethane
sulfonyl fluoride (PMSF). Lysis of the cells was performed by
adding 1× vol of 212–300 µm glass beads to the resuspended
cells before 8 × 1 minute vortexing followed by 1 minute’s
incubation on ice. Subsequently, the lysate was cleared by
centrifugation at 13 000g for 5 minutes at 4 °C. Heat inacti-
vation of the lysate was performed by heating to 80 °C for
5 minutes.

Mycobacterial strains were cultured, lysed, and analysed
individually. Each of the non-mycobacterial strains was cul-
tured individually and then pooled into four groups listed
below. The groups were analysed in bulk using the lysis
method described above.

1: Streptococcus pneumoniae, Streptococcus mitis,
Streptococcus oralis, Streptococcus salivarius, Streptococcus angi-
nosus, Streptococcus pyogenes, and Burkholderia cepacia.

2: Streptococcus agalactiae, Streptococcus dysgalactiae,
Enterococcus faecalis, Enterococcus faecium, Staphylocuccus epi-
dermidis, and Achromobacter xylosoxidans.

3: Staphylocuccus lugdunensis, Nocardia cyriacigeorgica,
Nocardia farcinica, Bacillus cereus, Moraxella catarrhalis, and
Pseudomonas aeruginosa.

4: Neisseria meningitis, Haemophilus influenzae, Haemophilus
parainfluenzae, Actinobacillus ureae, Escherichia coli, and
Actinomyces naeslundii.

Preparation of lysates using mycobacteriophages

Colony forming units (CFU) per µL determination. M. smeg-
matis mc2155 cultures were grown in growth media (7H9 liquid
medium supplemented with carbenicillin (50 mg ml−1), cyclo-
heximide (10 mg ml−1), 10% ADC, 1 mM CaCl2 and 0.25 vol%
of TWEEN-80) to OD600 = 1.8. The culture was then streaked on
7H9 agar plates and a single colony was grown in 7H9 liquid
medium to exponential phase (OD600 = 1.8), before the
dilution series was prepared. 50 µL of each diluted sample was
streaked out on a 7H9 agar plate and incubated until colonies
were countable by the naked eye (2–3 days). Colonies were
counted using the ImageJ software, to determine the number
of CFU µL−1.

Plague forming units (PFU) per µL determination. M. smeg-
matis was grown to reach the exponential phase (OD600 = 1.8)
in growth media. 2 mL of the generated culture were preincu-
bated with 500 µL of mycobacteriophage solution for
20 minutes, before 2 mL of melted 14% (w/v) agarose were
added. The solution was then mixed before being poured on
top of a 7H9 agar plate and the PFU was determined after incu-
bation for 2–3 days by counting the plagues using ImageJ
software.

Purification of mycobacteriophages using ultracentrifuga-
tion. Mycobacteriophages (AdephagiaΔ41,Δ43; BPsΔ33; Bxx2;
D29; L5; and TM4,38–40 which were a kind gift from C.A.
Guerrero and G. F. Hatfull at the University of Pittsburgh, USA)
were grown on plates with M. smegmatis (see PhagesDB41). The
plates were covered with 10 mL of phage buffer (10 mM Tris-
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HCl (pH 7.5), 10 mM MgSO4, 68 mM NaCl) and incubated at
4 °C, overnight. Next day, the buffer (now containing mycobac-
teriophages) was retrieved. 1 ml of this mycobacteriophage
suspension was layered on top of a 12.5% (w/v) to 52.5% (w/v)
sucrose gradient made on a Foxy Jr. gradient mixer (Teledyne
ISCO). The sucrose was dissolved in phage buffer. Samples were
centrifuged at 100 000g for 40 minutes in a SW41 swing bucket
rotor (Beckman Coulter, Optima L-80 XP Ultracentrifuge) and
stopped without applying the brakes. The gradient was divided
into 12 fractions of 1 ml (Foxy Jr., Teledyne ISCO).

