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Abstract

A number of isothermal DNA amplification technologies claim to be ideal for point-of-need

(PON) applications as they enable reactions to be performed using a single-temperature

heat source (e.g. water bath). Thus, we examined several isothermal amplification methods

focusing on simplicity, cost, sensitivity and reproducibility to identify the most suitable

method(s) for low resource PON applications. A number of methods were found unsuitable

as they either involved multiple temperature incubations, were relatively expensive or

required relatively large amounts target DNA for amplification. Among the methods exam-

ined, loop-mediated isothermal amplification (LAMP) and recombinase polymerase amplifi-

cation (RPA) were found to be the most suitable for PON applications as they are both

single step methods that provide highly sensitive and reproducible amplifications. The

speed of LAMP reactions was greatly enhanced, up to 76%, with the addition of loop primers

while the presence of swarm primers and the sequestration of free magnesium ions with

nucleotides also enhanced the amplification speed. In contrast, we were unable to enhance

RPA’s performance from the original published literature. While both RPA and LAMP have

some drawbacks, either isothermal technology can reliably be used for on-site diagnostics

with minimal equipment.

Introduction

Disease diagnosis is the critical first step for disease management which is typically performed

in modern laboratory facilities by skilled personnel due to the complexity of the techniques

involved. Testing facilities are often located far away from sampling sites, which results in

increased costs incurred by sample transportation as well as delays in disease identification

and management. Thus, it would be highly beneficial to perform diagnostics at the point-of-

need (PON), such as in a field-based environment [1], as it enables rapid implementation of

disease management strategies [2–4].

DNA amplification is a powerful platform technology for diagnostics applications due to its

speed, sensitivity, specificity, cost-effectiveness and adaptability [5, 6]. The most widely used

amplification method is the polymerase chain reaction (PCR) [7] however, the requirement
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for a thermal cycler makes PCR-based diagnostics more suitable for laboratory-based testing

than PON diagnostics [8]. The demand for PON molecular diagnostics has recently spurred

significant interest in isothermal (single temperature) DNA amplification methods as they

only require a simple, low-cost heat source [9]. Coupled with heat blocks, portable instruments

or water baths, isothermal amplification has been used to detect causative disease agents in

humans (e.g. Campylobacter [10], Chikungunya virus [11]) and plants (e.g. Fusarium oxy-
sporum [12], flavescence dorée phytoplasma [13]).

DNA amplification at a constant temperature is typically made possible by the strand dis-

placement ability of the DNA polymerases used in isothermal methods [6]. In most isothermal

methods, the DNA polymerases enzymatically separate the DNA strands instead of relying on

elevated temperatures as in PCR [14–17]. Other isothermal methods such as recombinase

polymerase amplification (RPA) [18] utilize enzymes such as DNA recombinase to facilitate

primer annealing while single stranded DNA binding proteins hold the DNA stands apart to

allow the DNA polymerase to initiate DNA synthesis [19, 20]. Separation of the DNA strands

during amplification can also be achieved using helicase as in helicase-dependent amplifica-

tion (HDA) [21–24].

Isothermal DNA amplification has two key advantages over traditional PCR-based amplifi-

cation for diagnostic applications. First, the device required to incubate the reaction can be sig-

nificantly smaller and cheaper as it will have a lower power demand than a thermocycler and

in some cases, it can be performed without electricity [25, 26][27]. Second, isothermal amplifi-

cation is more sensitive and faster than PCR [28] as it does not rely on discrete thermal cycles

like PCR, but rather involves continuous amplification that can result in detectable amplicons

within 10 minutes. Furthermore, there are several reports that suggest that isothermal technol-

ogies such as LAMP with 6–8 primer binding sites can result in greater specificity than PCR-

based methods [29, 30]. The combination of isothermal amplification with recent advances in

diagnostic technologies such as the equipment-free dipstick nucleic acid purification technol-

ogy [31] and naked eye-based readout technology [32], will facilitate the development of PON-

capable molecular diagnostic platforms. In this study, we examined in detail several promising

isothermal technologies to identify those most suitable for PON diagnostics. We evaluated the

speed, cost, technical simplicity and detection limit of each method.

Materials and methods

Study design

The aim of this study was to identify suitable amplification method(s) for PON diagnostics.

After initial assessment based on available information from the literature, several methods

were selected due to their technical simplicity and relatively low cost and speed. These meth-

ods were then analyzed in greater detail, including detection limit, reproducibility, amplifica-

tion speed and robustness, to identify suitable method(s) for PON purposes. In the last phase

of this study, several modifications were made to two of these methods with the aim of improv-

ing either amplification speed or robustness.

DNA template preparation

Purified DNA from Fusarium oxysporum f.sp. conglutinans and Arabidopsis thaliana ecotype

Columbia were used as the target DNA and the non-target DNA, respectively, throughout this

study.

Genomic DNA from A. thaliana was purified using a modified CTAB DNA extraction

method [33]. A. thaliana leaves were ground into fine power using liquid nitrogen. Approxi-

mately 100 mg leaf power was added into 500 μl of 60˚C extraction buffer (2% (w/v) CTAB,
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1.42M NaCl, 20mM EDTA, 100mM Tris HCl [pH8.0], 1% w/v polyvinylyrilodone [PVP40]).

