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Abstract
genes, DNA extraction is unnecessary in many cases. Simple pretreatment (e.g. heating) is enough to

When the loop-mediated isothermal amplification (LAMP) assay is used for detecting target

obtain rather sensitive responses. Even test samples without any pretreatment can be used as template.
This feature suggests that LAMP is superior to PCR in developing point-of-care test strategies. In this
study, using Sx1 gene from E. coli as model, we verified that viable cells, dead cells and extracellular
DNA could function as template in the LAMP assay. In the incubation at 63°C, viable bacteria in the
LAMP reaction mixture lysed completely within 2 min, providing DNA template for nucleic acid
amplification. The Sx1 gene in diluted culture medium, spiked tap water, spiked seawater and real
seawater all could be detected, with or without the step of DNA extraction. We found that the complex
substances in real sample (e.g. natural seawater) exhibited considerable inhibitory effect on the sensitivity
of the LAMP assay. These outcomes are meaningful for building a point-of-care strategy by employing
the LAMP assay for environmental monitoring, bio-resource surveys, food safety, efC. in particular those

based on environmental DNA.
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1 Introduction

Nucleic acid amplification is increasingly used in a
broad array of applications, such as molecular biology,
clinical diagnostics, food safety, and environmental
monitoring, to name a few. In particular, it is still a gold
standard technique for analyzing samples with a small
amount of nucleotides (Goda et al, 2015, Stedtfeld et al,
2014). Although polymerase chain reaction (PCR) is the
first and remains the most popular amplification
technology in various fields, it suffers from several

Loop-mediated isothermal amplification; DNA extraction-free; Direct gene detection;
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drawbacks such as the requirement of multiple thermo-
cycling steps, easy contamination, and high cost, which
largely limit its application in resource-limited settings
and, specially, in point-of-care use (Zhao et al, 2015).
To address this issue, isothermal nucleic acid amplification
techniques have recently been developed. In particular,
loop-mediated isothermal amplification (LAMP), which
has the potential to revolutionize molecular biology by
reducing the need for highly sophisticated equipment,
and by having low running costs and short turnaround
times, is in bloom (Zhao €t al, 2015; Zhang et al, 2014).
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LAMP shows higher specificity than PCR because it
uses four to six different primers that bind to specific
sites on the template strand. Moreover, the sensitivity of
LAMP is less affected by substances that usually inhibit
PCR reactions, such as food ingredients and blood
components (Zhang et al, 2014; Kaneko et al, 2007,
Abdul-Ghani et al, 2012; Kiddle et al, 2012; Wang et al,
2008). This suggests that simple assays could be
developed using LAMP with the most cumbersome
steps of sample pretreatment, such as DNA extraction
and purification, eliminated (Safavieh et al, 2016; Njiru
et al, 2012; Williams et al, 2017). Up to now, several
studies have been reported on its capacity to directly
amplify target genes from rapidly processed, crude
sample matrix (Poon et al, 2006; Njiru et al, 2008;
Priye et al, 2017; Bektas et al, 2016; Hayashida et al,
2015; Lee et al, 2016; Koizumi et al, 2012; Soejima
et al, 2011; Thira et al, 2010), and even original samples
with or without simple mechanical-based pretreatment
(Williams et al, 2017; Hill et al, 2008; Patterson €t al,
2013; Enomoto et al, 2005; Kanitkar et al, 2017;
Stedtfeld et al, 2016; Youn €t al, 2016; Williams et al,
2017; Ahmad et al, 2017), considerably reducing the
cost and turnaround time.

Target genes can be directly detected by employing
LAMP assays without involving the steps of DNA
extraction and purification. For the success two key
contributions should be acknowledged. First, the LAMP
assay is tolerant of inhibition from complex substances
in reaction matrices (Stedtfeld et al, 2014; Priye et al,
2017; Lee et al, 2016; Ahmad et al, 2017). Second, the
acquired template plays a critical role. Some physical,
chemical and biochemical methods, such as heat (Poon
et al, 2006; Koizumi et al, 2012; Thira et al, 2010),
alkaline treatment (Bektas et al, 2016; Soejima et al,
2011) and addition of lysozyme (Lee et al, 2016), are
sufficient for preparing DNA templates for LAMP.
Furthermore, it has been reported that in some cases
samples can be directly used as templates. This
provides promise for simplifying the entire analysis
operation. For example, Hill et al (2008) and Patterson
et al (2013) found that unprocessed urine and whole
blood could be added into LAMP reaction mixtures for
the detection of target genes of specific bacteria. And in
some other reports, the working mechanism has even
been discussed preliminarily. Enomoto et al (2005)
hypothesized that direct detection of HSV from swab
samples originated from the large quantity of naked viral
DNA as well as complete virions. Stedtfeld et al
speculated that adequate cell lysis occurred while
incubating LAMP reactions at 63°C (Kanitkar et al,
2017; Stedtfeld et al, 2016). They also found that heat
treatment prior to incubation yields comparable levels
of sensitivity to those of direct amplification without
lysis. Youn et al (2016) postulated that target genes in
dead and viable bacterial cells could both be amplified,