Preparation of lysates from M. smegmatis. M. smegmatis
was grown to an exponential phase (OD600 = 1.8) in the growth
medium and harvested by centrifugation at 6000g for 15 minutes.
The pellet was then washed in the growth medium without
Tween®80. The cultivated M. smegmatis was dissolved in the
medium and further diluted before added to either phage
buffer or human saliva as stated in the text and lysed by
adding mycobacteriophages (D29 or AdephagiaΔ41,Δ43) to a
final concentration of 17 000 PFU µL−1 with a supplement of
CaCl2 (2 mM final). Mycobacteriophage D29 was used for the
quantitative detection of M. smegmatis diluted in phage buffer,
whereas mycobacteriophage AdephagiaΔ41,Δ43 was used for
lysis of M. smegmatis diluted in saliva. Samples were incubated
at 37 °C for 2 hours under constant mixing. Subsequently,
NaCl was added to a final concentration of 560 mM, and cell
debris was precipitated by centrifugation with 20 800g for
5 minutes at 4 °C.

All protocols for the growth of M. smegmatis and
Mycobacteriophages are available from PhagesDB.41

REEAD assay

Immobilization of the mycobacterial TOP1A DNA substrate
molecule. An amine coupled DNA primer (5′-Am-
CCAACCAACCAACCAAATAAGCGATCTTCACAGT-3′) was
immobilized on NHS-coated microscopy slides (CodeLink®
Activated Slides) as described by the supplier. The mycobacter-
ial TOP1A DNA substrate molecule (5′-CAGTGAGCG
AGCTTCCGCTTGACATCCCAATATCTCTACTGTGAAGATCGCTT-
ATTCTCTCCTCAATGCACATGTTTGGCTCCTCTCTGAGCTTCCG-
CT-3′) was hybridized to the immobilized primer using a
buffer containing 0.1 µM of the mycobacterial TOP1A DNA
substrate molecule, 10 mM Tris-HCl (pH 7.5), 1 mM EDTA,
and 100 mM NaCl. After incubation at 37 °C for 1 hour in a
humidity chamber, the slides were washed for 1 minute in
wash buffer 1 (0.1 M Tris-HCl (pH 7.5), 150 mM NaCl, 0.3%
SDS), 1 minute in wash buffer 2 (0.1 M Tris-HCl (pH 7.5),
150 mM NaCl, 0.05% Tween 20), and 1 minute in 96%
ethanol. Finally, the slides were equilibrated for 10 minutes in
an equilibration buffer containing 10 mM Tris-HCl (pH 7.5),
1 mM EDTA, and 200 mM NaCl.

Mycobacterial TOP1A reaction. After removal of the equili-
bration buffer, mycobacterial TOP1A mediated cleavage of the
DNA substrate molecule was initiated by addition of a buffer
containing 10 mM Tris-HCl (pH 7.5), 1 mM EDTA, 100 mM
NaCl with or without purified mycobacterial TOP1A as well as
with or without 20 vol% of the cell lysate from different

species as stated in the text. Slides were incubated for
60 minutes at 37 °C in a humidity chamber. After incubation,
the slides were washed twice for 10 minutes in a buffer con-
taining 10 mM Tris-HCl (pH 7.5), 1 mM EDTA, and 500 mM
NaCl. Mycobacterial TOP1A mediated ligation was initiated by
addition of a buffer containing 10 mM Tris-HCl (pH 7.5),
10 mM MgCl2, and 100 mM NaCl. After incubation at 37 °C for
1 hour in a humidity chamber, the reaction was terminated by
washing the slides for 1 minute in wash buffer 1, 1 minute in
wash buffer 2, and 1 minute in 96% ethanol.