The extract was incubated at 60˚C for 45 minutes and then mixed with 500 μl of chilled chloro-

form: isoamyl alchohol (24:1, v/v). The mixture was gently rocked at room temperature for 15

minutes and then centrifuged at 15,000�g for 10 minutes. 200μl supernatant was transferred

into a new tube and mixed with 400μl chilled ethanol before the mixture was centrifuged at

15,000�g for 10 minutes to pellet DNA. DNA pellet was washed with 80% ethanol, 100% etha-

nol successively. To denature RNA in the sample, the pellet was suspended with 100μl water

and 50μg RNase A, and then incubated at 37 oC for 20 minutes. The sample was mixed with

10μl of 3M sodium acetate and 100μl of isopropanol, followed by incubation at -20 oC for 10

minutes. After centrifugation at 15,000g for 2 minutes, DNA pellet was obtained and then

washed with 80% ethanol. After dry, DNA was suspended with 50μl water and quantified by

NanoDrop ND-1000 spectrophotometer.

DNA from F. conglutinans was purified from pure liquid cultures. Briefly, three 5mm x

5mm agar blocks were excised from fresh culture plate and transferred into 200ml potato dex-

trose broth, and then incubated in the shaker at 28 oC with the speed of 110 rpm. After approxi-

mately 4 days, the liquid culture was filtered through 4 layers of Miracloth to obtain F.

conglutinans mycelium. The mycelium was then finely ground using liquid nitrogen. Approxi-

mately 100mg fine mycelium power was added into 400μl of extraction buffer (150mM Tris

base, 2% w/v SDS, 50mM EDTA, 1% v/v b-mercaptoethanol, pH7.5) and vortexed for 5 min-

utes. 100μl of ethanol, 44μl of 5M potassium acetate were added into the extract respectively

before 1-minute vortex upon addition of each reagent. 500μl chloroform: isoamyl alchohol

(24:1, v/v) was added into mixture and vortexed for 1 minute, followed by centrifugation at

maximum speed for 3 minutes. Approximately 500μl supernatant was transferred into a new

tube and mixed with 500μl phenol: chloroform: isoamyl alcohol (25:24:1, v/v). After centrifuga-

tion at maximum speed for 3 minutes, 400 μl supernatant was mixed with 800μl chilled ethanol

and then incubated at -20 oC for 30 minutes. After centrifugation at 15,000�g for 10 minutes,

the DNA was pelleted and then washed with 80% ethanol, followed by RNase treatment, ethanol

wash, DNA quantification as described above in DNA extraction from A. thaliana.

Primer design

Six LAMP primers sets (S1 Excel) were designed against the endopolygalcturonase gene

of F. oxysporum (GeneBank: AB256753.1) according to the description detailed in the

original LAMP publication [14] with the aid of PrimerExplorer v5 software (https://

primerexplorer.jp/e/).

Three RPA primers sets, three CPA primers sets, eight PSR primers sets and three SEA

primers sets (S1 Excel) were designed against F. oxysporum endopolygalcturonase gene as close

to the LAMP primer position as possible according to the description detailed in its respective

original publication [16–18, 34]. A modification to the CPA primer design was made by substi-

tuting primer 2a in original method with another primer named 6a that targeted a sequence

downstream of the 5a primer (S3B Fig).

All primer sequences were checked for self- or cross-priming using ThermoFisher Scienti-

fic’s multiple Primer Analyzer (https://www.thermofisher.com/au/en/home/brands/thermo-

scientific/molecular-biology/molecular-biology-learning-center/molecular-biology-resource-

library/thermo-scientific-web-tools/multiple-primer-analyzer.html).

Amplification

Unless otherwise stated, LAMP amplifications contained 0.8 M betaine, 8 mM MgSO4, 1.2

mM dNTP (each), 20 mM Tris-HCl (pH 8.8), 10 mM (NH4)2SO4, 10 mM KCl, 0.1% (v/v)
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Triton1 X-100, 1.6 μM FIP primer, 1.6 μM BIP primer, 0.2 μM F3 primer, 0.2 μM B3 primer

and 0.32 U/μl Bst 2.0 warm start polymerase (New England Biolab). 10 μl reactions were incu-

bated at 63˚C for 60 minutes and then at 85˚C for 5 minutes for enzymes denaturation.

The components of CPA and PSR reactions were identical to LAMP reactions with the

exception of the primers. 0.5 μM of 1s primer, 0.3 μM of 2a, 3a, 4s and 5a primers were used in

CPA reactions, and 0.5 μM of 1s primer, 0.3 μM of 3a and 5a primers, and 0.05 μM of 4s and

6a primers were used in modified CPA reactions (mCPA). PSR reactions contained 1.6 μM of

Ft and Bt, 0.8 μM of IF and IB. 10 μl reactions were incubated at 63˚C for 60 minutes in CPA

or 75 minutes in PSR followed by 85˚C for 5 minutes.

SEA reactions contained 2 mM MgSO4, 0.5 mM dNTP(each), 20 mM Tris-HCl (pH 8.8),

10 mM (NH4)2SO4, 10 mM KCl, 0.1% Triton1-X-100, 10% (w/v) PEG-300, 1 μM of forward

and reverse primers and 0.8 U/μl Bst 2.0 warm start polymerase. 10 μl reactions were incubated

at 63˚C for up to 180 minutes.

