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Abstract: Polymerase chain reaction, although an expensive method for the detection of human
Plasmodium spp., is still considered the finest for the diagnosis of malaria. The conventional diagnostic
PCR is an inexpensive process but consumes a lot of time, reagents and lacks sensitivity. On the other
hand, real-time PCR assays currently being used are mostly probe-based expensive methods and
sometimes not feasible to detect all the species in a single amplification reaction condition. Here we
have established a real-time PCR method that is time and cost effective with a single protocol to detect
and distinguish five human Plasmodium species using the existing primers efficiently. The primers
used here are being used in the conventional method and the sensitivity as well as specificity of
this method has also been immensely improved (100%). The lower limit of detection for Plasmodium
falciparum, Plasmodium vivax and Plasmodium malariae are 0.064 parasites/µL, 1.6 parasites/µL, and
0.32 parasites/µL respectively and no cross reactivity was observed. Besides, we have analyzed melt
curves that can be used for further species confirmation and validation purposes using multiplex
systems. This method, therefore, can be considered as an alternative to the existing lineup for
molecular diagnosis of malaria in endemic countries.
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1. Introduction

Malaria is a deadly mosquito-borne parasitic disease with an estimated 409,000 deaths
and 229 million cases in 2019 [1], most of which are children on the continent of Africa [2].
Besides, more than thousands of cases are also observed in non-endemic countries like
the United States, mostly due to travelers returning from endemic countries [3,4]. Many
endemic countries are now heading towards the elimination of malaria [5] and have taken
initiatives to point out the burdens and solutions to those hindrances one of which is
asymptomatic cases [6]. Although asymptomatic cases cannot be easily defined by the
simple parasite density nonetheless it is evident that there is a clear relationship between
low parasitemiae and asymptomatic burden [7]. In most cases, the previous studies suggest
that these asymptomatic populations are easily filtered out during diagnosis when the
methods are RDT, microscopy, and/or even conventional PCR [8,9]. Even though some
modern technologies such as rotating-crystal magneto-optical detection (RMOD), magnetic
resonance relaxometry (MRR), and surface enhanced Raman spectroscopy (SERS) have
high sensitivity, they are still on the developmental stage to meet the feasibility at point
of care detection [10–13]. Therefore, proper diagnosis is a vital element for choosing an
appropriate treatment regimen based on the nature of the infection.

Besides, severe malaria should also be taken into consideration as it is responsible for
causing death. Severe malaria, predominantly caused by Plasmodium falciparum (Pf ), can be
portrayed as a multi-system disorder with a wide range of clinical features including de-
struction of red blood cells (RBC) and stroke due to adhesion and sequestration of parasites
resulting in anemia and cerebral malaria [14]. Recent evidences show us the possibility
of severe malaria by Plasmodium vivax (Pv) as well which is alarming if not monitored
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closely as it can render severe Acute Respiratory Distress Syndrome (ARDS) [15,16]. Thus
a mass sero-surveillance with a sensitive diagnostic method is required to reduce such toll
of deaths by malaria.

Traditionally in the endemic regions, the primary method of initial parasite detec-
tion is Giemsa-stain based microscopy [17] and it may require expertise to differentiate
among the species [18,19]. The immuno-chromatographic approaches in the form of the
rapid diagnostic test (RDT) are also popular that are very rapid but less sensitive in the
case of low parasitemia (<100–200 parasites/µL) [20,21] and often, is not an indicator
of current infection that may render a false diagnosis of active infection [22]. In many
endemic countries, conventional gel electrophoresis based PCR is mostly used for diag-
nostic purposes at the central level [23]. But the process itself is very time consuming,
requires a bulk amount of reagents and multiple steps in the processes, and lacks sensitivity
(sensitivity > 10 parasites/µL) [24,25].