and Williams et al (2017) postulated that extracellular
DNA, larger cells and particulates all contributed to
reactions when a suspension of crushed veliger was used
as a template. However, to the best of our knowledge,
until now there are no dedicated reports on the
validation of working templates and the behavior of
viable cells in the LAMP reaction.

Since the end of last century, novel strategies based
on the identification of DNA from environmental samples
have proven noteworthy in detecting and monitoring not
only common species, but also those that are endangered,
invasive, or elusive (Williams et al, 2017; Ahmad et al,
2017; Bohmann et al, 2014; Giovannoni et al, 1990;
Stoeck €t al, 2010; Zielinska et al, 2017; Lee et al, 2017).
In particular, the application of so-called environmental
DNA (eDNA) analysis is shown to provide a potent tool
for elucidating mechanistic insights in ecological and
evolutionary processes (Bohmann et al, 2014). Though
the identification of DNA is commonly done by PCR,
now LAMP, which can speed up the implementation of
management actions, either to protect or eradicate the
organism of interest, is on the way (Lee et al, 2017).
Generally, in test samples for gene analysis, there are
not only viable cells, but also dead cells and extracellular
DNA. Thus, to understand clearly what roles they play
in the LAMP assay is of great significance for obtaining
accurate target information. In this manuscript, we
verified that viable cells, dead cells and extracellular
DNA could each function as templates in LAMP assays
using the Sx1 gene from E. coli as a model. In addition,
we performed a series of experiments to determine why
viable bacteria could work as templates during LAMP
incubation. Inhibitory effects of the complex substances
in natural seawater on the analysis sensitivity were also
discussed.

2 Materials and methods

2.1 Culture and quantification of E. coli

The strain of E. coli (ATCC 43888) used in this
study was purchased from BeNa Culture Collection Co.
LTD (Beijing, China). Culture and quantification were
performed according to the method we reported
previously (Zhang et al, 2018). In brief, once the strain
was taken from —80°C, it was pre-grown in liquid LB
medium at 37°C overnight with constant shaking. Next,
cultures were inoculated into 200 ml of LB medium and
incubated at 37°C for 8~10 h to achieve mid-exponential
phase. Then, the obtained E. coli in the medium was
diluted to desired concentrations immediately for further
experiments. The densities (CFU/ml) of the un-diluted
E. coli cultures were calculated from the averages of
colony counts and the magnitude of culture dilution by
the plate counting method. Aqueous solutions were
prepared with ultrapure water (Resistivity: 18.2 MQ/cm)
produced by a Poseidon-R70 water purification system



%2

YANG Qiangian, et al: Direct Detection of Target Genes in Viable Bacteria and Extracellular DNA Using... 43

(Research Scientific Instruments Co. LTD, Xiamen,
China).

2.2 Preparation of DNA templates and LAMP primers

Genomic DNA templates were prepared according
to the method we reported previously (Zhang et al,
2018; 2014). In brief, bacteria in the culture medium
were collected by centrifugation. Then the genomic
DNA was extracted using a Bacteria Genomic DNA
Extraction Kit (Tiangen Biotech Co., LTD, Beijing,
China) according to the manufacturer’s instructions.

Table 1

The purity was within the acceptable range of 1.8~2.0
Aoso nam/Pogo nm- The stock concentration of the extracted
genomic DNA (36.80 ng/ul) was determined with a
Smartspec Plus spectrophotometer (Bio-Rad Lab, USA).
Subsequent dilutions at the desired concentrations were
stored at 4°C for no longer than one week prior to use.
Primers for detecting SIx1 gene of E. coli were
produced by Beijing SBS Genetech Co., LTD. (Beijing,
China) with the following sequences (Table 1). The
specificity of these primers has been confirmed
previously by Zhao et al (2011) and Yan et al (2017).

