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Background: The current methods for detecting Mycobacterium tuberculosis	(Mtb)	are	
not	clinically	optimal.	Standard	culture	methods	(SCMs)	are	slow,	costly,	or	unreliable,	
and	loop-	mediated	isothermal	amplification	(LAMP)	cannot	differentiate	live	Mtb.
Methods:	This	study	compared	reverse	transcription	(RT)-	LAMP,	LAMP,	and	an	SCM	
for	detecting	Mtb.	A	first	experiment	tested	the	sensitivity	and	specificity	of	primers	
for 9 species of Mycobacterium	(H37Rv,	M. intracellulare, M. marinum, M. kansasii, M. 
avium, M. flavescens, M. smegmatis, M. fortuitum, and M. chelonae);	 and	 3	 non-	
Mycobacterium	 species	 (Staphylococcus	 aureus,	 Pseudomonas	 aeruginosa,	 and	
Klebsiella	pneumoniae).	A	second	experiment	tested	sputum	specimens	for	the	pres-
ence	of	Mtb,	from	100	patients	with	tuberculosis	(clinical)	and	22	from	patients	with-
out	tuberculosis	(control),	using	Roche	solid	culture	(SCM),	LAMP,	and	RT-	LAMP.	In	
the clinical samples.
Results:	The	rates	of	positivity	for	Mtb	of	the	SCM,	LAMP,	and	RT-	LAMP	methods	
were 88%, 92%, and 100%, respectively. The difference in detection rate was signifi-
cant	between	RT-	LAMP	and	SCM,	but	RT-	LAMP	and	LAMP	were	comparable.	In	the	
control group, the detection rates were nil for all three methods.
Conclusion:	The	specificities	of	the	methods	were	similar.	The	sensitivity	of	RT-	LAMP	
was	~10-	fold	higher	than	that	of	LAMP	for	detecting	Mtb.	Unlike	LAMP,	RT-	LAMP	
could	 identify	viable	bacteria,	and	was	able	 to	detect	a	single	copy	of	Mtb.	Among	
SCM,	LAMP,	and	RT-	LAMP,	the	latter	is	the	most	suitable	for	wide	use	in	the	lower-	
level hospitals and clinics of China for detecting Mtb in sputum samples.
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1  | INTRODUCTION

Tuberculosis	 (TB)	 is	 a	 serious	 chronic	 infectious	disease,	 caused	by	
the obligate pathogenic bacterial species Mycobacterium tuberculo-
sis	 (Mtb).	TB	 is	 one	of	 the	oldest	 diseases	 that	 still	 harm	mankind,	
with specimens isolated from ancient Egyptian mummies. Currently, 
about 9- 10 million people contract tuberculosis each year,1-6 even as 
the emergence of drug-  and multidrug- resistant tuberculosis strains 
continue to emerge.7-9	The	prevention	and	treatment	of	TB	requires	
detection	 methods	 for	 Mtb	 that	 are	 quick	 to	 perform	 and	 with	

high sensitivity and specificity,10,11 so that patients may be treated 
early.12,13

At	present,	the	main	methods	to	diagnosis	tuberculosis	depend	on	
detection	of	Mtb.	These	methods	include	the	following:	Acid-	fast	ba-
cillus smear, culture, and nucleic acid amplification. Each of these has 
disadvantages	 in	clinical	medicine.	Although	acid-	fast	sputum	smear	
staining is simple and easy to perform, it has low sensitivity and a low 
detection rate,14-16 and it cannot identify between live and dead bac-
teria.	The	Roche	 solid	 culture	method	 requires	 a	 long	 culture	 cycle,	
4-	8	weeks.15,17	 The	 turnaround	 time	 of	 the	 improved	 liquid	 rapid	
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culture system is 10 days, but it detects only viable bacteria18 and is 
costly and susceptible to contamination.19,20