RCA and visualization of signals. RCA was performed for
60 minutes at 37 °C in 1× Phi29 buffer supplemented with
0.2 μg μL−1 BSA, 250 μM dNTP, and 6 units Phi29 DNA poly-
merase. The reactions were stopped by addition of wash
buffers 1 and 2. The RCA products were detected by hybridiz-
ation of 0.2 µM of a fluorescently labeled detection probe
(FAM-CCTCAATGCACATGTTTGGCTCC) in a buffer containing
20% formamide, 2 × SSC, and 5% glycerol for 30 minutes at
37 °C. The slides were subsequently washed for 15 minutes in
each of the wash buffers 1 and 2, dehydrated in 96% ethanol,
and mounted with Vectashield (Vector Laboratories).
Fluorescently labelled RCA products were visualized using an
Olympus IX73 fluorescence microscope. Finally, the results
were analysed using the Image J software.

Statistical analyses

The number of signals per frame was modelled using a
common statistical framework in the several independent stat-
istical analyses performed (Fig. 2–4, Tables 1, 2, and ESI
Tables S1–S3†), namely a Poisson mixed model (see ref. 42, 43
and the Supplemental statistics section). The models con-
tained a fixed effect representing the treatments and two inde-
pendent Gaussian random components: one representing the
over-dispersion present in the data, and a second taking the
same value for the observations arising from the same experi-
ment or the same slide for accounting for the dependence of
those observations. The models related to Tables 1 and 2 con-
tained only the first random component representing the over-
dispersion since only one experiment was involved. The
models were adjusted using the software R version 3.2.5,44

specifically using the R-package “lme4”45 for generalized
linear mixed models using the Poisson distribution and the
identity link function.

The post hoc analyses were performed using the R-package
“pairwiseComparisons” available at (http://home.math.au.dk/
astatlab/software/pairwisecomparisons).

The p-values for post hoc analyses were adjusted for mul-
tiple comparisons by the method for controlling the FDR
(False Discovery Rate) defined in ref. 46.

Results and discussion
Assay design

The catalytic mechanism of mycobacterial TOP1A resembles
that of other type IA topoisomerases making it difficult to
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design a DNA substrate that can be converted to a detectable
product exclusively by mycobacterial TOP1A catalytic activity.
This complicates the design of a RCA based DNA sensor
system specific for mycobacterial TOP1A and several attempts
to achieve this failed (see ESI Fig. 1†). However, as mentioned
in the introduction the DNA cleavage step of mycobacterial
TOP1A catalysis is unique and the enzyme distinguishes itself
from other known enzymes by cleaving the STS sequence in
single stranded DNA in a Mg2+ independent reaction.34,47 This
leads to the generation of a covalent 5′-phosphotyrosyl cleavage
complex, which allows the enzyme subsequently to ligate a 3′-
OH DNA end upon addition of Mg2+.32,34,35 By taking advan-
tage of the unique cleavage step of mycobacterial TOP1A cata-
lysis we designed a DNA substrate with the dual functionality
of first isolating mycobacterial TOP1A from the crude sample,
and thereafter allowing detection of the TOP1A activity at the
single catalytic event level (Fig. 1). This DNA substrate is com-
posed of a solid support anchored DNA oligonucleotide with a
free 3′-OH end (termed primer) annealed to the primer anneal-
ing sequence of a scissile DNA oligonucleotide with a STS and
a specific ID sequence (Fig. 1A). In a Mg2+ depleted buffer, the
only enzyme known to be able to cleave and become covalently

attached to the surface anchored DNA substrate is mycobacter-
ial TOP1A. Hence, potential contaminants in a sample that
may compromise the specificity of the assay such as other
DNA cleaving or ligating enzymes can be removed by consecu-
tive wash steps before addition of Mg2+, which induces the
DNA ligation activity of mycobacterial TOP1A. Note that Mg2+

is a prerequisite for the activity of most DNA modifying
enzymes. Avoiding this cofactor during the initial isolation
step of the assay setup prevents nonspecific enzymes to inter-
fere with the assay. After addition of Mg2+, mycobacterial
TOP1A can convert the cleaved substrate DNA molecule to a
closed circle by ligation of the 3′-OH end. Subsequently the
enzyme is released and free to perform consecutive rounds of
cleavage-ligation on other substrate DNA molecules. This step
constitutes the first amplification step inherent to the devel-
oped DNA sensor system. In the second amplification step, the
generated DNA circle is subjected to isothermal RCA leading
to the generation of a 103 tandem repeat product (RCP). The
RCP is detected upon hybridization of fluorescent probes with
a sequence identical to the ID sequence of the scissile DNA.
Thereby the RCPs can be visualized at the single molecule
level (see the example in Fig. 1B) using a fluorescence micro-

