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1  | INTRODUC TION

Tuberculosis (TB), which is caused by Mycobacterium tuberculosis 
(Mtb), is the source of a major global health crisis. The World Health 
Organization (WHO) estimates that there are approximately 10 mil-
lion people affected by TB annually, and TB is one of the top 10 

causes of death worldwide.1 Although the number of people killed 
by TB from 2000 to 2015 was less than that in previous years, the 
mortality rates are still high, especially in lower-  to middle- income 
countries.1,2 Rapid diagnosis and appropriate treatment may limit 
the risk of TB spreading, which is important because those are es-
sential factors for decreasing both morbidity and mortality rates.3
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Abstract
Background: Rapid diagnosis of Mycobacterium tuberculosis (Mtb) is key to controlling 
the spread of tuberculosis, which is a global health concern. In this study, isothermal 
recombinase polymerase amplification (RPA) was developed to detect specific tar-
gets of Mtb, IS6110 and IS1081. Additionally, SYBR Green I was used for endpoint 
detection of the RPA products by the naked eye.
Method: A total of 146 genomic Mtb DNA samples and 24 genomic nontuberculous 
mycobacteria (NTM) DNA samples were amplified at IS6110 and IS1081 by RPA. 
After a complete amplification, the RPA amplicons were examined by agarose gel 
electrophoresis (RPA- AGE) and SYBR Green I (RPA- S) assays. The performance of the 
RPA assays was evaluated by comparing them to a conventional PCR.
Results: The RPA assay demonstrated to have a good capability to differentiate Mtb 
from NTM with a very short turnaround time at a constant temperature. Compared 
to conventional PCR, the sensitivities and specificities of RPA- AGE for IS6110 and 
IS1081 were 100%. The specificity of RPA- S was 100% for both targets; however, its 
sensitivities for IS6110 and IS1081 were 97.95% and 99.32%, respectively. The limits 
of detection of IS6110 RPA- AGE and RPA- S were 0.05 and 0.5 ng, respectively, while 
the LODs of IS1081 RPA- AGE and RPA- S were 0.00005 and 0.05 ng, respectively. 
Both RPA assays showed a satisfying diagnostic specificity, with no cross- reaction 
with other bacteria.
Conclusion: A rapid, sensitive, naked eye RPA assay can be integrated into point- of- 
care diagnosis for Mtb detection, especially in remote areas where laboratory instru-
ment resources are limited.
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TB can be diagnosed in several ways. Sputum smear micros-
copy, a primary screening test that is particularly used in endemic 
areas, is used to examine the presence of bacteria.4,5 Even if this 
technique is rapid and low cost, previous studies have shown that 
the sensitivity of the test is variable (48%- 62%).6-9 Conventional 
culture- based methods, use of a reference standard, permit the 
growth of bacteria from clinical specimens and can be used to de-
termine the species of Mycobacterium. Nevertheless, these meth-
ods are time- consuming due to a requirement of TB growth and 
can take up to 8 weeks.10 Molecular diagnostic tests are continu-
ally being developed not only to decrease their turnaround time 
but also to improve the sensitivity of the TB diagnosis.11,12 The 
Xpert MTB/RIF (Cepheid, Sunnyvale, CA, USA), a fully automated, 
walkaway, real- time PCR- based method with a total turnaround 
time of approximately 2 hours, has been endorsed by the WHO 
for simultaneous diagnosis of TB and rifampicin resistance.13 
However, the disadvantages of the Xpert MTB/RIF include its 
high cost, regular maintenance, stable electric power supply 
requirement, and limited machine capacity (four tests every 
2 hours).14 Unlike PCR- based assays, isothermal amplification 
methods avoid the requirements for thermal cycling and specific 
power supply instruments.15 Isothermal amplification methods 
amplify products at a constant temperature, which can be sup-
ported with a simple heat block. This method is a major advantage 
for low- resource settings and can be applied as a point- of- care 
test. Several isothermal amplification methods were recently 
shown to be able to detect Mtb, including transcription- mediated 
amplification (TMA), loop- mediated amplification (LAMP), and 
helicase- dependent amplification (HDA).16-19

Recombinase polymerase amplification (RPA) has emerged as a 
novel isothermal amplification method that is useful in many diagnostic 
fields.20 The three core enzymes required for the reaction are recombi-
nase, single- stranded binding protein, and DNA polymerase.21 The am-
plification process occurs under an optimum temperature that ranges 
from 37 to 42°C and takes <10- 40 minutes.22,23 Previous studies have 
shown successful Mtb detection by the RPA technique via real- time 
device detection or endpoint detection via bridging flocculation.24,25 
However, specific devices are required to accomplish these tests.