Techniques	 that	 rely	 on	 nucleic	 acid	 amplification	 include	 poly-
merase	chain	reaction	(PCR)	and	loop-	mediated	isothermal	amplifica-
tion	(LAMP).21-24	PCR	is	rapid,	sensitive,	and	specific,	but	requires	high	
investments	in	equipment	and	operator	skills,	which	create	obstacles	
for their use in settings with limited clinical resources, which create 
obstacles for their use in settings with limited clinical resources.25 
LAMP	overcomes	these	shortcomings,	with	advantages	such	as	rapid	
reaction	(30-	50	minutes)	and	simple	operation.	Personnel	require	only	
simple training, and the amplification results can be determined by the 
naked	eye.	Thus,	LAMP	is	suitable	for	primary	medical	care	institutions	
or peripheral laboratory,26-28	In	August	2016,	WHO	recommends	that	
the basic medical units in developing countries use the new detection 
method	TB-	LAMP,	which	 can	 replace	 the	 sputum	 smear	 method.29 
However,	 the	 target	 of	 PCR,	 LAMP,	 and	 other	 molecular	 detection	
methods	is	Mtb	DNA,	and	results	are	positive	for	both	viable	and	dead	
bacteria.	Thus,	these	techniques	cannot	be	used	to	test	the	efficacy	of	
anti- tuberculosis treatment in clinical medicine.

The	ribosomal	RNA	(rRNA)	16S	rRNA	is	a	housekeeping	gene	with	
a high copy number and short half- life, accounting for 80% of the total 
RNA.	Because	rRNA	molecules	are	 transcribed	only	 in	metabolically	
active cells and are rapidly degraded upon the cessation of metab-
olism,	the	direct	analysis	of	rRNA	molecules	can	reveal	the	diversity	
and,	 to	 certain	 extent,	 the	 quantity	 of	 metabolically	 active	 organ-
isms.30-33	Therefore,	the	selection	of	reverse	transcription	 (RT)	com-
bined	with	LAMP	to	amplify	16S	rRNA	not	only	helps	determine	viable	
bacteria,	 but	 also	 improves	 the	 sensitivity.	RT-	LAMP	and	LAMP	are	
similar	methods	except	that	the	template	for	RT-	LAMP	is	RNA	during	
amplification,	in	which	the	reverse	transcriptase	and	RNase	inhibitor	
are included.

This study investigated the viability of reverse transcription 
(RT)-	LAMP	for	detecting	Mtb,	relative	to	LAMP	and	a	Roche	culture	
method.	The	16S	rRNA	gene	of	Mtb	was	used	as	the	target	gene.	The	
Roche culture method was used, as a gold standard SCM.

2  | MATERIALS AND METHODS

2.1 | Experiment one: Validation of primers used in 
the study

2.1.1 | Strains and reagents

For primers sensitivity and specificity test, nine standard strains of H37Rv, 
Mycobacterium intracellulare, Mycobacterium marinum, Mycobacterium 
kansasii, Mycobacterium avium, Mycobacterium flavescens, Mycobacterium 
smegmatis, Mycobacterium fortuitum, and Mycobacterium chelonae and 
three non- Mycobacterium strains of Staphylococcus aureus, pseudomonas 
aeruginosa, and Klebsiella pneumoniae, collected in our hospital, are pre-
served by this clinical laboratory. The modified Roche culture medium 
is	prepared	in	our	laboratory,	the	Bacterial	DNA	Extraction	Kit	was	pur-
chased	from	Shenggong	(Shanghai),	and	the	RNeasy	Mini	Kit	was	pur-
chased	from	Qiagen	(Germany).

2.1.2 | Processing of sputum specimen

Bacterial	 RNA	 and	 DNA	 samples	 were	 prepared	 for	 RT-	LAMP	 and	
LAMP.	In	short,	first	add	2	volumes	of	RNAprotect	Bacteria	Reagent	into	
1	volume	of	sputum	sample	to	protect	RNA	and	then	add	2	volumes	of	
2%	N-acetyl-L-cysteine-NaOH	solution	to	liquefy	the	sputum	sample.34 
vortex	for	2	minutes	until	fully	 liquefied.	Then	plating	0.1	mL	of	speci-
men on to modified acid Roche medium to identify the bacteria and the 
remaining	was	stored	at	−80°C	to	be	used	to	extract	RNA	and	DNA.	RNA	
was	isolated,	using	the	RNeasy	Mini	Kit	(Qiagen,	Germany)	in	accordance	
with	the	manufacturer’s	instructions	and	treated	with	DNase	I.	DNA	was	
isolated	using	the	Bacterial	DNA	Extraction	Kit	(Shenggong	Shanghai).