TwistAmp Basic RPA (Twist DX) was used as described in manufacturer’s instructions.

Briefly, one RPA pellet was rehydrated with 29.5 μl of rehydration buffer, 0.48 μM of forward

and reward primers and water are added to make up 42.5 μl solution. The mix was aliquoted

evenly into five 0.2 ml tubes, and 1 μl DNA template was added. Unless otherwise stated, just

prior to incubation 0.5 μl of 280 mM magnesium acetate was added into reactions. The 10 μl

RPA reactions were then incubated at 37˚C for 30 minutes, followed by 95˚C for 5 minutes to

denature proteins and release amplicon. After incubation, 2 μl of RPA products was mixed

with 1 μl of dye containing 2% SDS and checked using agarose gel electrophoresis.

Primer selection

Multiple sets of primers were designed for each isothermal method (S1 Excel) and tested using

purified F. conglutinans DNA was used as the target DNA. Primer sets were excluded if they

produced non-specific amplification in water control or did not produce any amplification

from F. conglutinans DNA. One functional primer set (S1 Table) were selected for each

method and used throughout remaining tests.

Detection limit

0, 0.01, 0.1, 1, 5, 25 or 50 ng of purified F. oxysporum DNA was added into each type of isother-

mal reaction with final volume of 10 μl. Components in reactions and amplification conditions

for each method were as described in the ‘Amplification’ section above.

Real-time fluorescence assays

To monitor the reaction in real time, additional 1.25 μM SYTO9 (Invitrogen) was added to

LAMP or RPA reactions. 1 ng purified F. oxysporum DNA and 1 ng A.thaliana DNA were

added reactions as the target DNA and the non-target DNA, respectively. 10 μl reactions were

monitored using Lightcycler 96 real time PCR machine (Roche) at respective reaction temper-

ature with fluorescent measurements taken every 20 seconds.

From the raw real-time data, delta (Δ) fluorescence values were calculated by subtracting

the starting fluorescence value of each sample from every value. To calculate the time for each

sample to reach a set fluorescence threshold value (0.5 in LAMP and 0.05 in RPA), a minimum

of 21 data points spanning the logarithmic growth phase were collected and fitted to a regres-

sion line with an r2 value of at least 0.95 in Microsoft Excel. TREND function was then used to

calculate the time for each sample to reach the threshold value (Tthreshold).
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PCR amplification

10 μl PCR reactions contained 1 x FastStart essential DNA green master mix (Roche), 0.2 μM of

each primer, and either 10 ng of target DNA, 10 ng of non-target DNA or water. Reactions were

performed on Lightcycler 96 real-time thermocycler with the following parameters: 95˚C for 10

minutes, followed by 45 cycles of 95˚C for 10 seconds, 65˚C for 10 seconds, 72˚C for 20 seconds.

Enhancement of LAMP amplification

To test whether RecA could accelerate LAMP, 0.75 μg RecA (New England Biolabs) and 1 mM

ATP were added into 10 μl reactions (n = 10) containing either 0 M, 0.4 M or 0.8 M betaine.

To investigate the effect of nucleotides in the absence of RecA, 0, 1, 2, 3, 4, 5, 6 or 7 mM ATP

or 1 mM dATP, dTTP, dGTP or dCTP were added into 10 μl reactions containing 0.4 M beta-

ine (n = 3) respectively. In further experiments, 4.8, 8.8, or 12.8 mM dNTPs (total) was added

into 10 μl reactions containing 0.4 M betaine (n = 3) and either 8 mM or 10 mM Mg2+. To

investigate effects of swarm and loop primers for LAMP amplification, the primers were

designed (S1 Table) as described in their respective publications [35, 36]. 0.8 μM forward and

reverse loop primers and/or 1.6 μM forward and reverse swarm primers were added into 10 μl

reactions containing 0.4 M betaine (n = 4).

1 ng F. oxysporum DNA was used as the target DNA template. All reactions were performed

on Lightcycler 96 at 63˚C for 60 minutes followed by 85˚C for 5 minutes.

The effects of betaine on RPA function

Betaine was added into 10 μl of standard RPA reactions (described above, n = 4) containing 1

ng F. oxysporum DNA at a final concentration of 0, 0.4 or 0.8 M. All reactions were performed

on Lightcyler 96 at 37˚C for 60 minutes before denatured at 85˚C for 5 minutes.

Statistics

For comparison of two data sets, the data was analyzed using unpaired t-test (nonparametric)

in GraphPad Prism (version 7.0b) (p� 0.05). All other datasets were analyzed by performing

one-way ANOVA followed by a post-hoc Tukey’s comparison of means test (p� 0.05) in

GraphPad Prism.