The aforementioned problems can be easily resolved using modern technology such as
real-time qPCR, digital PCR (dPCR), and digital droplet PCR (ddPCR). These state-of-the-
art methods have the capacity to detect even low parasite density (<0.1 parasites/µL) [26–29].
The qPCR method is still sensitive and efficient enough to detect these cases. But most of
the sensitive qPCR methods, currently being used, employs probe-based approaches that
are expensive and often cannot be used in single reaction conditions (different annealing,
elongation temperature, and/or cycle numbers, etc.) [30]. In this study, we aimed to
develop a new time, cost, and process efficient approach using the existing primers for the
detection and distinguishing all five human malaria-causing parasites i.e., P. falciparum,
P. vivax, P. malariae (Pm), P. ovale (Po), and P. knowlesi (Pk) in a single amplification reaction
condition using extracted genomic DNA. We have also proposed using multiplex systems
with melt curve analysis data considering the nature of malaria infection in individual
endemic countries.

2. Materials and Methods
2.1. Specimens

Plasmid controls of different Plasmodium species collected from the American Type Cul-
ture Collection (Manassas, VA, USA) and culture controls were employed for the method
development process initially (Pf -MRA-177, Pv-MRA-178, Pm-MRA-179, Po-MRA-180, and
Pk culture control from the University of Malaya, Kuala Lumpur, Malaysia). Archived
DNAs of clinical positive samples were also used as endemic control to measure the clinical
sensitivity and specificity. All the samples were collected for previous studies from sev-
eral malaria-endemic districts of Bangladesh (Khagrachari, Cox’s Bazar, Rangamati, and
Netrokona) [31,32]. The original studies were approved by the Ethics Review Committee
of the International Centre for Diarrhoeal Disease Research, Bangladesh. Informed consent
was taken from every participant for future use of the sample. DNA was extracted from
whole blood using the QIAamp Blood Mini Kit (Qiagen, Hilden, Germany).

2.2. Real-Time PCR

CFX-96 real-time PCR detection system (Bio-Rad, Hercules, CA, USA) was employed
for the study. The primers used here had been previously described in a conventional PCR
system (Supplementary S1: Table S1) [24,25,33,34]. For each reaction 0.7 µL 10 uM forward
and reverse primers, 10 µL 2× iQ SYBR green supermix (Bio-Rad), and 5.6 µL nuclease-free
water comprising 17 µL of Mastermix was used and a DNA sample of 3 µL was taken from
each extracted DNA sample. The PCR protocol includes an initial denaturation at 95 ◦C for
10 min, followed by amplification for a 35 cycle of 1 min denaturation at 95 ◦C, 15-second
annealing at 57 ◦C, and 30-s elongation step at 61 ◦C. The fluorescence absorption values
were acquired at the end of every elongation step. The steps were optimized through
gradient run as well as trial and error. Separate sets of primers were employed for each
reaction for the detection of each species. The whole experiment took only about two
hours in total including an additional melt-curve analysis. For the melt curve analysis, an
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additional melt program was employed with an initial 60 ◦C for 10 min followed by a
stepwise increase of 0.5 ◦C from 65 ◦C until 85 ◦C.

2.3. Multiplex System

Multiplex assays were also performed using two to three sets of primers for detecting
species using melting curve analysis. This additional system employed of Pf, Pv, and Pm;
Pf and Pv; Pv and Pm primers combination system in individual wells were also employed
with single positive template and co-infected sample templates as well. This technique was
applied to determine the possibility of species detection using melting curve analysis as a
single species always has a distinct melting temperature (Tm).

2.4. Analytical Sensitivity, Specificity, Linear and Repeatability

For analytical sensitivity and linearity, parasites cultivated from the P. falciparum 3d7
strain were collected and diluted with fresh RBC to obtain parasitemia from 5000 parasites/µL
to as low as 0.002 parasites/µL (diluted five times in each step) whereas, for P. vivax and
P. malariae, archived patient samples with 25,000 parasites/µL and 1000 parasites/µL were
diluted to obtain 1.6 parasites/µL and 0.32 parasites/µL respectively (also 5 times diluted
in each step). The samples were properly mixed to ensure homogeneity and genomic DNA
extraction was performed on the serially diluted samples individually using QIAGEN
DNA BLOOD Mini kit (Qiagen) following the manufacturer’s instruction (Supplementary
S1: Section S2). Intra-assay and inter-assay repeatability were checked in triplicate reaction.
Variability was analyzed in terms of coefficient of variation (CV; the ratio of mean to
the standard deviation (SD)) among intra and inter-assay ct values in triplicates. For
intra assay, triplicate values and for inter assay, average of individual triplicate ct values
were calculated.