2.1.3 | RT- LAMP primer design

The	 16S	 rRNA	 sequence	 of	 the	Mtb	 standard	 strain	 (NR_102810.1)	
and various non- tuberculosis Mycobacterium species were compared, 
using Clustal Omega: M. intracellulare	 (NR_074661.1);	 M. marinum 
(NR_025214.1);	M. kansasii	 (NR_121712.1);	M. avium	 (NR_102855.1);	
M. flavescens	(NR_044815.1);	M. smegmatis	(NR_074718.1);	M. fortuitum 
(X65529.1)	 and	M. chelonae	 (AF480594.1).	 The	16S	 rRNA	 sequences	
located	at	170-	210	bp	and	430-	490	bp	were	selected	for	the	specific	
primers using primer design software Primer Explorer V5. Several spe-
cific primer sets were designed for the above region and their specificity 
at	the	3’	end	of	each	primer	was	compared	and	verified,	using	BLAST	
(Figure	1,	Table	1).	Primers	F3	and	B3	are	the	external	primers,	FIP	and	
BIP	are	internal	primers.	FIP	is	composed	of	F1c	and	F2,	BIP	is	composed	
of	B1c	and	B2.	All	primers	were	synthesized	by	Shanghai	Biotechnology.

2.1.4 | RT- LAMP reaction system

The 25 μL of reaction mix comprised the following: 1.6 μM of inner prim-
ers	(FIP	and	BIP);	0.2	μM	of	outer	primers	(F3	and	B3);	0.8	M	of	betaine	
(Sigma,	Saint	Louis,	MO,	USA);	8	mM	of	MgSO4;	1.4	mM	of	dNTPs;	8	
U	of	Bst	DNA	polymerase	 (New	England	BioLabs,	 Ipswich,	MA,	USA);	
20	U	of	recombinant	ribonuclease	Inhibitor	(Invitrogen,	Shanghai,	China);	
100	U	of	M-	MLV	reverse	transcriptase	(Vazyme,	Shanghai,	China);	2.5	μL 
of 10× buffer; 1 μL	of	template	RNA;	1	μL of mixture of calcium chloro-
phyll and MnCl2	which	concentrations	are	0.05	mM	and	0.6	mM	or	HNB	
(150	μM).	Deionized	water	was	added	up	to	25	μL.	A	reaction	tube	with-
out	RNA	template	was	the	negative	control.	The	tubes	were	incubated	in	
a	water	bath	at	60−°C	for	50	minutes	followed	by	a	quenching	at	90°C	
for 2 minutes. The completion of amplification was indicated by the color 
in the tube, wherein green is considered positive and orange is negative 
or	sky	blue	 is	considered	positive	and	purple	 is	negative.	The	reaction	
temperature	and	time	of	RT-	LAMP	and	LAMP	were	also	compared.	The	
amplicon was confirmed by 2% agarose gel electrophoresis.

2.1.5 | Sensitivity of RT- LAMP

The	sensitivity	of	RT-	LAMP	was	 tested	 in	 triplicate	using	DNA	and	
RNA	extracted	from	2	mL	of	Mtb	sputum	samples	diluted	in	a	10-	fold	
series.
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2.1.6 | Specificity of RT- LAMP

Positive	Mtb	controls	of	H37Rv	NR	and	negative	control	of	pulmo-
nary non- Mtb bacteria were used to compare the specificity between 
RT-	LAMP	and	LAMP.

2.1.7 | Detection limit of RT- LAMP

A	 detection	 limit	 of	 RT-	LAMP	 was	 calculated,	 using	 the	 following	
formula:

Y	 (copies/μL)	=	[X	 (g/μL)	 RNA	×	6.02	×	10²³]/[target	 gene	 length	
(basic	group	number)	×	340],	in	which	1	ng	is	approximately	equal	to	
109	copies	RNA,	1	ag	approximately	equal	to	1	copy	RNA.