Hence, in this study, we developed an alternative molecular di-
agnostic test based on isothermal amplification methods. The aim of 

this study was to establish an affordable, rapid, and easy hands- on 
detection tool for Mtb detection, targeting low- resource and periph-
eral healthcare settings or fieldworks where specific instrumenta-
tion is limited. RPA was used to amplify target genes, specifically 
Mtb IS6110 and IS1081. Then, SYBR Green I was added after the 
amplification to observe the RPA products by the naked eye.

2  | MATERIAL S AND METHODS

2.1 | Mtb DNA samples

A total of 170 genomic DNA samples extracted from Mycobacterium col-
onies were used in this study. These included 100 Thai strain Mtb DNA 
samples and 24 nontuberculous mycobacteria (NTM) DNA samples ob-
tained from the Microbiology Unit, Faculty of Medicine Ramathibodi 
Hospital, Mahidol University, Bangkok, Thailand. Additionally, 46 
Japanese strains of Mtb DNA were obtained from the Department of 
Bacteriology, Osaka Prefectural Institute of Public Health, Osaka, Japan. 
All of the Mycobacterium strains were previously cultured by a MGIT™ 
liquid culture system (Becton, Dickinson and Company, Franklin Lakes, 
NJ, USA) and discriminated between Mtb and NTM using the SD Bioline 
TB Ag MPT64 assay (Standard Diagnostics, Gyeonggi-do, Korea). DNA 
of the standard reference strain Mtb H37Rv genomic (kindly provided 
by the Microbiology Unit, Faculty of Medicine Ramathibodi Hospital, 
Mahidol University, Bangkok, Thailand) was used as a positive control.

All of the genomic DNA used in this study was extracted from 
discarded colonies after a routine diagnostic examination, with no 
links to patient data. The study was exempted from ethical approval 
in accordance with the Research Ethics Review Committee for 
Research Involving Human Research Participants, Health Sciences 
Group, Chulalongkorn University (COA No. 036/2018).

2.2 | IS6110 and IS1081 amplifications by 
conventional PCR

The IS6110 and IS1081 genes were amplified by conventional PCR 
using specific primers, as summarized in Table 1. A total of 170 sam-
ples of Mtb and NTM DNA were used as templates for both target 
sites. Mtb H37Rv genomic DNA and sterile distilled water were used as 

TABLE  1 Primer sequences for PCR and RPA used in this study

Primer Sequence (5′→3′) Product size (bp) Reference

IS6110F PCR GGTCGCCCGTCTACTTGGTG 416 44

IS6110R PCR TGGACGCGGCTGATGTGCTC

IS1081F PCR TCGCGTGATCCTTCGAAACG 238 41

IS1081R PCR GCCGTTGCGCTGATTGGACC

IS6110F RPA TCAGTGAGGTCGCCCGTCTACTTGGTGTTG 423 This study

IS6110R RPA TGGACGCGGCTGATGTGCTCCTTGAGTTC

IS1081F RPA CCTCTTCTCATCTTATCGACGCCGAGCAGC 173 This study

IS1081R RPA CTGATTGGACCGCTCATCGCTGCGTTCGC
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positive and negative controls, respectively. Each reaction contained 
0.2 μmol/L forward and reverse primers, 0.1 ng of DNA, 200 μmol/L 
dNTPs, 1× PCR buffer, 1.5 mmol/L MgCl2, and 1.5 U of Taq DNA 
Polymerase (New England BioLabs, Ipswich, MA, USA). The PCR am-
plification conditions were predenaturing at 95°C for 5 minutes, 35 
cycles of amplification (95°C 1 minute, 57°C for IS6110 or 60°C for 
IS1081, and 72°C 1 minute), and a final extension at 72°C 7 minutes. 
The PCR amplicons of both genes were analyzed by 1.5% agarose gel 
electrophoresis containing UltraPower DNA/RNA Safedye (Gellex, 
Tokyo, Japan) and visualized under UV transilluminator.