Results

Initial selection of isothermal amplification methods with potential PON

applications

To identify the isothermal technologies that are suitable for PON applications, a large number

of isothermal technologies were initially assessed in terms of technical simplicity, cost and

speed based on the available literature. We excluded methods that involved multiple tempera-

ture incubations (e.g. strand displacement amplification [37]), were relatively expensive (e.g.

helicase-dependent amplification [21]) or required special templates or multiple enzymatic

reaction steps (e.g. rolling circle amplification [38]). From this assessment, we selected five

methods for further work: strand exchange amplification (SEA), polymerase spiral reaction

(PSR), cross priming amplification (CPA), recombinase polymerase amplification (RPA) and

loop-mediated isothermal amplification (LAMP). SEA and RPA use forward and reverse prim-

ers similar to those employed in PCR, to amplify the target of interest (S1 Fig) and utilize a

strand displacing DNA polymerase or a combination of recombinase and single stranded

DNA binding proteins respectively to enable amplification at a single temperature. In contrast,
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LAMP, PSR and CPA use complex primer designs (S1 Fig) and strand displacing DNA poly-

merases to generate amplicons.

Primer design and selection

To directly compare amplification methods, we designed multiple sets of primers against the

same genomic region of the fungal plant pathogen Fusarium oxysporum f.sp. conglutinans
(GenBank: AB256753.1, S1 Sequence) for each method (S1 Excel). All three RPA primer sets

produced amplicons of the expected size for the target DNA (S2A Fig). Four of the six LAMP

primers sets amplified the target DNA, while one set displayed non-specific amplification in

water controls and the other failed to produce a product (S2B Fig). However, we had difficulty

in finding reliable primer sets for the remaining three methods (CPA, SEA and PSR).

All eight PSR primer sets either failed to generate amplicons or displayed non-specific

amplification in water controls when designed following the instructions from the original

publication. However, follow-up publications described enhancements to PSR by adding addi-

tional inner primers (S1 Fig) [39, 40]. Implementation of this modification enabled successful

amplification for one set of PSR primers (S2C Fig). Similarly, all three CPA primer sets,

designed as described in the original publication [15], either failed to generate an amplicon

from the target DNA or were prone to produce unspecific amplicons in the water controls

(S3A Fig). However, amplification was achieved by keeping the same primer design as the

original CPA method, that is, two forward and three reverse primers, but substituting the ‘2a’

primer with another primer (we named ‘6a’) further downstream (S3B Fig). We called this

method modified CPA (mCPA) to distinguish it from the original published method. Our

mCPA method displayed reliable amplifications from the target DNA and did not produce

any amplification in water controls during testing (S3C Fig). Unfortunately, three primer sets

designed for SEA amplification either failed to amplify from the target DNA or displayed non-

specific amplification in water controls, and thus it was excluded from the remainder of our

study. A single functional set of primers was selected for each of the remaining isothermal

technologies and used throughout the rest of this study (S1 Table).

Comparison of detection limits

Next, we compared the sensitivity of each technology by testing their ability to produce an

amplicon with different initial amounts (0.01 ng to 50 ng) of F. oxysporum genomic DNA in

four independent experiments to assess the reproducibility of each method. LAMP produced

visible amplicons in all four replicate reactions containing� 0.1 ng DNA (Fig 1A), but only

50% of reactions produced an amplicon when 0.01 ng DNA was supplied. RPA produced

almost identical results to LAMP with amplification in 100% of reactions with� 0.1 ng DNA

and 25% of reactions containing 0.01 ng DNA (Fig 1B). In contrast, both PSR and mCPA

required higher amounts of DNA to reliably amplify a product. PSR showed 100% reproduc-

ibility when 50 ng of DNA was supplied, but did not consistently display amplification with

lower template amounts (Fig 1C). mCPA generated amplicons in 100% of the reactions

containing� 25 ng, but did not display reproducible amplification with lower template

amounts (Fig 1D). The relatively high amount of DNA needed for reproducible amplification

in mCPA and PSR (250 and 500 times respectively higher than LAMP and RPA) makes them

unsuitable for typical PON diagnostics [9] and were therefore excluded from further analysis.

Comparison of amplification speed

We examined the time needed by LAMP and RPA to reliably distinguish between positive and

negative reactions. Positive reactions contained purified F. oxysporum DNA (target DNA)
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while negatives contained either A. thaliana DNA (non-target DNA) or water. In RPA amplifi-

cation, reactions containing the target DNA (n = 3) showed increases in fluorescence over back-

ground levels within 9 minutes from the start of the reaction. In contrast, water controls and

non-target DNA controls displayed basal fluorescence levels after 14 minutes (Fig 2A). Consis-

tent with the real-time results, analysis of RPA amplicons by gel electrophoresis revealed the

presence of a strong, well defined DNA band of the expected size in positive samples. Impor-

tantly, all RPA reactions, including water and non-target DNA controls, produced non-specific

amplicons (S4 Fig). Similar results were observed in three independent experiments in which

new sets of RPA reagents were used. When the same RPA primers and templates were used in

real-time PCR reactions using Taq polymerase, strong amplification signals were detected in

the target DNA while no amplification occurred in either the non-target DNA and water con-

trols (S5 Fig), indicating that the non-specific amplification products observed in RPA reactions

are not caused by primer design or a contamination issue, but are inherent to RPA.

Fig 1. Detection limit of different isothermal amplification methods. Purified F. oxysporum genomic DNA (0, 0.01, 0.1, 1, 5, 25, 50 ng)

were used as the target DNA for (A) LAMP, (B) RPA, (C) PSR or (D) mCPA amplification. The number below each lane shows how many

times each method generated an amplicon from four independent experiments. Fig 1A and 1D originated from the same gel image, which is

different from original gel image of either Fig 1B or Fig 1C (S1 Raw Images).

https://doi.org/10.1371/journal.pone.0235216.g001
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In LAMP reactions, the target DNA displayed amplification approximately 30 minutes after

the start of incubation, while the non-target DNA and water controls showed basal fluores-

cence values during the 120-minute incubation (Fig 2B).