Fig. 1 (A) Sequence of the scissile DNA oligonucleotide of the mycobacterial TOP1A substrate. The recognition site for mycobacterial TOP1A, the
strong topoisomerase site (STS), is marked with green text, the sequence complementary to the surface attached primer oligonucleotide is marked
with blue text, and the ID sequence is marked with red text. (B) Schematic illustration of the mycobacteria sensor system. The scissile DNA oligo-
nucleotide hybridizes to the immobilized DNA primer to generate the DNA substrate complex. Addition of a sample including mycobacterial TOP1A
(red circle) in a buffer without Mg2+ leads to cleavage and covalent binding of the mycobacterial TOP1A enzyme to the scissile DNA molecule (to
form the cleavage complex). Subsequent wash results in isolation of the covalently bound enzyme. After wash addition of Mg2+ induces the ligation
step of the mycobacterial TOP1A catalytic cycle. Ligation results in circularization of the scissile DNA and enzyme turnover, leaving the TOP1A free
to perform another catalytic cleavage-ligation cycle. The generated circle is amplified in a rolling circle amplification (RCA) reaction catalysed by
Phi29 polymerase (yellow oval). The resulting rolling circle amplification product (RCP) is visualized at the single molecule level using fluorescent
probes (red line with a green circle). An example of the generated RCP signals is shown in the lower panel to the left.
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scope and signals can be counted as previously described.25

Since the system relies only on isothermal amplification, each
visible signal will correspond to a single circle, which will be
generated by a single TOP1A cleavage-ligation reaction. Hence
the assay is expected to be directly quantitative and highly
sensitive.

The mycobacteria sensor system is quantitative and specific
for mycobacterial TOP1A

The functionality of the mycobacteria RCA based sensor
system was investigated by measuring the number of RCP
signals generated by purified M. smegmatis TOP1A prep-
arations with concentrations ranging from 7 to 227 nM. As a
negative control 227 nM of the cleavage incompetent
M. smegmatis TOP1A(Y339F) mutant was added instead of the
wildtype enzyme (see ESI Fig. 2† for activity measurements of
the utilized enzyme fractions). The number of RCP signals was
counted and the results are depicted in Fig. 2 (see also ESI
Table S1†) as the estimated expected number of signals per
image frame adjusted for differences between experiments
inferred using the Poisson mixed model with over-dispersion
and a Gaussian random component representing the experi-
ment as described in the Materials and methods section (see
also the Supplementary statistics section). Note that the nor-
malization to a standardized batch of control circles as it was
reported previously26 was complicated by the fact that the
experiments were performed over an extended period of time.
The control circle stock was influenced considerably by storage
over time making this type of normalization unsuited for the
current study.

As shown in Fig. 2 and ESI Table S1,† the expected number
of signals per image frame was statistically significantly

different from the negative control (M. smegmatis TOP1A
(Y339F)) for the concentrations 114 nM and higher (227 nM),
given the detection power of the present experimental design.
This corresponded to a detection limit in the fmol range of
purified enzymes as a total volume of 1 μL of the enzyme prep-
arations was used for detection. Note, however, that the activity
of the purified enzyme depends on many factors such as
purity and storage conditions. For instance, the enzyme used
in these experiments was stored as lyophilized powder, which
may affect the activity. Hence, the detection limit observed in
this experiment is unlikely to reflect the detection limit that
can be obtained with enzymes freshly extracted from
mycobacteria.