2.3 | RPA amplification

All 170 samples of Mtb DNA were amplified by the RPA assay target-
ing the IS6110 and IS1081 genes. The RPA specific primers used in 
this study are summarized in Table 1, and Mtb H37Rv genomic DNA 
and sterile distilled water were used as positive and negative controls, 
respectively. DNA amplification was performed with the TwistAmp® 
Basic kit (TwistDx Limited, Cambridge, UK) as recommended by the 
manufacturer. Each RPA reaction consisted of 29.5 μL rehydration 
buffer, 0.48 μmol/L forward and reverse primers, 0.1 ng of DNA, 
14 mmol/L MgOAc, and sterile distilled water up to 50 μL. The RPA 
reaction mixture was incubated at 37°C for 15 minutes. After amplifi-
cation, each reaction was aliquoted into two tubes to be evaluated by 
different detection methods: 1.5% agarose gel electrophoresis (RPA- 
AGE) and SYBR Green I (RPA- S).

2.4 | Agarose gel electrophoresis

RPA products (25 μL) were purified by FavorPrep Gel/PCR 
Purification (Favorgen Biotech Corp., Ping-Tung, Taiwan). The puri-
fied RPA products were visualized via 1.5% agarose gel electropho-
resis containing UltraPower DNA/RNA Safedye (Gellex) under UV 
light. Amplifications of IS6110 and IS1081 were expected to gener-
ate visible bands of 416 and 238 bp, respectively, on the agarose gel. 
A 100- bp DNA ladder was used as the molecular marker.

2.5 | SYBR green I detection

Amplified IS6110 and IS1081 RPA products were directly detected 
by the naked eye in the natural light by adding 1 μL of 375x SYBR 
Green I (TaKaRa Bio, Tokyo, Japan) to the 25- μL RPA product tube 
and immediately observing a color change of the solution. The solu-
tion changed from light orange to bright green in the presence of 
RPA amplicons, implying that Mtb DNA was detected. By contrast, 
the solution remained light orange in the absence of RPA amplifica-
tion, indicating that Mtb DNA was not detected. RPA coupled with 
SYBR Green I detection was blindly interpreted to eliminate bias.

2.6 | Limit of detection determination

To determine the limit of detection (LOD) of the RPA assay, genomic 
DNA extracted from Mtb H37Rv was tenfold serially diluted from 5 to 

0.00005 ng and used as a template for each pair of primer sets for am-
plification. Sterile distilled water was used as a negative control. After 
amplification, each reaction was aliquoted for SYBR Green I detection 
and compared to 1.5% agarose gel electrophoresis detection.

2.7 | Specificity testing

The specificities of RPA- S and RPA- AGE with each pair of primer 
sets were analyzed with genomic DNA from Acinetobacter bauman-
nii, Haemophilus influenzae, Klebsiella pneumoniae, Moraxella catarrha-
lis, Pseudomonas aeruginosa, Streptococcus pneumonia, Streptococcus 
pyogenes, M. avium, and M. intracellulare. Sterile distilled water was 
used as a negative control. After amplification, each reaction was 
aliquoted for SYBR Green I detection and compared to the 1.5% aga-
rose gel electrophoresis detection results.

3  | RESULTS

3.1 | PCR amplifications

A total of 146 Mtb and 24 NTM isolates, confirmed by liquid culture 
and the SD Bioline TB Ag MPT64 assay, were correctly identified at 
the species level by conventional PCR using IS6110 and IS1081 as 
targets. The amplified PCR products for IS6110 and IS1081 were 416 
and 238 bp, respectively. Both PCR primer sets were able to detect 
DNA from all 100 Thai and 46 Japanese Mtb strains via PCR amplifi-
cation. On the other hand, neither IS6110 nor IS1081 products were 
detected in the 24 NTM strains. The PCR amplification results for 
each target are summarized in Table 2.