Effect of preparation time on amplification

In on-site situations, sample processing is not performed simultaneously especially in subopti-

mal weather or when numerous samples need to be processed, leading to delays. Thus, it is criti-

cal for diagnostic methods to tolerate small delays during sample preparation without affecting

the reliability of the results. We purposely introduced a 10-minute delay between sample set up

and incubation as this is in our experience the time required to process a small number (10–15)

of reactions. Two identical sets of reactions were prepared in advance for both LAMP and RPA,

containing all the required reagents except for the target DNA. The target DNA was added 10

minutes prior to the start of incubation to one set of reactions (n = 4), to simulate delayed sam-

ples, while for the second set (n = 4) the target DNA was added immediately before incubation

to simulate non-delayed samples. Non-delayed RPA reactions showed similar results to our pre-

vious observations (Fig 2A), in which reactions containing the target DNA showed amplifica-

tion slightly earlier than water controls (Fig 3A). Remarkably, delayed RPA reactions produced

amplification curves in which target DNA and water controls were indistinguishable. In con-

trast, 10-minute delay did not affect the results of LAMP reactions (Fig 3B).

Next, we tested whether addition of magnesium acetate, a critical component in the RPA

amplification reaction, immediately prior to the start of incubation could ameliorate the arti-

facts caused by the delay and restore the ability of RPA to distinguish between the target DNA

and water controls. For this purpose, the target DNA was added to reactions (n = 4) lacking

magnesium acetate either 10 minutes prior to or immediately before incubation at 37˚C. Addi-

tion of magnesium acetate was performed immediately prior to incubation. Using this strat-

egy, all water controls, delayed and not delayed, grouped together with the characteristic shift

in amplification kinetics that allowed to differentiate them from the target DNA (Fig 3C).

Enhancements to LAMP amplification

A number of improvements to LAMP efficiency have been reported such as the addition of

RecA recombinase along with its required ATP substrate [41] and the removal of betaine [42].

Fig 2. Real-time fluorescence detection of RPA and LAMP amplifications. 1ng F. oxysporum DNA was added into (A) RPA or (B) LAMP reactions (n = 3) as the

target DNA (blue solid line). 1 ng A. thaliana genomic DNA and water were added into reactions (n = 3) as the non-target DNA (red dotted line) and water control

(green dotted line) respectively.

https://doi.org/10.1371/journal.pone.0235216.g002
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To evaluate the combined effect of both treatments, we compared the time needed for each

sample to reach a fluorescence threshold of 0.5 in real-time LAMP, abbreviated as Tthreshold in

this study. The combination of RecA and 0 M betaine in the reaction resulted in a statistically

significant reduction in Tthreshold by three minutes compared to controls lacking RecA (n = 10,

p value<0.05). Further analysis of the betaine-free LAMP reactions revealed that they were

prone to produce false positives, with typically one out of every three reactions producing an

amplicon in the absence of the target DNA, with or without the addition of RecA (S6A Fig). In

contrast, reactions containing 0.8 M betaine did not produce any false positives (S6B Fig). As

0.4 M betaine, regardless of RecA addition, significantly decreased the Tthreshold compared

with standard LAMP reactions containing 0.8 M betaine and no RecA (Fig 4A), a minimum of

0.4 M betaine was used in all subsequent experiments.

Further experiments showed that the combination of RecA and ATP significantly reduced

the Tthreshold of LAMP reactions by seven minutes compared to reactions without these two

components (Fig 4B). Surprisingly, we found that most of the improvement was due to the

ATP since the addition of ATP alone, without RecA, reduced the Tthreshold of the reaction by

six minutes (Fig 4B).

Next, we tested whether LAMP reactions could be enhanced by nucleotides other than

ATP. The Tthreshold of reactions containing an additional 1 mM of dATP, dTTP, dCTP or

Fig 3. Effect of a 10-minute delay during sample preparation on RPA and LAMP amplifications. Two sets of (A) RPA or (B)

LAMP complete reactions (n = 4) were prepared in advance. 1ng the target DNA (blue solid line) and water (cyan dotted line) were

added into the first set of reactions 10 minutes prior to the start of incubation to simulate a 10-minute delay during sample

preparation. Immediately prior to the start of incubation, target DNA (red solid line) or water (magenta dotted line) were added into

the second set of reactions to simulate non-delayed samples. (C) Two sets of RPA reactions (n = 4) were prepared in the same way as

in Fig 3A except that magnesium acetate was added to each sample immediately prior to the start of incubation.

https://doi.org/10.1371/journal.pone.0235216.g003
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Fig 4. Effect of betaine, recombinase and nucleotide addition on LAMP amplification. (A) Different combinations of RecA and betaine were used

in LAMP reactions containing 1 ng target DNA and 1 mM ATP and the time needed for each sample to reach the fluorescence threshold of 0.5
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dGTP were similar to those containing 1 mM ATP and significantly faster than control reac-

tions without any additional nucleotides (Fig 4C). The optimal ATP concentration was 2–3

mM whereas ATP concentrations above 3 mM ATP had increasing detrimental effects and no

amplification was observed with ATP concentrations of 6mM and above (Fig 4D).