2.1.8 | Restriction enzyme digestion of RT- 
LAMP and LAMP products

After	the	RT-	LAMP	reaction,	the	restriction	enzyme	Xho I was used 
for	restriction	fragment	length	polymorphism	(RFLP)	analysis.

3  | EXPERIMENT TWO

3.1 | Clinical samples

Between	 November	 2015	 and	 July	 2016,	 sputum	 specimens	 were	
collected	from	100	TB	suspected	patients	who	were	not	given	anti-	
tuberculosis	 treatment	 with	 tuberculosis	 (clinical)	 and	 22	 from	 pa-
tients	 without	 tuberculosis	 (control).	 All	 individuals	 were	 patients	
at	 Chinese	 People’s	 Liberation	 Army	 Bethune	 International	 Peace	
Hospital	Infection	Branch.	Patients	with	tuberculosis	included	54	men	
and	46	women,	aged	15-	80	years.	The	22	non-	tuberculosis	patients	
had received diagnoses of other pulmonary disease, according to bac-
teriological examination.

3.2 | Statistical analysis

The	sensitivities	of	the	SCM,	LAMP,	and	RT-	LAMP	tests	for	detecting	
Mtb	were	determined,	using	the	chi-	squared	test.	P < .05 was consid-
ered statistically significant.

4  | RESULTS

4.1 | Optimization of reaction conditions

The higher reaction temperature may decrease the activity of reverse 
transcriptase	activities;	the	best	reaction	temperature	was	60°C	hav-
ing	 a	 specific	 clear	 band	 (Figure	2A).	 The	optimum	 temperature	 for	
Bst	 DNA	 Polymerase	 generally	 is	 63-	65°C.35,36	 The	 DNA	 reaction	
occurred	at	60-	65°C	for	LAMP	(Figure	2B).	RT-	LAMP	reaction	starts	

F IGURE  1 Specific	amplification	region	of	RT-	LAMP

TABLE  1 RT-	LAMP	primers	used	in	this	study

Sequence (5′→3′) Length, bp

F3 TCCTGGCTCAGGACGAAC 18

B3 CGCTTTCCACCACAAGACAT 20

FIP	(F1c	+	F2) TCGCCACTCGAGTATCTCCGAA-	
GCGGCGTGCTTAACACAT

40

BIP	(B1c	+	B2) AGTAACACGTGGGTGATCTGCC-	
ATCCCGTGGTCCTATCCG

40
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at 15 minutes and the specific amplification occurred at 30 minutes. 
LAMP	reaction	starts	at	30	minutes	and	the	amplicon	was	observed	
only	at	40	minutes.	(Figure	3A,B)

4.2 | The analytical sensitivity of  
RT- LAMP and LAMP

The	sensitivity	of	RT-	LAMP	assay	was	1.0	×	100	CFU/mL	 (Figure	4A),	
and	 the	 sensitivity	 of	 the	 LAMP	 method	 was	 1.0	×	101 CFU/mL 
(Figure	4B).	The	sensitivity	of	RT-	LAMP	was	10-	fold	higher	than	that	
of	the	LAMP.

4.3 | The specificity of RT- LAMP

As	 shown	 in	 Figure	5,	 RT-	LAMP	and	 LAMP	 specifically	 amplified	
Mycobacterium	 rRNA,	but	not	the	non-	Mycobacterium species, in-
dicating	that	 the	RT-	LAMP	primers	used	 in	this	study	specifically	
targeted Mycobacterium	rRNA.

4.4 | Detection limit of RT- LAMP

The detection limit was determined, using the H37Rv standard in trip-
licate.	Figure	6	showed	that	the	detection	limit	of	RT-	LAMP	was	1	ag,	
which	equals	about	1	copy	of	the	RNA.

4.5 | Restriction enzyme digestion of RT- LAMP and 
LAMP products

The amplified product was digested by Xho I, the fragments were 
showed in Figure 7.