Primers used for detecting the Sx1gene of E. coli with the LAMP assay

Primer name Length (bp)

Sequence (5'~3")

Forward outer (F3) 22 TGTTGGAAGAATTTCTTTTGGA
Backward outer (B3) 19 GCTAATAGCCCTGCGTATC
Forward inner (FIP) 43 CGCGATGCATGATGATGACAATAGTGTTAATGCAATTCTGGGT
Backward inner (BIP) 39 GAGCTTCCTTCTATGTGCCCG-CAGAGTGGATGAGTCCCA
Loop forward (Loop F) 19 TCGCACCGTAATTATGACT
Loop backward (Loop B) 19 AGATGGAAGAGTGCGTGGG
aqueous samples without pretreatment, etc.), was

2.3 Preparation of bacterial template for LAMP assays

Cultured E. coli were filtered with Sterivex cartridges
(SVGPL10RC, Millipore, Billerica, MA). Then,
concentrated cells were released from the filter by
adding 0.9 ml of elution buffer (Stedtfeld et al, 2014).
Pure viable cells were obtained by the method of Youn
et al (2016) with minor modifications. In brief, 400 pl
of bacterial resuspension (10° CFU/ml) and 100 ul of
0.5 mmol/L propidium monoazide (PMA, Biotium Inc.,
USA) were mixed. After 5 min incubation at room
temperature in the dark, the mixtures were light-exposed
for 15 min using a PMA-Lite™ LED photolysis device
(Biotium Inc., USA) according to the manufacturer’s
instructions. Before being used as template, the viable
cells were carefully washed three times with PBS buffer
to remove residual PMA, followed by resuspension with
water and density calculation by plate counting. To
obtain dead cells, the bacteria in the resuspension were
heat-killed by exposure at 95°C for 10 min (Ahmad
et al, 2017). The death and viability of bacteria were
confirmed by growth characterization.

2.4 LAMP assays

LAMP assays were performed as previous reported
method with minor modifications (Zhang et al, 2014).
In brief, a total volume of 25 pl reaction mixture
containing 0.2 mmol/L each of F3 and B3, 0.8 mmol/L
each of LoopF and LoopB, 1.6 mmol/L each of FIP and
BIP, primers, 1.2 mmol/L each of deoxynucleotide
triphosphate, 6 mmol/L MgSO,, 1 pl of 10x Bst
ThermoPol reaction buffer, 8 U of Bst DNA polymerase
large fragment (NEB Co., LTD., USA), and 5 pl of
template (viable cells, dead cells, extracted genomic DNA,

incubated at 63°C for 60 min in a thermal cycler
(BioRad, Temecula, USA). An electrophoresis apparatus
(DY-6, Xinghua Assay Apparatus Factory, Beijing, China)
and a DNR bio-imaging systems (MF-ChemiBis 3.2,
Israel) were used for electrophoresis analysis with 2.5%
agarose gel. DL2000 DNA markers were purchased
from TaKaRa Co., LTD (Dalian, China). Moreover, the
fluorescent dye GeneFinder (Biov LTD., Xiamen, China)
was used for visual characterization of LAMP reaction
products. For each measurement, 3.68 pg extracted
genomic DNA and ultrapure water were used as
templates for positive and negative controls,
respectively.

2.5 Spiked experiments

Unpurified tap water samples and natural seawater
samples (collected from Jiaozhou Bay, China) were
filtered with 0.22 um Sterivex filters to remove bacteria
followed by Silicone membranes (EMD Millipore Corp.,
Billerica, MA) to remove extracellular DNA (Stedtfeld
et al, 2016). Then, bacteria or DNA were added to the
filtered water to perform spiked experiments. Unless
stated explicitly, all spiked water samples were used
within 20 min to prevent the interference resulting cell
lysis.

After incubation for ~10 h, a 1000-fold dilution of
the initial culture medium was prepared with water, in
which the density of E. coli was obtained by the plate
counting method. The samples were prepared as follows:
1) To mock real samples, we added 100, 50, 20, 10, 5, 2
and 0 pl of a 1000-fold dilution (containing 10° CFU/ml
E. coli) into 19.900, 19.950, 19.980, 19.990, 19.995 and
19.998 ml filtered tap water or seawater. 2) To simulate
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extracellular DNA in test samples, extracted genomic
DNA was added to filtered tap water or seawater at final
concentrations of 2.2x10°, 2.2x10', 2.2x10% 2.2x10°,
2.2x10% 2.2x10% and 0 fg/ul. 3) Bacteria suspensions
(10" CFU/ml) of pure viable cells and dead cells were
added into filtered tap water or seawater for final
concentrations ranging from 0 to 10’ CFU/ml.