To examine the interplay between magnesium and nucleotide concentration in LAMP reac-

tions, we tested the effect of several dNTP and Mg2+ concentrations on amplification speed.

When total dNTP concentration was increased from the standard 4.8 mM to 8.8 mM, Tthreshold

significantly decreased by 6 minutes (Fig 4E). However, further increasing total dNTP concen-

tration to 12.8 mM completely inhibited amplification. When Mg2+ concentration was

increased to 10 mM from the standard 8 mM, 4.8 mM dNTP was insufficient to enable ampli-

fication and a dNTP concentration of 8.8 mM was required for amplification (Fig 4F). Again,

further increasing the dNTP concentration to 12.8 mM inhibited the reaction.

The addition of loop [35] and swarm primers [36] can increase the rate of LAMP amplifica-

tion and thus, we examined whether the combination of ATP and these additional primers can

further enhance amplification. In the absence of ATP, swarm or loop primers dramatically

decreased Tthreshold by ten and twenty-four minutes respectively (Fig 4G). In reactions contain-

ing loop primers, the addition of swarm primers did not further reduce the Tthreshold. The addi-

tion of ATP enhanced the rate of amplification in standard LAMP reactions and reactions

containing swarm primers by seven and three minutes respectively, but did not reduce Tthres-

hold in reactions containing loop primers.

Based on our observations that inclusion of betaine helped to avoid unspecific amplifica-

tions in LAMP reactions (S6 Fig), we tested whether betaine could also reduce or eliminate

unspecific amplification in water controls of RPA. The addition of 0.4 or 0.8 M betaine did not

significantly affect Tthreshold in the presence of the target DNA compared to reactions lacking

betaine (Fig 5). Non-specific amplification in water controls was not inhibited by the addition

of 0.4 M betaine while the inclusion of 0.8 M betaine resulted in delayed production of non-

specific amplicons by one minute.

Discussion

In this study, we explored a number of isothermal amplification methods with potential for

PON applications due to their reported simplicity, sensitivity and specificity. Our results

revealed that, with the exception of RPA, primer design is more complex than it appears in the

original publications. RPA primer design is similar to PCR and all RPA primer sets designed

in this study successfully amplified their targets (S2A Fig). In contrast, 67% of the LAMP

primer sets tested showed specific amplification of their target DNA (S2B Fig). This was not

unexpected as LAMP requires a minimum of four primers to target six binding sites with strict

requirements regarding the distances between each of the binding sites while each primer

must also meet specific conditions such as fitting in a narrow range of melting temperatures

[43]. The complicated LAMP primer design makes primer development time-consuming and

(Tthreshold) in real-time LAMP was determined (n = 10). (B) RecA and/or ATP were added into reactions containing 0.4 M betaine. Reactions

without RecA and ATP were used as control (n = 3). “+” and “-” below each bar indicated the present and absent of the component respectively. (C)

Additional 1 mM ATP, dATP, dTTP, dCTP or dGTP was added into reactions containing 0.4 M betaine. Reactions without additional ATP and

dNTP were used as controls. (D) Different amounts of ATP were added into reactions containing 0.4 M betaine (n = 3). To investigate interplay

between dNTPs and Mg2+, 4.8 mM (dark blue), 8.8 mM (red) or 12.8 mM (green) total dNTPs was added into reactions containing 0.4 M betaine

and either (E) 8 mM Mg2+ or (F) 10 mM Mg2+ respectively. (G) Two sets of reactions containing 0.4 M betaine and either 0 mM (black) or 2 mM

(grey) ATP were prepared. Additional swarm and/or loop primers along with standard LAMP primers were added into each set of reactions.

Standard LAMP primers alone were used as controls (n = 4). All Tthreshold data was analysed using one-way ANOVA with a post-hoc Tukey’s

multiple comparison of means test (p value< 0.05). Error bars represent standard deviation.

https://doi.org/10.1371/journal.pone.0235216.g004
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suboptimal primers sets may have to be adopted when available genomic sequence is limited.

However, in our experience, once a reliable set of primers has been developed, LAMP amplifi-

cation is an easy-to-perform method with many advantages as a PON diagnostic tool. The

recently developed SEA, CPA and PSR are simple one-step isothermal methods that utilize the

same strand-displacing DNA polymerase as LAMP, but their primer designs are much sim-

pler. However, none of the primer sets developed for the three methods by following the guide-

lines outlined in the original publications, were able to amplify their target DNA without non-

specific amplification in water controls. The reasons for the poor primer performance for

these isothermal methods are unknown but our results suggest that there are specific require-

ments for PSR, CPA and SEA that have not been documented. Subsequent modifications to

PSR and CPA primer sets enabled specific amplification of the target DNA however, the sensi-

tivity of the methods was several orders of magnitude lower compared to LAMP and RPA

making them impractical for molecular diagnostic applications (Fig 1).

Our direct comparison of isothermal amplification methods showed that only LAMP and

RPA provide suitable reliability and sensitivity for diagnostic purposes (Fig 1A and 1B) [9].