F IGURE  2 The electrophoresis for different temperature 
amplifications	of	(A)	RT-	LAMP	and	(B)	LAMP.	M:	250	bp	DNA	marker.	
Lanes	1-	5:	56,	58,	60,	63,	and	65°C.	Lane	6:	negative	control

F IGURE  3 Amplification	starting	times	of	(A)	RT-	LAMP	and	(B)	
LAMP.	M:	250	bp	DNA	marker.	Lanes	1-	5:	5,	15,	30,	40,	and	50	min.	
Lane	6:	Negative	control

F IGURE  4 Sensitivity	assay	of	RT-	LAMP	and	LAMP.	(A)	Electrophoresis	and	dye	pattern	of	calcein	and	HNB	of	RT-	LAMP.	(B)	Electrophoresis	
and	dye	pattern	of	calcein	and	HNB	of	LAMP.	M:	250	bp	DNA	marker.	Lanes	1-	9:	1.0	×	107, 1.0 × 106, 1.0 × 105, 1.0 × 104, 1.0 × 103, 1.0 × 102, 
1.0 × 101, 1.0 × 100, 1.0 × 10−1	CFU/mL.	Lane	10:	Negative	control
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4.6 | Clinical samples assay of RT- LAMP and LAMP

The	results	of	RT-	LAMP	and	LAMP	in	the	clinical	sputum	specimen	
are	 shown	 in	 the	Figure	8.	RT-	LAMP	correctly	 identified	 some	Mtb	
samples	 that	 were	 shown	 to	 be	 negative	 by	 the	 SCM	 and	 LAMP	
methods.	This	shows	that	RT-	LAMP	has	higher	sensitivity	than	SCM	
or	LAMP	(Figure	4).

For the tuberculosis patient group of 122 clinical samples, the sen-
sitivity	was	 88%	 for	 SCM,	 100%	 for	 RT-	LAMP,	 and	 92%	 for	 LAMP.	
The detection rate of sensitivity is significantly different between RT- 
LAMP	and	SCM	(P < .01,	Table	2),	but	not	differentiate	between	LAMP	
and	SCM	(P > .05,	Table	2).	RT-	LAMP	was	significantly	more	sensitive	

for	detecting	Mtb	compared	with	SCM	(P < .01),	but	LAMP	and	SCM	
were	 statistically	 similar	 (P > .05,	Table	2).	The	 rate	of	 positive	 iden-
tification	 by	 RT-	LAMP	 was	 significantly	 higher	 than	 that	 of	 LAMP	
(P < .05,	Table	2).

4.7 | Follow- up samples assay of RT- 
LAMP and LAMP

To	explore	the	relationship	between	RT-	LAMP	test	results	and	anti-	
tuberculosis treatment, we divided the same patient into three groups 
according to the anti- tuberculosis treatment cycle. The results of RT- 
LAMP	and	LAMP	were	shown	in	Table	3.	The	results	showed	that	in	
patients	without	treatmen,	the	positive	rate	of	RT-	LAMP	was	higher	
than	 LAMP,	 in	 patients	 with	 extended	 treatment	 (>6	months),	 the	
positive	rate	of	RT-	LAMP	was	lower	than	LAMP.	That	is	because	via-
ble bacteria are less after treatment, and more dead bacteria remain in 
the	body.	So	RT-	LAMP	can	evaluate	the	efficacy	of	anti-	tuberculosis	
whether there is drug resistance.