2.6 Detection of the SX1 gene in natural seawater

Real seawater samples collected from Shilaoren
Beach of Qingdao (120°28.308'E; 36°5.502'N) were

transferred to the lab at ~8°C and were used immediately.

The 3x1 genes in the samples were assayed by LAMP
via three approaches: 1) Viable bacteria were collected
as described above and used as template; 2) Five
microliters of unpurified seawater sample were directly
added to the reaction mixture; 3) After boiling treatment,
5 ul of the seawater sample was added into the reaction
mixture. Note, in both of the second and third approach,
0.4xBst ThermoPol Reaction Buffer was used for
LAMP to lower the final ionic strength.

2.7 Characterization of the survival behavior of
viable cells during LAMP incubation at 63°C

An electrical bacterial growth sensor was used to
characterize the survival behavior of E. coli according
to our previously published method (Zhang et al, 2018).
First, to monitor bacterial growth, each disposable glass

reaction tube was loaded with 1.3 ml sterile LB medium.

Next, 20 pl of a suspension (containing 10’ CFU of pure
viable cells) was added into the LAMP reaction mixture
(200 ul in total), followed by incubation at 63°C.
During the incubation, 10 pl of reaction mixture was
transferred into a disposable glass reaction tube at 0, 1,
2, 3, 4 and 5 min, respectively. Disposable glass reaction
tubes were simultaneously inserted into working channels
of the electrical bacterial growth sensor. Apparent
conductivity values were collected with the excitation
frequency of 2.0 MHz, excitation amplitude of 16 V and
recording rate of 10 second, and were used to generate
growth curves by plotting against incubation time.
Because the critical factor was to monitor conductivity
changes during the process of bacterial growth rather
than determination of the absolute value, an algorithm
is presented here to obtain normalized apparent
conductivity value (NACV), which was calculated as
follows:

NACV,=ACV,—ACV, (1)
where NACV,, was the real time normalized apparent
conductivity value of bacterial culture medium in the
tube obtained at point n; ACV, was the apparent
conductivity value collected at point n; ACV, was the
first apparent conductivity value collected at the
beginning of the incubation. Namely, the apparent
conductivity value at time = 0 was subtracted from all
the following data during monitoring in order to normalize

the starting growth levels at zero for all conditions. In
addition, the survival behavior of E. coli was characterized
by the plate culture method for comparison.

3 Results

3.1 LAMP assay of the Six1 gene in mock samples

After an incubation of ~10 h, the density of E. coli
in the culture medium was 1.83x10'2 CFU/ml, as
confirmed by the plate counting method. The following
steps were used to prepare templates for the LAMP
assays: 1) A 1000-fold dilution of the initial culture
medium was prepared. 2) After the initial culture medium
was passed through a 0.22 pum filter to remove bacteria
and other large molecules, a 1000-fold dilution of the
filtrate was prepared. 3) The filtrate (400 pl) was treated
with PMA to make extracellular DNA non-amplifiable
(Youn et al, 2016; Ahmad et al, 2017; Nocker et al,
2006). 4) According to the method reported by Youn
et al(2016), pure viable cells were obtained by eliminating
amplifiable gene fragments from dead cells and
extracellular DNA, and then they were re-suspended
with water to prepare a bacterial suspension (10’ CFU/ml).
5) Half of the viable bacterial suspension was heated to
prepare a dead cell suspension.

Five microliters of these five template preparations
were added into respective reaction mixtures, and the
LAMP assay was performed simultaneously in triplicate.
The results were characterized by gel electrophoresis and
the fluorescent dye GeneFinder, which has been proven
to yield accurate quantification (Zhang et al, 2011). As
shown in Fig.1, all of the amplification reactions were
successful, with the exception of one with PMA-treated
supernatant from diluted culture medium. Furthermore,
the results of positive and negative control experiments
indicated that the reaction system was reliable.