For specificity, individual primers were employed with plasmid control templates of
other species in separate amplification reactions. Moreover, positive template controls of
other pathogens including trypanosome parasites Leishmania spp., apicomplexan parasite
Cryptosporidium spp., Giardia spp., Strongyloides spp., gram-negative bacteria Escherichia coli,
Shigella, Campylobacter, Vibrio cholera, Adenovirus, Norovirus, Rotavirus, etc. have also been
used to rule out cross-reactivity.

2.5. Clinical Sensitivity and Specificity

The clinical sensitivity and specificity of this PCR assay method for the detection
of Pf, Pv, and Pm were calculated considering the microscopic examination as the gold
standard in the initial diagnosis for malaria infection. For that purpose, we have performed
the assay on 50 Pf, 40 Pv, and 20 Pm positive clinical samples. An equivalent amount
of endemic Plasmodium sp. negative samples were also taken for analysis of specificity
and sensitivity of the individual species. Sensitivity and specificity were calculated using
binomial methods for proportion with a 95% confidence interval (CI) [35].

2.6. Reagent Cost Analysis

The associated reagent costs were estimated compared to conventional and probe-
based qPCR. As DNA extraction is equal for all the PCR methods, cost of extraction kit
was not considered. Costs of research infra-structure and personnel were excluded. For
estimation of cost, a batch size of 30 samples were estimated [36,37].

3. Results
3.1. Detection and Melting Curve Analysis

This PCR method can detect five different species of human malaria parasite effectively
under the same reaction parameter. The melt curve analysis also shows us the different Tm
for all the different species except for Pk that overlaps with the Pf at 73.5 ◦C. The Tm for
Pv, Pm, and Po are 76 ◦C, 71 ◦C, and 79.5 ◦C respectively for plasmid controls (Figure 1).
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In clinical samples, the Tm for Pf, Pv, and Pm were found almost identical (73.5 ± 0.5 ◦C,
75.0 ± 0.5 ◦C, and 71 ± 0.5 ◦C) (Figures 2 and 3).

Figure 1. Melt curve analysis of Plasmodium spp. The melt curve shows different Tm for Pf (73.5 ◦C), Pv (76 ◦C), Pm (71 ◦C),
and Po (79.5 ◦C) except for Pk (73.5 ◦C) which overlaps with the Pf.

Figure 2. Melt curve analysis of clinical fifty Pf and forty Pv samples depicted by blue and orange color respectively. The
melting temp (Tm) for Pf and Pv of clinical samples were 73.5 ◦C ± 0.5 ◦C and 75 ◦C ± 0.5 ◦C respectively.
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Figure 3. Melting curve analysis of clinical twenty clinical Pm samples with melting temperature (Tm) of 71 ◦C ± 0.5 ◦C.

It is evident that individual mono-infection can be determined using the multiplex
primer systems i.e., primers for Pf, Pv, and Pm in a single amplification reaction with
Tm of 74 ◦C, 75 ◦C, and 71 ◦C respectively indicating mono-infection only (Figure 4).
For every mono-infection, a distinct melting temperature was observed but co-infection
could not be determined in all the run. This was consistent in both two and three primer
multiplex system.

Figure 4. Melting curve analysis of Pm, Pf, and Pv samples in multiplex depicted by blue, orange, and pink colors
respectively. The melting temperature (Tm) for Pm, Pf, and Pv of samples were 71 ◦C, 74 ◦C, and 75 ◦C respectively. The
multiplex melting curve analysis could only verify mono-infection with distinct melting temperatures for each species.