3.2 | RPA amplification

Amplification by RPA generated IS6110 (423 bp) and IS1081 
(173 bp) products. To detect RPA products of the 146 Mtb and 24 
NTM genomic DNA samples, two different DNA product analy-
ses were applied. For RPA- AGE, the purified RPA products were 
analyzed by 1.5% agarose gel electrophoresis (Figure 1). All of the 
146 Mtb strains, but not the NTM strains, were able to be detected 
by RPA- AGE using both the IS6110 and IS1081 targets. The rest 
of nonpurified RPA products were directly added to 1 μL of 375x 
SYBR Green I, and an immediate color change of the solution was 
observed by the naked eye. Figure 2 shows the final color of the 
RPA solution after SYBR Green I was added. A green color solu-
tion indicates a positive result (Mtb DNA was detected), while an 

TABLE  2 Mycobacterium strains detected by conventional PCR

100 Thai 
Mtb strains

46 Japanese 
Mtb strains 24 NTM strains

IS6110 positive 100 46 0

IS6110 negative 0 0 24

IS1081 positive 100 46 0

IS10081 negative 0 0 24
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orange color solution indicates a negative result (Mtb DNA was 
not detected). RPA- S was able to detect 143 Mtb strains using the 
IS6110 target and 145 Mtb strains using the IS1081 target. Three 
samples for the IS6110 target and one sample for the IS1081 target 
gave indefinite results; borderline orange- green colors observed 
for RPA- S using IS6110 and IS1081 as the targets, respectively. 
However, in this study, IS6110 and IS1081 were able to differen-
tiate NTM from Mtb. None of the NTM strains were able to be 
detected by either RPA- AGE or RPA- S. The RPA amplifications for 

each target are summarized in Table 3.

3.3 | Performance of RPA

Among these 170 samples, compared to conventional PCR, the 
sensitivity and specificity of the IS6110 RPA- AGE assay were 100% 
(95% CI: 97.51, 100) and 100% (95% CI: 85.75, 100) and of the IS6110 
RPA- S assay were 97.95% (95% CI: 94.11, 100) and 100% (95% 
CI: 85.75, 100), respectively. The sensitivity and specificity of the 
IS1081 RPA- AGE assay were 100% (95% CI: 97.51, 100) and 100% 
(95% CI: 85.75, 100) and of the IS1081 RPA- S assay were 99.32% 
(95% CI: 96.24, 99.98) and 100%, respectively.

F IGURE  1 Agarose gel electrophoresis of RPA amplification of IS6110 and IS1081. A, shows 423- bp bands of IS6110. B, shows 173- bp 
bands of IS1081. In each figure, lane L is a 100- bp DNA ladder, lane 1 is a negative control, lanes 2- 5 are Mtb DNA, and lane 6 is Mtb H37Rv 
DNA positive control. Each figure is the representative of triplicate on three separate experiments

F IGURE  2 SYBR Green I detection of RPA amplification of IS6110 and IS1081. RPA products of IS6110 (A) and IS1081 (B) were endpoint- 
detected by SYBR Green I. For both figures, the leftmost tubes are negative control, showing orange color. The rightmost tubes are Mtb 
H37Rv DNA positive control, showing a green color. The other tubes are Mtb DNA, showing green color, implying the positive result of 
amplification. Each figure is the representative of triplicate on three separate experiments

100 Thai Mtb 
strains

46 Japanese Mtb 
strains 24 NTM strains

IS6110

RPA- AGE positive 100 46 0

RPA- AGE negative 0 0 24

RPAS positive 97 46 0

RPAS negative 3a 0 24

IS1081

RPA- AGE positive 100 46 0

RPA- AGE negative 0 0 24

RPAS positive 99 46 0

RPAS negative 1a 0 24

aIndefinite results are interpreted as negative results. 