3.2 LAMP assay of the Stx1 gene in spiked samples

After a ~8 h incubation, a 1000-fold dilution of the
initial culture medium, in which the density of E. coli
was 9.95x10® CFU/ml, was prepared. Then it was used
to spike tap water samples as follows: 1) In the first group,
no E. coli was added. 2) In the second group, 50 ul of
the 1000-fold dilution were added into 19.950 ml tap
water. 3) Cells and other large molecules in 50 pl of
1000-fold dilution were removed by filtering. Then the
filtrate was added to 19.950 ml tap water. 4) Pure viable
E. coli in 50 pl of the 1000-fold dilution were obtained
via filtering and PMA-treatment, followed by addition
to 19.950 ml tap water. 5) Pure viable E. coli in another
50 pul of 1000-fold dilution was killed by heating, also
followed by addition to 19.950 ml tap water.

Five microliters of these five preparations were
used as a template for each LAMP assay reaction. The gel
electrophoresis and visualization results are shown in
Fig.2. The Sx1 gene could clearly be detected in all spiked
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Fig.1 Detection of the Sx1 gene by LAMP assay with
different templates

Results were determined by gel electrophoresis (a) and the
fluorescent dye GeneFinder (b). In the positive control,
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Fig.2 Detection of the 3X1 gene in spiked tap
water samples by LAMP assay

Results were determined by gel electrophoresis (a) and the
fluorescent dye GeneFinder (b). The positive and negative
controls were the same in Fig.1. Pure water and 3.68 pg
extracted genomic DNA were used as negative and positive
template, respectively, in control experiments

samples. Note, however, that there were not universal
color changes in all three reaction tubes characterized

or 9.95x10° CFU E. coli in culture medium. When 5 pl
of the spiked samples were used as a template for the
LAMP assay, the Sx1 gene could be detected in all
reactions, characterized both by gel electrophoresis and
the fluorescent dye GeneFinder. The Sx1 gene could
also be detected in the tap water samples, in which the
final concentration of spiked genomic DNA ranged
from 2.2x10° to 2.2x10° fg/ul. When tap water samples
were spiked with pure viable bacteria at different
concentrations, the Sx1 gene was detectable (100%) in
the case of =9.95x10*> CFU/ml, as characterized by
gel electrophoresis.

After another incubation of ~8 h, a 1000-fold
dilution of the initial culture medium was prepared in
water, in which the density of the E. coli was 1.07x
107 CFU/ml. Then, it was used to spike seawater
samples as follows: 1) In the first group, 50 pl of 1000-
fold dilution were added to 19.950 ml clean seawater. 2)
Cells and other large molecules in 50 pl of 1000-fold
dilution were removed by filtering. Then the filtrate was
added to 19.950 ml filtered seawater. 3) Pure viable E.
coli in 50 pl of 1000-fold dilution were obtained via
filtering and PMA-treatment, followed by addition into
19.950 ml of filtered seawater. 4) The extracted genomic
DNA was added into filtered seawater, allowing a final
concentration of 2.2x10° fg/pl.

Five microliters of these five solutions were used
as template for the LAMP assay. The gel electrophoresis
results are shown in Fig.3. The Sx1 gene could be
detected in all spiked seawater samples. Twenty
milliliters of filtered seawater samples were spiked with
2.14x10% 5.35x10% 1.07x10°, 2.14x10°, 5.35x10° and
1.07x10° CFU E. coli in culture media. When 5 ul of
the spiked samples were used as template for the LAMP
assay, the Sx1 gene could be detected in all reactions,
as characterized by gel electrophoresis. The Sx1 gene
could also be detected in all of the spiked seawater
samples in which the final concentration of genomic
DNA was over the range of 2.2x10*~2.2x10° fg/ul.
When seawater samples were spiked with pure viable
bacteria at different concentration, the Sx1 gene in 5 pl
was detectable in all cases (100%) with = 5.35x
10° CFU/ml, as characterized by gel electrophoresis.

3.3 LAMP assay of the Stx1 gene in real seawater
samples

The density of viable E. coli in the real seawater
was calculated to be 19.20 CFU/ml after membrane
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Fig.3 Detection of the X1 gene in spiked seawater samples
by LAMP assay characterizing by gel electrophoresis

Pure water and 3.68 pg extracted genomic DNA were used
as negative and positive template, respectively, in control

experiments
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Fig.4 Detection of the X1 gene in real seawater samples
by LAMP assay using templates obtained with different
pretreatment methods