Diagnostics 2021, 11, 736 6 of 14

3.2. Analytical Sensitivity, Linearity, and Reproducibility of the Assay

The real-time assay can detect as low as 0.064 parasites/µL in Pf (Table 1 and Figure 5),
1.6 parasites/µL in Pv (Table 2 and Figure 6) and 1.6 parasites/µL in Pm (sometimes as low
as 0.32 parasites/ µL) (Table 3 and Figure 7). The standard curve had been generated with
5 times dilution in each step and over eight, seven, and six concentration range in Pf, Pv,
and Pm respectively. The correlation coefficients (R2) were ≥0.994 and efficiency over 90%
in all cases (Figures 5–7). The amplification was further verified through gel electrophoresis
analysis of the product (Supplementary S2: Figures S1–S3). The amplification reaction
did not show any appearance of ct value in the non-template control that indicates an
absence of any nonspecific amplification and/or contamination. Therefore, the assay was
highly specific for all the individual Plasmodium spp. The intra-assay CV of ct values for Pf
ranged from 0.34% to 2.58% over eight different concentrations and for Pv it was 0.13% to
1.11% over the seven concentrations range. For Pm, the intra assay CV of ct values ranged
from 0.31% to 1.31% over six different concentration levels. The increased variations were
observed in low parasite load only. Reproducibility of the assay was assessed through inter-
assay variation of ct values for the same concentration level in two different independent
runs. The CV for inter-assay fluctuated from 0.45% to 2.11%, 0.30% to 1.58% and 0.24% to
1.20% for Pf, Pv and Pm respectively. The CV, therefore, indicates high reproducibility of
the assay method.

Table 1. Reproducibility and repeatability of real-time PCR assay for Pf.

Intra Assay Variation of CT Values Inter Assay Variation of CT Values

Parasites/µL Replicate
1

Replicate
2

Replicate
3 Mean SD CV Assay 1 Assay 2 Mean SD CV

5000 15.14 15.11 15.04 15.10 0.05 0.34 15.10 15.23 15.16 0.10 0.63

1000 17.46 17.67 17.34 17.49 0.17 0.96 17.49 17.68 17.59 0.14 0.78

200 20.25 20.23 20.08 20.19 0.10 0.47 20.19 20.32 20.25 0.09 0.45

40 23.02 22.85 22.95 22.94 0.08 0.35 22.94 22.66 22.80 0.20 0.86

8 25.41 25.21 25.15 25.26 0.14 0.55 25.26 26.01 25.63 0.53 2.08

1.6 27.44 27.82 27.91 27.72 0.25 0.89 27.72 28.08 27.90 0.25 0.89

0.32 30.20 30.30 28.92 29.81 0.77 2.58 29.81 30.71 30.26 0.64 2.11

0.064 32.94 32.88 32.27 32.70 0.38 1.15 32.70 32.47 32.58 0.16 0.50

Table 2. Reproducibility and repeatability of real-time PCR assay for Pv.