Compared to LAMP, RPA appears to be an attractive technology for diagnostics as it is both

faster (Fig 2) and has a simpler primer design. However, unlike LAMP, RPA often produces

non-specific amplification in water controls, which has been reported by other groups includ-

ing the original inventors of the technology [18, 44, 45]. The non-specific amplification

observed in RPA is not due to the primers used since the same primers did not result in unspe-

cific amplicons when used in PCR reactions (S5 Fig). It is possible that when the reaction tem-

perature is much lower than Tm values of primers, the recombinase used in RPA could

mediate incorrect primer binding to off targets including trace amounts of Escherichia coli
DNA, which is commonly co-purified with recombinant enzymes such as the polymerases and

recombinases found in the RPA reaction [46, 47]. The addition of 0.8 M betaine to RPA reac-

tions reduced the rate of non-specific amplification by 8% (Fig 5) but did not eliminate it as we

observed in LAMP reactions (S6 Fig).

Gel electrophoresis can be used to differentiate target and non-specific RPA amplicons (S4

Fig) however, electrophoresis is not practical for PON applications as it requires a significant

amount of laboratory equipment including a UV light box, a gel electrophoresis tank and asso-

ciated power supply. A possible solution is to use specific probes to specifically detect the cor-

rect amplicons. The combination of labelled fluorescent probes [11, 48] and commercial

Fig 5. Effect of betaine on RPA amplification. 1ng target DNA (black) was added into RPA reactions containing

different amount of betaine. Water (grey) was used as controls. The times needed for each sample to reach a

fluorescence threshold of 0.05 (Tthreshold) in real-time RPA were analysed using one-way ANOVA (n = 4, p

value<0.05). Error bars represent standard deviation.

https://doi.org/10.1371/journal.pone.0235216.g005
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portable real-time PCR machines is one viable option to enable specific RPA amplification at

PON. Alternatively, the RPA reactions can be run on a lateral flow device (LFD) in which only

the correct amplicon will be immobilized on the test band of the device and labelled with a spe-

cific probe [49, 50]. However, the LFD detection system adds considerable cost to the method

and increases the risk of cross contamination of samples with previous RPA amplicons.

In contrast to RPA, the LAMP primer set selected for our work did not show any non-spe-

cific amplification during the 120-minute long incubation (Fig 2B) with the exception of the

assays in which betaine was removed from the reaction (S6 Fig). Other research groups have

also reported the absence of non-specific amplification in LAMP using long reaction times (90

to 150 minute) [51, 52]. The enhanced specificity of LAMP over RPA is likely a result of

LAMP’s six primer binding sites and higher reaction temperatures that help to improve primer

binding specificity [14].

We have confirmed that the timing of Mg2+ addition is critical for successful RPA amplifica-

tion as delays during reaction set-up will result in similar amplification rates in the target and

water control (Fig 3A and 3C). Magnesium is an essential co-factor for DNA polymerases [53,

54, 55] and thus the manufacturer of the RPA kits suggests adding it to the reaction just prior to

incubation. Most components in RPA are supplied by the manufacturer in a freeze-dried pellet

that allow to take components on site without refrigeration, which is ideal for PON applications.

However, the requirement of pipetting a small volume of magnesium acetate to the RPA reac-

tion immediately prior to incubation is not ideal for PON applications and, given the strict tim-

ing requirements of RPA, increases the risk of misinterpretation of the amplification result.

A major advantage of RPA over LAMP is its speed, thus, to enhance the rate of LAMP

amplification, we investigated the effect of additional components on LAMP amplification

speed. We found that the previously reported increase in the rate of LAMP amplification in

the presence of RecA and ATP [41] was largely due to the presence of ATP rather than RecA

(Fig 4B). Similar amplification improvements were also achieved using additional dNTPs;

however, excessive amounts of ATP or dNTPs (>6mM) had a negative impact on the LAMP

reaction (Fig 4D, 4E and 4F). This phenomenon is likely due to sequestration of free Mg2+

ions by an excess of negatively charged nucleotides (ATP and dNTPs). Magnesium is essential

for DNA amplification as it is required for DNA polymerase function and it also reduces the

repelling forces between the primers and the DNA template or between DNA strands due to

their negatively charged phosphate backbone [56]. Thus, moderate sequestration of Mg2+ by

dNTPs is likely to result in an increased number of localized DNA strand separation [57, 58],

facilitating the initiation of LAMP amplification, while excessive nucleotide addition will

reduce the levels of free Mg2+ to levels where DNA polymerase activity is inhibited. Consistent

with this hypothesis, we found that when the amount of dNTP in a LAMP reaction is

increased, additional magnesium was required for successful amplification (Fig 4E and 4F).

The rate of LAMP amplification can be further enhanced by the addition of loop primers

[35] and swarm primers [36]. Addition of loop primers dramatically reduced the time needed

for LAMP reactions to reach fluorescence threshold by 76% (from 33 to 8 minutes) (Fig 4G),

close to the rate of RPA amplification (Fig 2A). However, the design of loop primers is not

always possible since the target sequence may not have spaces accommodate loop primers. In

addition, the presence of loop primers could result in the production of primer dimers.

Although swarm primers were less efficient than loop primers (Fig 4G), design of swarm prim-

ers is much easier and generally do not produce primer dimer. Inclusion of ATP in reactions

with swarm primers further accelerated amplification (Fig 4G), which could serve as a benefi-

cial alternative option when loop primers cannot be developed.