Pure water and 3.68 pg extracted genomic DNA were
used as negative and positive template, respectively,
in control experiments

filtration by the plate counting method. Pure viable
bacteria in 100 ml of real seawater were obtained via
filtering and PMA-treatment, followed by resuspension

in 100 pl PBS buffer. Then, 5 pl of the suspension was
used as template for the LAMP assay to detect the Sx1
gene. As shown in Fig.4 Lane 3~5, the ladder-like
pattern of the amplicon was clear. Furthermore, when
5 ul of the natural seawater was directly used as
template, with or without boiling-treatment, the Sx1
gene could also be detected (Fig.4 Lane 6~11). It is
worth noting that using undiluted seawater directly as
template lowered the sensitivity of the LAMP assay
remarkably, perhaps resulting from the inhibition
caused by the salinity or complex matrices. We found
that 0.4xBst ThermoPol Reaction Buffer worked well
for the amplification task in this case. However, this
parameter was not optimized further.

3.4 Survival behavior of viable cells during LAMP
incubation at 63°C

Using the electrical bacterial growth sensor, we
obtained typical curves of E. coli growth (Fig.5a),
which were generated by plotting the NACV against
incubation time. When 10 pl of LAMP reaction mixture
(containing 10* CFU viable cells) without incubating at
63°C was transferred into a disposable glass reaction
tube for culture at 37°C in the electrical bacterial
growth sensor, there was an S-shaped growth curve. On
the curve there was a lag phase, resulting from the
stress that bacteria might experience after dilution
and/or loading (Settu et al, 2015), as well as the time
required for generating enough end products to produce
detectable increasing conductivity. The lag phase was
followed by an acceleration phase, during which the
growth rate increased until a constant growth rate was
achieved. Then, an exponential-like phase appeared,
followed by a deceleration phase. These results reflect
the typical growth of bacteria (Zhang et al, 2018),
suggesting adequate vitality of the cells. The rest of the
LAMP reaction mixture was incubated at 63°C. At the
end of 1, 2, 3, 4 and 5 min, 10 pl of the mixture was
transferred into disposable glass reaction tubes for
culture at 37°C. A similar S-shaped growth curve was
obtained when the inoculum was collected at the end of
1 min incubation, with a significantly increased time of
detection (~600 min) compared to that of the inoculum
that was collected before incubation at 63°C. This
implies that there were still viable cells in the culture
medium; nevertheless, the number was much less than
that sampled from the LAMP mixture before incubation
(Zhang et al, 2018).If 10 pl of inoculum was sampled
from the LMAP mixture with incubation at 63°C for
more than 1 min, a horizontal line was obtained due to
unchanged conductivity, indicating a nonoccurrence of
bacterial growth. In other words, the cells all died
completely. The survival behavior of E. coli was also
characterized by the plate counting method (Fig.5b).
The results were in good agreement with those obtained
with the electrical bacterial growth sensor.
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Fig.5 Growth characterization for studying survival
behavior of viable cells

(a) Growth curves of E. coli (NACV vs. incubation time) in
LB medium obtained with the electrical bacterial growth
sensor. For the S-shaped curve in red, the inoculum was 10 pl
of LAMP reaction mixture (containing 10* CFU viable cells),
which was sampled before incubation at 63°C. For the
S-shaped curve in blue, the inoculum was 10 pl of the LAMP
reaction mixture, which was sampled after 1 min incubation
at 63°C. For the other horizontal lines, the inoculum was
10 pl of the LAMP reaction mixture sampled at the end of 2, 3,
4 and 5 min incubation. In each disposable glass reaction tube
1.3 ml LB medium was loaded. The operation parameters
were as follows: excitation frequency of 2.0 MHz; excitation
amplitude of 16 V; recording rate per 10 s.

(b) Photographs of E. coli colonies. For plates number 1 to 6
the inoculum was 10 pl of LAMP reaction mixture containing
viable cells, which was sampled at the end of 0, 1, 2, 3, 4 and
5 min of incubation at 63°C, respectively

4 Discussion

The detection of target genes with PCR techniques
commonly requires cell lysis, DNA extraction and
template purification; necessitates the use of bulky
instrumentations; and remains cumbersome (Stedtfeld
et al, 2014; Enomoto et al, 2005). LAMP has the
potential to circumvent these issues because of the
reduced dependency on pretreatment of the test samples
(Safavieh et al, 2016; Njiru et al, 2012; Williams €t al,
2017), lowering the need for highly sophisticated
equipment and turnaround times (Zhao et al, 2015;
Zhang et al, 2014). However, to avoid false negatives
and overestimation of viable cell numbers when

performing LAMP, greater understanding of the role of
templates is still needed at present.