Intra Assay Variation of CT Values Inter Assay Variation of CT Values

Parasites/µL Replicate
1

Replicate
2

Replicate
3 Mean SD CV Assay 1 Assay 2 Mean SD CV

25,000 18.15 18.20 18.07 18.14 0.06 0.36 18.14 18.25 18.20 0.08 0.42

5000 20.55 20.53 20.44 20.51 0.06 0.28 20.51 20.59 20.55 0.06 0.30

1000 23.15 23.07 23.15 23.12 0.05 0.21 23.12 23.28 23.20 0.11 0.48

200 25.69 25.71 25.99 25.79 0.17 0.65 25.79 25.75 25.77 0.03 0.12

40 28.19 28.22 28.15 28.19 0.04 0.13 28.19 28.23 28.21 0.03 0.11

8 30.24 29.91 30.38 30.18 0.24 0.81 30.18 30.86 30.52 0.48 1.58

1.6 32.96 32.26 32.47 32.56 0.36 1.11 32.56 32.74 32.65 0.12 0.38
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Figure 5. Technical performance and range of detection of the Pf real-time SYBR green PCR. DNA was extracted from MRA-
102 3D7 strain cultured in vitro, ranging from 5 × 103 to 6.4 × 10−2 parasites/µL, and subjected to real-time SYBR green
based PCR. Amplification curves are depicted by different colors each containing a different parasite load. The standard
curve has been made by the ct values obtained from the assay plotted against the logarithmic parasite concentration in a
linear regression curve fit analysis (R2 = 0.997, E = 90.8%).
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Figure 6. Technical performance and range of detection of the Pv real-time SYBR green PCR. Amplification curves of
archived Pv samples with concentration ranging from 25 × 103 to 1.6 parasites/µL, have been depicted by different colors
each containing a different parasite load. The standard curve has been made by the ct values obtained from the assay plotted
against the logarithmic parasite concentration in a linear regression curve fit analysis (R2 = 0.997, E = 94.6%).
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Figure 7. Technical performance and range of detection of the Pm, real-time SYBR green PCR. Amplification curves of
archived Pm samples with concentration ranging from 1 × 103 to 3.2 × 10−1 parasites/µL, have been depicted by different
colors each containing a different parasite load. The standard curve has been made by the ct values obtained from the assay
plotted against the logarithmic parasite concentration in a linear regression curve fit analysis (R2 = 0.994, E = 98.0%).
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Table 3. Reproducibility and repeatability of real-time PCR assay for Pm.

Intra Assay Variation of CT Values Inter Assay Variation of CT Values

Parasites/µL Replicate
1

Replicate
2

Replicate
3 Mean SD CV Assay 1 Assay 2 Mean SD CV

1000 21.08 21.02 21.15 21.08 0.07 0.31 21.08 21.26 21.17 0.13 0.59

200 23.22 23.37 23.48 23.35 0.13 0.56 23.35 23.43 23.39 0.06 0.24

40 25.43 25.52 25.82 25.59 0.20 0.80 25.59 25.96 25.77 0.26 1.01

8 28.60 28.74 28.50 28.61 0.12 0.42 28.61 28.35 28.48 0.19 0.67

1.6 30.11 30.79 30.82 30.57 0.40 1.31 30.57 30.93 30.75 0.25 0.82

0.32 32.58 – 32.47 32.52 0.07 0.23 32.52 33.08 32.80 0.39 1.20

3.3. Clinical Specificity and Cross-Reactivity

The clinical sensitivity and specificity were 100% for Pf (sensitivity 95% CI: 91.11– 100%;
specificity 95% CI: 91.11–100%), Pv (sensitivity 95% CI: 89.09–100%; specificity 95% CI:
91.11–100%) and Pm (sensitivity 95% CI: 79.95–100%; specificity 95% CI: 89.09–100%). The
PCR assay was highly specific in respect to other species of the same genus and showed no
cross-reactivity for the aforementioned species of other genera with the absence of a peak
in cross-reactive amplification reactions as well.

3.4. Comparison of Cost-Effectiveness

The cost of per reaction was highest in the conventional gel-electrophoresis based PCR
approach with 3.7 US$ per sample. The probe based qPCR approach costs around 1.8 US$
while this SYBR green based approach requires the lowest with 0.75 US$ per sample. The
costs were estimated using the standard average price of the commercial supply kits. The
detailed comparison can be observed in the Table 4.

Table 4. Cost distribution and comparison among conventional nested, Sybr green (this method) and
Taqman probe-based PCR approaches.

Conventional Nested PCR (Batch of 30 Samples for a Single Parasite)

Components Overall Cost per Sample (US $)

Buffer 0.2

dNTPs 0.7

Primers (4 Sets) 0.4

Taq Polymerase 0.3

Nuclease-Free Water 0.1

Agarose 0.4

TBE Buffer 0.3

Gel-Red 0.2

Gel Loading Dye 0.1

DNA Ladder 0.2

Consumables (PCR Tube, Gel Loading Plate,
Tips, Distilled Water etc.) 0.8

Overall Cost per Sample (USD) 3.7
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Table 4. Cont.