TABLE  3 Mycobacterium strains 
detected by RPA- AGE and RPA- S
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3.4 | LOD of RPA- AGE and RPA- S

A limit of detection was determined according to the lowest DNA 
concentration that could be detected by either RPA- AGE or RPA- S. 
The LODs of RPA- AGE were found to be 100 and 1000 times lower 
than those RPA- S when targeting IS6110 and IS1081, respectively. 
When using the IS1081 primers, only 0.00005 and 0.05 ng of Mtb 
H37Rv DNA were required for the RPA- AGE and RPA- S reactions, 
respectively, to be positive. However, when using the IS6110 prim-
ers, 0.005 and 0.5 ng of the DNA templates were required for RPA- 
AGE and RPA- S reactions, respectively, to be consistently positive. 
IS1081 was found to be the more sensitive target compared to 
IS6110 in this study.

3.5 | Specificity of RPA

The specificity of the RPA assay was assessed for both target se-
quences, IS6110 and IS1081. Samples of genomic DNA from A. bau-
mannii, H. influenzae, K. pneumoniae, M. catarrhalis, P. aeruginosa, 
S. pneumonia, S. pyogenes, M. avium, and M. intracellulare were tested 
by RPA- AGE and RPA- S. Neither assay detected DNA from these 
bacteria. Figure 3 shows the detection of RPA products of IS1081 
(data not shown for IS6110 detection).

4  | DISCUSSION

TB is a global healthcare concern worldwide due to its high mortal-
ity and morbidity. A rapid, accurate diagnosis and promptly appro-
priate treatment could be effective for decreasing death rates and 

disease transmission. Sputum microscopy is a frontline diagnostic 
test for TB used in developing countries, particularly in low- resource 
and peripheral healthcare settings. However, the low sensitivity of 
sputum microscopy endangers the control of TB diseases.26 Isolation 
of M. tuberculosis, the causative agent of TB, is the most sensitive 
diagnostic method, but it is time- consuming and requires sophis-
ticated laboratory facilities.15 Despite the fact that nucleic acid 
amplification- based diagnosis enables sensitive detection of TB at 
low density with a rapid turnaround time, the utility of current con-
ventional and commercial amplification methods is limited by their 
costs and complexity.15 Previously, applications of isothermal ampli-
fication for Mtb detection have been reported.17,27,28 Isothermal am-
plification techniques do not require thermocycling instrumentation, 
which is a major advantage for point- of- care devices as the whole 
amplification processes take place under isothermal conditions.29 
Furthermore, when isothermal amplification is combined with direct 
visual detection, a complete instrument- free nucleic acid amplifica-
tion is possible.

Loop- mediated amplification is an isothermal amplification rec-
ommended by the WHO for detection of pulmonary TB.19 However, 
in our study, we did not perform LAMP assay to compare efficiency 
with the developed RPA assay. To the best of our knowledge, there is 
no evidence comparing RPA to LAMP to detect Mtb from the direct 
specimens. RPA and LAMP showed performances equivalent to the 
PCR to directly detect pathogens, including virus30 and fungus,31 in 
clinical samples. Both RPA and LAMP had short turnaround times 
coupled with satisfactory sensitivity and specificity. However, RPA 
was more simple to operate with a lower risk of contamination than 
with LAMP.31 Additionally, RPA has great feasibility of primer design 
and multiplexing.20