We found that a 1000-fold diluted filtrate of culture
medium in which cells had been removed(Kanitkar et al,
2017; Stedtfeld et al, 2016), could be used as template
for the LAMP assay to detect the SX1 gene, indicating
that in this case 1) there was extracellular DNA of E.
coli in the filtrate, as a result of natural lysis of dead
cells or active secretion of viable cells (Biller et al,
2017); and 2) the reaction system was tolerant to the
substances introduced by the culture medium. Upon
exposure to blue light, PMA can intercalate into double
stranded DNA and form covalent linkages, resulting in
chemically modified DNA, which cannot be amplified
by PCR or LAMP reactions (Youn et al, 2016; Nocker
et al, 2006; Chen et al, 2011). Therefore, when this
template, i.e. the 1000-fold diluted filtrate of culture
medium, was treated with PMA, the Sx1 gene could not
be detected by the LAMP assay. This suggested that in
this case all of the extracellular DNA were non-amplifiable.
We considered the adequate PMA making the difference
from the phenomenon found by Ahmad et al (2017).

Our results confirmed that in culture medium at
exponential phase there were both viable cells and
extracellular DNA. Pure viable cells, dead cells,
extracellular DNA and their mixture in culture medium
could each be used as templates for the LAMP assay,
reconfirming the non-ignorable effects of coexisting
extracellular DNA in determining viable cells by
DNA-based molecular detection techniques (Ahmad
etal, 2017; Chen et al, 2011). Even when all of the cells
were removed by filtration, the Sx1 gene in tap water
could be sensed by the LAMP assay as determined by
gel electrophoresis. Using DNA extraction-free LAMP
for detecting the VCrA gene in groundwater samples,
Stedtfeld et al (2014) found that filtration of larger
volumes caused loss of sensitivity, which they attributed
to the loss of extracellular DNA that could pass through
the cartridge. Our results confirmed this hypothesis.

The results of spiked experiments also showed that
the target gene in pure viable cells, dead cells and
extracellular DNA could be detected by the LAMP
assay, whether it was from tap water or seawater. While
the detectable concentrations of spiked genomic DNA
in tap water and seawater were over the range of
2.2x10°~2.2x10° fg/ul and 2.2x10*~2.2x10° fg/ul,
respectively, the detection limits of pure viable bacteria
in tap water and seawater were 9.95x10> CFU/ml and
5.35x10° CFU/ml, respectively, suggesting that substances
in seawater showed considerable inhibitory effects on
LAMP reactions, as they did in the culture medium
(Enomoto et al, 2005) and other real and mock samples
(Stedtfeld et al, 2014; Feng et al, 2018). Using 5 pl of
seawater as template in which the concentration of
spiked pure viable bacteria was 5.35x10° CFU/ml, we
did not have successful amplification. However, when
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the cells from 100 ml of this spiked seawater were
collected by filtering, followed by resuspension, the
target gene could be detected clearly, suggesting that a
step of enrichment by filtering (Stedtfeld et al, 2014;
Stedtfeld et al, 2016) or centrifugation (Kanitkar et al,
2017) was an effective approach for detecting target
genes at low content samples, while omission of DNA
extraction could save both time and labor in preparing
templates for the LAMP assay.

Among the reports of direct LAMP, performed
without DNA extraction and purification steps,
heat-treatment of samples was considered to benefit the
reactions due to the increased cell lysis (Poon et al,
2006; Njiru et al, 2008; Thira et al, 2010). However,
Stedtfeld et al (2016) as well as Ahmad et al (2017)
found that heat-treatment of samples prior to LAMP had
no observable influence on the time at which the SNR
reached an arbitrary cut-off of 10 (T;) or sensitivity
compared to direct amplification without lysis. In
particular, viable cells could be used as template directly.
There had been various hypotheses for how they work.
Ahmad et al (2017) considered that the success of the
LAMP assay might be due to increased cell permeability
at a temperature of 63°C, providing access to the genetic
contents in the reaction solution. Stedtfeld et al (2014)
thought that perhaps the smaller Bst polymerase had a
high rate of passage into intact bacterial cells, or maybe
cells become porous at the amplification reaction
temperature of 63°C. Kanitkar et al (2017) hypothesized
that cell lysis occurred while incubating LAMP reactions

at 63°C, though they didn’t think the lysis was adequate.