As mentioned in the introduction, mycobacterial TOP1A
belongs to the family of type IA topoisomerases and shares
important mechanistic characteristics with members of this
family although it also differs from these.32,47,48 The prototype
member of the type IA topoisomerases is E. coli TOP1A.47,48 To
address if E. coli TOP1A or other E. coli expressed enzymes can
react with the mycobacteria RCA based sensor system the
number of RCP signals generated by an E. coli cell extract with
or without added spike-in M. smegmatis TOP1A was analysed.
The extract from 1012 E. coli cells (500 µL cell pellet) was gener-
ated by sonication and an aliquot of the extract corresponding
to 200 million cells with or without added purified
M. smegmatis TOP1A was incubated with the sensor system. As
evident from Table 1, the extracts with added spike-in
M. smegmatis TOP1A gave rise to a number of signals signifi-
cantly (p-value = 0.000003) above the number of background
signals observed after incubation with the E. coli extract alone,
which in turn did not differ significantly from the number of
signals observed in control samples incubated with storage
buffer in place of the sample (data not shown). This result
suggests that the mycobacteria sensor system is specific for
mycobacterial TOP1A at least in a background of the E. coli cel-
lular content. Similar results were obtained when testing the
specificity in a background of extracts from human HEK293 T
cells (ESI Fig. 3†) and, consistently, purified human TOP1B
did not produce any RCP signals when added to the mycobac-
teria sensor system (data not shown).

The results described above hold promise for the potential
use of the mycobacteria sensor system for the specific detec-
tion of mycobacteria in human samples. However, humans
may be infected by a number of bacteria other than mycobac-

Fig. 2 Adjusted number of signals obtained when analysing increasing
concentrations of purified M. smegmatis TOP1A and the catalytic in-
active mutant M. smegmatis TOP1A(Y339F). Confidence intervals with
95% coverage depicted as interval bars; significant groups at 5%
confidence level labelled “a”, “b” and “c” (based on p-values adjusted for
multiple testing by the FDR method, see ESI Table S1†).

Table 1 Estimated number of signals per image frame obtained from
the analysis of extracts from pure E. coli (10 observations) and from
E. coli containing 448 nM of spike-in purified M. smegmatis TOP1A
using the mycobacteria sensor system (10 observations). 95% confi-
dence interval in parenthesis. The P-value for equality of the mean
numbers of signals per image frame is equal to 0.000003

Sample Est. number of signals

E. coli 1.6 (0.7–3.4)
E. coli + M. smegmatis TOP1A 23.6 (13.2–40.1)
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teria and some of these are likely to be found in mycobacteria
relevant specimens.49–51 Therefore, for a potential diagnostic
use of the mycobacteria sensor system it is a prerequisite that
such bacteria will not generate false positive signals. The speci-
ficity of the system was tested using extracts generated by vor-
texing 30 μL of cell pellets with glass beads. For these analyses,
we used cell pellets from an array of non-mycobacteria species
(mixed in four pools) and three different non-pathogenic
mycobacteria species, which were used as a model for MTBC
(listed in Fig. 3, right panel). As negative controls, we used
extracts from the three selected mycobacteria species inacti-
vated by heating to 80 °C for 5 minutes, which denatured DNA
modifying enzymes present in the extracts and thereby pre-
vented the catalytic activity. The results are depicted in Fig. 3,
left panel and ESI Table S2.† The expected number of signals
per image frame from each of the active mycobacteria extracts
differed significantly from the respective heat inactivated
mycobacteria extracts and the extracts of non-mycobacteria
species (see p-values reported in ESI Table S2† and the statisti-
cal significant groups depicted in Fig. 3). Taken together the
results described above demonstrate that the mycobacteria
RCA based sensor system is specific for mycobacteria species
when tested against other bacteria as well as human cells.