F IGURE  3 Specificity testing of RPA. A, RPA products of IS1081 were detected by agarose gel electrophoresis. Lane L is a 100- bp 
DNA ladder, lane 1 is a negative control, and lanes 2- 10 are DNA from A. baumannii, H. influenzae, K. pneumoniae, M. catarrhalis, M. avium, 
M. intracellulare, P. aeruginosa, S. pneumonia, and S. pyogenes, respectively, showing no visible band. Lane 11 is Mtb H37Rv DNA, showing 
a positive 173- bp band of IS1081. Each figure is the representative of triplicate on three separate experiments. B, RPA products of 
IS1081 were endpoint- detected by SYBR Green I. Tube N is a negative control, and tubes 1- 9 are DNA from A. baumannii, H. influenzae, 
K. pneumoniae, M. catarrhalis, M. avium, M. intracellulare, P. aeruginosa, S. pneumonia, and S. pyogenes, respectively, showing an orange color. 
Tube A is Mtb H37Rv DNA, showing a green color, implying the positive result of amplification. Each figure is the representative of triplicate 
on three separate experiments
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Recombinase polymerase amplification is a promising isothermal 
molecular tool that has been increasingly used in clinical microbi-
ology laboratories because it has a simple, affordable, rapid, and 
sensitive method for identifying pathogens.20 Recently, RPA has 
been developed to detect Mtb DNA in combination with a variety of 
detection formats, including a fluorescence detection device24 and 
bridging flocculation.25 However, specific or electrical instruments 
are still required for these detection formats. Here, we attempted 
to develop RPA combined with SYBR Green I to obtain instrument- 
free nucleic acid amplification and detection for Mtb diagnosis. With 
the RPA system, the manufacturer recommends general guidelines 
for designing RPA primers for a successful amplification.32 These in-
clude avoiding long tracks of one particular nucleotide, especially 
guanine,	or	a	large	number	of	small	repeats	at	the	5′	terminus.	GC	
content higher than 70% or lower than 30% must be avoided. RPA 
primers should be 30- 35 bases long, while more extended primer 
over 45 bases are not recommended because they are like to form 
the secondary structures.32 In our study, two to three forward and 
reverse primers for each specific sequence (IS6110 and IS1081) were 
designed. These RPA primer candidates contained 29- 30 bases and 
had GC content ranging from 56% to 62%. All primer candidates 
were analyzed for a possibility to form secondary structure (such as 
hairpin loop and self- dimer) using OligoAnalyzer 3.1 program (IDT, 
Skokie, IL, USA). Each forward and reverse primer candidates were 
paired and preliminarily screened with the TwistAmp® Basic Kit as 
recommended by the manufacturer. Once optimal primers were 
identified, they were subsequently used in our developed RPA assay 
for specific amplification. SYBR Green I (250, 375, 500, 750, and 
1000× in a final volume of 25 μL RPA products) was also validated 
to obtain the appropriate concentration. In our study, 375x of SYBR 
Green I showed the most distinguishable positive and negative re-
sults when detecting RPA products and was selected in the devel-
opment processes. During RPA assay development, amount of DNA 
template, primer concentration, MgOAc concentration, and incuba-
tion temperature and period were optimized until gaining the most 
appropriate condition. In every optimization, the RPA amplicons 
were inspected by SYBR Green I compared with agarose gel electro-
phoresis. The only condition that produced clearly readout results 
(when observed with SYBR Green I) without nonspecific bands in 
agarose gel electrophoresis was selected.

SYBR Green I has been previously used for endpoint DNA prod-
uct detection in several works. Cyanine dye preferentially binds to 
double- stranded DNA, including PCR or RPA amplicons, resulting 
in a DNA- dye complex that emits green light and can be read by 
the naked eye.33 Due to the simple colorimetric signal detection 
property of SYBR Green I, when combined with our RPA assay, this 
platform offers an intermediate outcome within only 15- 20 minutes. 
Additionally, no further specific instruments are required, permit-
ting the development of point- of- care devices with fully portable 
test platforms.

Compared to conventional PCR, the RPA technique demon-
strated a good capability to amplify Mtb DNA using IS6110 
and IS1081 as targets. All of the Mtb isolates were correctly 