The self-priming amplification system of LAMP results in vigorous DNA polymerase activ-

ity, which has been exploited for the development of a number of simple amplicon detection
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methods that are potentially suitable for PON applications. During LAMP amplification, a

large amount of pyrophosphate ((P2O7)4-) is produced as a by-product of DNA amplification

[34]. The combination of magnesium and pyrophosphate forms an insoluble magnesium

pyrophosphate precipitate, which, as it accumulates, turns the reaction turbid. This increase in

turbidity enables the user to visually or electronically determine whether or not an amplicon

has been produced [31, 53, 54, 55]. Several colorimetric assays have also been developed for

LAMP [31, 59–61] allowing the naked eye determination of a successful amplification. Like

RPA, LAMP amplification can also be monitored using fluorescent dyes or labelled probes in

conjunction with portable real time quantification devices [26, 62] which are suitable for PON

applications.

Conclusions

Our direct comparison of several isothermal amplification technologies revealed that LAMP

and RPA are the best choices for PON applications. For RPA reactions, a specific target probe

is required to distinguish between positive and negative samples due to the large amount of

non-specific amplification. For LAMP, the complicated primer design is the major disadvan-

tage, however, as we have demonstrated here, once a reliable set of primers have been devel-

oped, LAMP is comparable to RPA in terms of sensitivity and rate of amplification (when

combined with loop primers) and does not produce non-specific amplification. The combina-

tion of these two isothermal technologies and their portable amplification readout methods

with simple nucleic acid purification technologies [31, 63, 64] provides a practical means to

perform on-site diagnostics and eliminate the need to transport samples to a laboratory for

analysis. However, in low-resource environments, whereby measuring amplification by fluo-

rescence is not possible/practical, LAMP is the ideal method to create robust, low-cost diag-

nostic assays.

Supporting information

S1 Fig. Primer designs of isothermal amplification technologies. Primers were simplified as

lines with arrow heads indicating 5’ to 3’ direction. Primers indicated by green, blue and red

lines target green, blue and red fragments of the template respectively. All other primers were

aligned with their respective targeting regions. In SEA and RPA, one forward (F) and one

reverse (R) primers are used. LAMP primers contain one forward (F3), one backward (B3)

and two hybrid primers (FIP and BIP) targeting four different regions of the template. PSR

primers contains two hybrid primers (Ft and Bt) with reverse sequence to each other at 5’ end

and two inner primers (IF and IB) to enhance the amplification. CPA contains four normal

primers (4s, 3a, 2a and 5a) and one hybrid primers (2s) with its sequence at 5’ end same with

one normal primer (2a).

(TIF)

S2 Fig. Primer identification. (A) RPA or (B) LAMP primers were added into its respective

complete reactions to test the ability to amplify target DNA. (C) Additional PSR inner primers

were added into PSR reactions that were indicated by ‘+’ sign. PSR reactions without inner

primers were labelled by ‘-’ sign. Target, target DNA. Water, water control. Three panels in S2

Fig originated from three different raw gel images (S1 Raw Images).

(TIF)

S3 Fig. The improvement on CPA primers. (A) Primers of original method were designed as

described in original publication [15] and added into the master CPA reaction mix. 10 μl CPA

reactions from the master mix were used to test the performance of the primers by adding
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either target DNA or water. (B) The diagram shows names and targeting regions of two sets of

CPA primers either from original method or modified method. Each primer was simplified as

one arrow with its direction indicating 5’-3’ direction. The 5’ end of primer 1s (red line) has

the same sequence with primer 2a (red arrow) and targets the same region (red fragment in

template) with 2a. Primers of modified method was obtained by substituting primer 2a with

primer 6s. (C) Purified target DNA or water were added into 10 μl CPA reactions aliquot from

the same master mix containing primers of modified method. Images of S3C Fig were gener-

ated from the same gel image, but re-arranged to remove irrelevant lanes. Panel (A) and (C)

originated from different raw gel images.

(TIF)

S4 Fig. Non-specific amplicons generated in RPA amplification. 1 ng F. oxysporum DNA

was used as target DNA in reactions to produce 200 bp target amplicons. 1 ng A. thaliana
DNA was used as non-target DNA. Reactions post amplification were analysed on agarose gel.

(TIF)

S5 Fig. RPA primers tested by real-time PCR. RPA primers were added into PCR reactions

containing either 10 ng target DNA (blue solid line), non-target DNA (red dotted line) or

water (green dotted line).

(TIFF)

S6 Fig. False amplification of water controls in betaine-free LAMP. reactions. Water was

added into reactions containing betaine and/or RecA. 1 ng F. oxysporum (target DNA) was

added into the reaction without betaine and RecA as positive control. Images in each panel

were generated from the same raw gel image, but re-arranged to remove irrelevant lanes in

respective gel images (S1 Raw Images).

(TIF)

S1 Table. Prominent primers used in this study.

(DOCX)

S1 Sequence. 209 bp fragment from F.conglutinans (GenBank: AB256753.1) for primer

design.

(DOCX)

S1 Excel. Oligonucleotide sequences.

(XLSX)

S1 Raw Images.

(PDF)
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