Quantitative detection of mycobacteria in small samples

The presented sensor system detects the activity of an intra-
cellular mycobacterial enzyme, TOP1A and, hence, lysis of the
cells is a prerequisite for detection. In the experiments
described above extracts were prepared from 30–500 μL pellets
of bacteria that were lysed by sonication or vortexing with glass
beads. For diagnosis of TB the clinical samples are likely to be
too small, diluted or in other ways unsuited for ultrasound or

mechanical lysis.52 Moreover, lysis by such techniques requires
special equipment that may be unavailable in low resource set-
tings where TB is highly prevalent. Standard methods for the
extraction of small samples for diagnosis rely on treatment
with guanidine hydrochloride or other harsh chemicals.53,54

Such methods are acceptable for the preparation of DNA for
e.g. PCR analyses but will destroy or seriously hamper enzyme
activity, which is a prerequisite for the here presented RCA
based sensor system. We therefore investigated the possibility
of using mycobacteriophage induced lysis as a novel approach
to prepare mycobacteria extracts suitable for the measurement
of active enzymes in small samples. As a model mycobacteria,
we used the non-pathogenic M. smegmatis for these studies.
We tested the applicability of various strains of mycobacterio-
phages including two purely lytic mutants (AdephagiaΔ41,Δ43
and BPsΔ33).38 As evident from ESI Fig. 4,† all tested bacterio-
phages were able to lyse M. smegmatis and generate extracts
that allowed detection of mycobacteria TOP1A using the RCA
based sensor system. Of the mycobacteriophages available, we
chose to use D29 and the lytic mutant AdephagiaΔ41,Δ43 that
both resulted in the intermediate number of RCP signals in
the initial test for further analysis. When tested in the RCA
based sensor system, extracts prepared by mycobacteriophage
infection allowed quantitative detection of M. smegmatis in
small samples (25 μL cell suspension). A graphical depiction
of the results obtained from analyses of samples containing
M. smegmatis ranging from 450 to 14 400 colony forming units
(CFU) per μL is shown in Fig. 4. As evident from the figure and
ESI Table S3†, the expected number of signals per image
frame was statistically significant different (p value <0.019)
from the negative control for the M. smegmatis concentrations
of 900 CFU μL−1 and higher (3600–14 400 CFU μL−1). This

Fig. 3 Left panel: Adjusted number of signals obtained when analysing active or heat inactivated extracts (marked “-I”) from three different myco-
bacteria species and four pools of extracts of non-mycobacteria species (marked control 1–4). Confidence intervals with 95% coverage depicted as
interval bars; significant groups at 5% confidence level labelled “a” and “b” (based on p-values adjusted for multiple testing by the FDR method, see
also ESI Table S2†). Right panel: List of non-mycobacterial and mycobacterial strains tested.
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suggests that the detection limit under the present setup is
between 450 and 900 CFU μL−1.

Note that the negative control contained the mycobacterio-
phage batch that was used for lysis without added
M. smegmatis. The mycobacteriophages were produced via
infection of M. smegmatis and consequently it was difficult to
completely avoid traces of mycobacterial TOP1A in the prep-
arations, although the mycobacteriophages were purified prior
to use. To avoid false positive results, the utilized mycobacterio-
phage preparation was therefore used as a negative reference
sample in all experiments that relied on lysis by mycobacterio-
phage infection.

The clinical specimen for diagnosis of TB is sputum.
However, some patients including HIV positive individuals
and children often have trouble producing sufficient volumes
of sputum for diagnosis.55,56 Moreover, sputum can be a trou-
blesome specimen to work with and may not be suitable for
point-of-care testing.57 Accordingly, there is a need for diag-
nosing TB using non-sputum samples. Since TB spread via
droplets of saliva58,59 the use of such specimens seems as
an obvious choice. The aim with the presented RCA based
sensor system, which is based on a new principle for detection,
is to take the first steps in the direction of the development of
a TB test suitable for quantitative measurement of TB in saliva
from infected patients at low resource settings. For safety
reasons, it was not possible to test the method using clinical
samples in the current study. As a model sample, we therefore
used saliva from uninfected individuals with or without
spike-in M. smegmatis. The samples were treated with purified
mycobacteriophages before the lysate was analysed using the
sensor system. As evident from Table 2, the estimated number
of signals per image frame obtained when analysing saliva
samples containing 650 CFU μL−1 spike-in M. smegmatis was
significantly (one tailed p-value <0.000001) higher than the

signals observed for the saliva sample without added
M. smegmatis. This result supported the feasibility of using the
RCA based sensor system for the detection of mycobacteria in
human saliva.