differentiated from NTM isolates via RPA- AGE (100% sensitivity 
and specificity for either IS6110 or IS1081 targets). Our study 
showed that RPA- S had reduced sensitivity to detect Mtb via ei-
ther IS6110 (97.95% sensitivity) or IS1081 (99.32% sensitivity); 
however, it still had 100% specificity for both targets. There were 
3 (for IS6110) and 1 (for IS1081) RPA- S reactions that exhibited an 
indefinite orange- green color after adding SYBR Green I, which 
were interpreted as negative for Mtb detection. A previous study 
showed that there was no significant difference between the 
LAMP results detected by agarose gel electrophoresis or naked 
eye detection of LAMP products after SYBR Green I addition.34 
Although SYBR Green I exhibits good sensitivity for DNA detec-
tion, false negatives somehow occur when the DNA content is 
low.35 DNA from 300 ng to 2 μg has been suggested to be used as 
the template amount for amplification, followed by the detection 
by SYBR Green I; otherwise, the experimental results cannot be 
visualized by the naked eye.36 In our RPA- S assay, the final amount 
of template DNA used was only 0.1 ng, which may have led to the 
false negatives observed in the four negative RPA- S reactions 
mentioned above. Despite the disadvantages of SYBR Green I, 
such as extensive optimization or preferential binding to certain 
DNA sequences,37 it remains one of the most widely used dyes 
for nonspecific DNA detection due to its cost efficiency and easy 
setup.38

Our RPA assay targeted two different insertion sequences that 
are highly specific for Mtb, IS6110 and IS1081. In this study, RPA- 
AGE and RPA- S showed satisfying diagnostic specificity, with no 
cross- reaction with other bacterial genera or species. While IS6110 
is present in Mtb at a copy number of up to 25 per genome and 
has high sensitivity for Mtb diagnosis by PCR,39 Mycobacterium tu-
berculosis complex isolates with no IS6110 have been reported.40 
On the contrary, IS1081 is present in all MTBC species, with a sta-
ble copy number of 5- 7 repeats per genome.41 When testing with 
IS1081, RPA- AGE and RPA- S were able to detect Mtb DNA as low 
as 0.00005 ng and 0.05 ng, respectively. However, IS6110 required 
a slightly higher amount of DNA 0.005 ng and 0.5 ng for the RPA- 
AGE and RPA- S assays, respectively. The DNA product length has 
been shown to impact the LOD of SYBR Green I. The optimal DNA 
product length recommended for SYBR Green I detection is gener-
ally less than 200 bp.33 Amplification of IS6110 by RPA generated 
products of 423 bp, which is larger than IS1081, which is173 bp. The 
reduced LOD of IS6110 RPA- S may be due to the loss of efficiency of 
SYBR Green I when detecting the longer product.

The different LODs between RPA- AGE and RPA- S may be due to 
the efficiency of the dye used in the individual system. In the RPA- 
AGE assay, the UltraPower DNA/RNA fluorescent dye was used to 
detect RPA amplicons when electroporated, and it is able to detect at 
least 20 pg of double- stranded DNA in an agarose gel.42 SYBR Green 
I was used to detect RPA amplicons in the RPA- S assay. However, 
SYBR Green I also has a high sensitivity for double- stranded DNA 
detection, as low as 60 pg, when coupled with agarose gel electro-
phoresis with visualization via an UV transilluminator.43 In our study, 
the RPA- S reaction was observed for a SYBR Green I color change; 
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this change was observed by the naked eye. This detection method 
probably limits the efficiency of SYBR Green I when performing the 
LOD test via RPA- S compared with RPA- AGE in this study.

Conforming to a previous study that provided evidence for 
using RPA as a tool for the rapid and sensitive detection of DNA 
from Mtb,24 our developed RPA- S assay provides a rapid (~15- 20 min 
from sampling to readout), sensitive (0.5- 0.05 ng for LOD), conve-
nient molecular method for Mtb detection at an affordable price (~5 
USD per reaction). Moreover, RPA- S does not require expensive or 
specific laboratory devices, making it a possible candidate for de-
velopment as a point- of- care diagnostic device for TB infection in 
future. Although a rapid amplification is now available, extraction of 
nucleic acid from direct specimens remains a laboratory- based prac-
tice. Adoption of DNA tests at the point- of- care setting still requires 
the development of simplified sample- handling procedures.

In conclusion, our study demonstrates the application of SYBR 
Green I with the RPA assay for Mtb detection by the naked eye. This 
assay can be implemented as an alternative molecular diagnostic 
test for the screening of TB infection, which could help control the 
spread of TB, especially in low- resource and peripheral healthcare 
settings.
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