Until now, the mechanisms of unintentional lysis were
unclear. The results of our survival experiments showed
that the number of viable cells in the LAMP reaction
mixture only slightly decreased after incubation at room
temperature for 10 min but decreased sharply during
incubation at 63°C. All of the viable cells in the LAMP
mixture died completely when the incubation was more
than 2 min. However, in control experiments, in which
water was used in place of the LAMP mixture, more
than half of the spiked viable E. coli survived at the end
of 10 min. These results confirmed that viable cells
were killed rapidly in the LAMP reaction mixture
during the incubation at 63°C. This discovery explained
the moderate influence on T, and the sensitivity of
heat-treatment prior to LAMP (Stedtfeld et al, 2016;
Ahmad et al, 2017). But it was unclear now which
species were at work for the killing.

Shipping of samples to an off-site laboratory is
cumbersome, costly, and requires proper disposal, which
influences the number of replicates that are generally
analyzed. Transportation of samples also causes chances
for leaking/contamination, and increased storage time
has the potential to alter the integrity of unstable
biomarkers (Stedtfeld et al. 2014). Thus, the validation
of the LAMP assay, which can be performed at the point

of care due to the ability to use test samples directly as
template, has potential benefits for multiple researchers.
In particular, the application of eDNA analysis for
ecological research, such as the distribution of aquatic
and terrestrial organisms and their biodiversity, is
becoming increasingly more popular (Williams et al,
2017; Bohmann et al, 2014; Kristy et al, 2016; Shan
et al, 2018). The combination of eDNA with direct
LAMP may provide a beneficial combination. From our
results using spiked experiments and the detection of
the 3x1 gene in real seawater samples, we could see
that the omission of DNA extraction and purification
saved both time and labor (Enomoto et al, 2005).
However, this was achieved at the expense of sensitivity
and accuracy, due to variation in the extracellular DNA,
as well as inhibitory factors. Furthermore, quantitative
correlation between the copy number of marker genes
in eDNA and the number of target organisms commonly
is unstable (Williams et al, 2017). Therefore, to design
a strategy for field-based analysis, these factors are
worthy of additional consideration.

We confirmed that viable cells, dead cells and
extracellular DNA all can function as template for the
LAMP assay, using the Sx1 gene of E. coli as a model.
Thus, to detect similar target bacteria in samples,
extracellular DNA could potentially be captured with
silica membranes (Harikai et al, 2015) as an alternative
to collecting cells by filtration (Stedtfeld et al, 2014).
Moreover, in the case of quantifying viable cells, before
determining target genes with LAMP, analysts should
take additional steps, such as PMA-treatment, to eliminate
interference from co-existing extracellular DNA. Otherwise
the quantities might be overestimated.

Samples (diluted culture medium, tap water and
seawater) can be directly used as template for the
LAMP assay without physical, chemical or biochemical
pretreatment, due to the presence of viable cells, dead
cells or extracellular DNA. Direct amplification from
unpurified samples could reduce the complexity of the
gene analysis instruments, as well as difficulties of
operation, allowing for simple, in situ, rapid and cost-
effective gene analysis. However, common pretreatment
approaches, e.g., concentration and purification, are
useful for higher sensitivity and accuracy. This should
be considered carefully when designing experiments for
detecting target bacteria in specific samples, especially
at low concentration. In addition, when researchers
combine LAMP and eDNA, the quantitative correlation
between the copy number of marker genes in eDNA and
the target number of organisms should be closely
considered.

5 Conclusion

Using the Sx1 gene from E. coli as model, we
verified that viable cells, dead cells and extracellular
DNA could function as template in the LAMP assay.
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The target gene in viable E. coli can be amplified due to
the efficient lysis of cells in the LAMP reaction mixture
during the incubation at 63°C, allowing for replication
of the target nucleic acid in the presence of Bst DNA
polymerase. Therefore, heat-treatment is not necessary
prior to LAMP assay. In addition, the Sx1 gene in
diluted culture medium, spiked tap water, spiked seawater
and real seawater all could be detected, with or without
the step of DNA extraction. However, the complex
substances in real sample (e.g. natural seawater) exhibited
considerable inhibitory effect on the sensitivity of the
LAMP assay. These outcomes are meaningful for building
a point-of-care strategy by employing the LAMP assay
for environmental monitoring, bio-resource surveys, food
safety, etc. in particular those based on environmental
DNA.
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