The detected concentration of 650 CFU M. smegmatis per μL
saliva was consistent with the detection limit expected from
the results shown in Fig. 4. Sputum from TB patients typically
contains 0.5–1 million CFU mL−1.60–64 The observed detection
of approximately 0.6 million CFU mL−1 under the utilized
assay conditions therefore holds promise for the future devel-
opment of a novel TB diagnostic test based on the RCA based
sensor system specific for mycobacteria TOP1A activity.

Conclusion

TB is among the major threats to global health with one third
of the world population being infected and more than
10 million new cases being reported each year.1 Reliable diag-
nosis remains a problem especially for low resource countries
where TB is most prevalent. With the aim of taking the first
steps in the direction of the development of a new diagnostic
test for TB we here present a novel type of sensor system
specific for mycobacteria in crude samples. This is achieved by
measuring the activity of the mycobacterial expressed enzyme
TOP1A at the single catalytic event level in an assay setup that
relies only on isothermal amplification steps. The current
signal readout was performed using a fluorescence microscope
to detect RCPs hybridized with fluorescent labelled probes.
However, we and others previously demonstrated detection of
RCPs using a simple colorimetric readout procedure that
could be performed even at limited resource settings.21,65 The
exploitation of such a readout procedure may enable the future
development of a point-of-care TB test based on the here pre-
sented sensor system. The choice of a mycobacterially
expressed biomarker predicts that the RCA based sensor
system will be insensitive towards previous infections and/or
co-infections with immunosuppressing microbes such as HIV.
This is in contrast to current point-of-care tests such as e.g. the
tubulin skin test, which measures the human immune
response to TB infections.9,10

We demonstrated that the mycobacteria RCA based sensor
system was specific towards mycobacterial TOP1A in a back-
ground of E. coli or human cell extracts and that the setup
detected mycobacteria exclusively when tested against an array
of non-mycobacteria often found in human specimen.

Fig. 4 Adjusted number of signals obtained when analysing increasing
concentrations of M. smegmatis (CFU μL−1). Confidence intervals with
95% coverage depicted as interval bars; significant groups at 5% confi-
dence level labelled “a”, “b”, “c” and “d” (based on p-values adjusted for
multiple testing by the FDR method). See also ESI Table S3.†

Table 2 Estimated number of signals per image frame obtained from
the analysis of saliva and saliva with 650 CFU μL−1 of M. smegmatis (95%
confidence interval in parenthesis; p-value for equality of the mean
numbers of signals per image frame <0.000001)

Sample Est. number of signals

Saliva 6.6 (4.9–8.8)
Saliva + M. smegmatis 82.5 (66.3–102.1)
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Moreover, we were able to quantify and detect the model myco-
bacteria M. smegmatis in small samples (25 μL cell suspension)
of e.g. human saliva when combining the sensor system with
lysis caused by mycobacteriophage infection. The lowest con-
centration of mycobacteria detected by the RCA based system
was approximately 0.6 million CFU mL−1, which is within the
range of concentrations relevant for clinical samples.60,64

Hence, we believe that the presented DNA sensor system holds
promise for the development of a potential new diagnostic test
for TB that may even be suitable for low resource settings.
Note that although the presented assay setup, that includes
multiple steps, at first glance may appear complicated it
requires limited sample preparation, can be performed under
isothermal conditions and is adaptable to a simple colori-
metric readout. A future TB test based on this technology may
be envisioned as a semi or fully automated microfluidics setup
that does not rely on electricity supply.
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