5  | DISCUSSION

It	 is	predicted	 that	TB	will	 continue	 to	be	one	of	 the	world’s	major	
infectious diseases by 2020,37	which	indicates	that	TB	is	still	spread-
ing worldwide. In recent years, the infection rate of Mtb has been in-
creasing gradually.38,39 It is difficult to identify based on morphology, 
especially	 for	AIDS	patients	 infected	with	non-	Mtb	that	were	often	
misdiagnosed as tuberculosis39-41 leading to delayed treatment. The 
RT-	LAMP	technique	in	this	study	is	highly	specific,	and	can	be	used	
to differentiate Mtb from non- tuberculosis Mycobacteria. Traditional 
nucleic	acid	amplification	to	detect	TB	is	based	on	the	DNA	of	Mtb,42-44 
which is unable to differentiate viable bacteria or evaluate the clinical 
efficacy	of	chemotherapy.	However,	16S	rRNA	with	its	short	half-	life	
exists only in the metabolic period of live bacteria. Therefore, RT-  
LAMP	 technology	 to	 detect	 Mtb,	 using	 RNA,	 avoids	 the	 positive	 
results	caused	by	residual	Mtb	DNA.	LAMP	technology,	with	its	sim-
ple, fast, and economical operation, has high sensitivity and speci-
ficity.	 The	 present	 study	 showed	 that	 RT-	LAMP	 had	 a	 significantly	
higher Mtb detection rate compared with SCM, but the detection 
rates	of	LAMP	and	SCM	were	similar.	The	rate	of	positive	detection	of	 
RT-	LAMP	was	significantly	higher	than	that	of	the	LAMP	method.

The	negative	result,	but	showed	by	RT-	LAMP,	obtained	by	LAMP	
from sputum specimens of patients with Mtb may be due to the low 
copy	 number	 of	 bacteria,	 which	 limited	 detection.	 Using	 RNA,	 the	
detection	 sensitivity	 of	 RT-	LAMP	 was	 higher,	 since	 the	 16S	 rRNA	
copy number is 103- 105	 times	higher	 than	 that	of	DNA.31	 and	RNA	
is single- chain structure, which is fragile and easy to degrade, and is 
not easy to cause contamination. In addition, the sensitivity of RT- 
LAMP	is	~10-	fold	higher	than	that	of	LAMP.	The	short	reaction	time	
(15	min)	and	high	sensitivity	of	RT-	LAMP	should	be	useful	clinically	for	
evaluating the effectiveness of anti- tuberculosis drugs. The follow- up 
patients show that with the extension of treatment time, the negative 
detection	of	the	RT-	LAMP	significantly	decreased,	16S	rRNA	negative	

F IGURE  5 Specificity	assay	of	RT-	LAMP.	M:	250	bp	DNA	marker.	
(A)	Electrophoresis	and	dye	pattern	of	calcein	and	HNB,	Lanes	
1-	4:	Sputum	samples	of	Mtb,	Staphylococcus aureus, Pseudomonas 
aeruginosa, and Klebsiella pneumoniae.	(B)	Electrophoresis	and	dye	
pattern	of	calcein	and	HNB,	Lanes	1-	9:	H37Rv,	Mycobacterium 
intracellulare, M. marinum, M, kansasii, M. avium, M. flavescens, M. 
smegmatis, M. fortuitum, and M. chelonae

F IGURE  6 RT-	LAMP	detection	limit	assay.	Electrophoresis	and	
dye	pattern	of	calcein	and	HNB	of	RT-	LAMP,	M:	250	bp	DNA	marker.	
Lanes 1- 9:100 pg,10 pg, 1 pg, 100 fg, 10 fg, 1 fg, 100 ag, 10 ag,  
1 ag/μL.	Lane	10:	Negative	control
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patients increased, suggest that it can be used to assess drug efficacy 
and	 identify	 drug	 resistance.	 RT-	LAMP	 can	 distinguish	 between	 la-
tent	TB	infection	(LTBI)	and	TB	disease.	Most	patients	with	untreated	
LTBI	will	never	develop	TB	disease.	Lee	et	al30 reported that combines 

reverse transcription, loop- mediated isothermal amplification, and 
enzyme-	linked	 immunosorbent	assay	 (RT-	LAMP-	ELISA)	for	the	rapid	
detection of viable M. tuberculosis	have	a	higher	cost	($10)	and	is	more	
time	consuming	(5	hours)	and	less	useful	in	primary	health	care.

In	conclusion,	 the	RT-	LAMP	technique	evaluated	 in	 this	study	 is	
simple, rapid, specific, and sensitive. It can be used to detect viable 
Mtb and is practical for use in primary medical care institutions or 
peripheral	laboratory.	If	connected	to	a	more	convenient	quantitative	
device, this technology should be used in daily diagnostic and epide-
miological investigations for Mtb.
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