SYBR Green qPCR (Batch of 30 Samples for a Single Parasite)

Components Overall Cost per Sample (US $)

SYBR Green PCR Supermix 0.15

Primers (2 Sets) 0.2

Nuclease-Free Water 0.1

Consumables (PCR plate/Tube, Tips etc.) 0.3

Overall Cost per Sample (USD) 0.75

Taqman qPCR (Batch of 30 Samples for a Single Parasite)

Components Overall Cost per Sample (US $)

Taqman qPCR Supermix 0.25

Primers (2 sets) 0.2

Probe (1 set) 0.95

Nuclease-Free Water 0.1

Consumables (PCR plate/Tube, Tips etc.) 0.3

Overall Cost per Sample (USD) 1.8

4. Discussion

This qPCR method requires 35 cycles but amplification was also performed for 40 cy-
cles. It was evident that this extended number of cycles increases the sensitivity of the
reaction but sometimes that hampers the strand specificity which is a common limitation
of the Sybr green-based PCR. Besides, almost similar results were obtained with 58 ◦C
and 60 ◦C for annealing and elongation steps respectively. For analysis of data, the lower
cut-off ct value was set as 33 to consider the sample as positive with a baseline threshold of
100. Increasing the time in between amplification steps in the annealing and elongation
stage also showed good results but it increases the experimental time-length.

In terms of sensitivity, the conventional gel electrophoresis based PCR could detect
6–31 parasites/µL when nested PCR was performed and it drastically reduces when
oligonucleotides are used in single amplification reaction as opposed to nested PCR
(<3000 parasites/µL) [34]. In a previous probe based study using reverse transcriptase
qPCR employed extraction of DNA and RNA from small volume of dried blood in RDTs
could detect 1 parasites/µL in asymptomatic patients [38]. Another study employed
the Pf HRP II/III (Histidine rich protein) deletions with lower limit of detection (LOD)
3 parasites/µL [39] whereas in a diagnostic probe based study conducted on 297 patients
could detect four species except Po and fails to evaluate mixed infections as well with
sensitivity of 95% only [40]. The major problem is often observed for detection of simian
malaria Pk that also causes infection in human. Besides, the commercial kit available to
detect Pk often shows false positive result in mixed infection at low parasitemia with a LOD
of 0.125 and 20 parasites/µL only [41]. Targeting high copy telomere associated repetitive
element and var gene acidic terminal achieved a LOD of 0.03 to 0.15 parasites/µL for
detection of Pf [42] while 18s rRNA target based approach in clinical isolates resulted in
detection of Pf and Pv wih LOD of 1–10 parasites/µL with 100% sensitivity [43]. In our
previous SYBR green based study, the lower limit of detection was 5–10 parasites/µL for Pf
and Pv with sensitivity and specificity below 100% [31].

In contrast, this method can detect as low as 0.64 to 1.6 parasites/µL in Pf, Pv, and Pm
and thus dictates the high sensitivity of the method. Analytical sensitivity, linearity and
repeatability could not be performed on the Po and Pk as there are no clinical isolates in
our research facilities. The method can also utilize multiplex system efficiently in contrast
to the conventional method that failed to detect specific species with a marked decrease in
sensitivity. Another mentionable benefit of the method is that five of the human malaria
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species can be run under the same reaction condition whereas in nested conventional
PCR we can perform only four species. Besides in nested PCR, we have to run the PCR
for amplification of the common genus region gene first and then go for the species
amplification which is a time consuming process [34]. In case of qPCR, most of the protocols
currently being used employ different temperature conditions for different Plasmodium
species or different sets of species [44–47]. Thus, this process has greatly improved the
detection process through a significant reduction of time and steps.

This multiplex system can be deployed for diagnostic purposes in malaria-endemic
regions. For that purpose, we can detect initially the most common causative endemic
species such as Pf and/or Pv and later use the multiplex system to determine the other
species. However, the multiplex of Pf, Pv, and Pm can also be used in a single reaction
but that can detect mono-infection only. The reason behind the lacking in the detection of
co-infection can be explained by the common flaw of SYBR green-based chemistry in the
PCR system [48].

5. Conclusions

This method as described is time and cost efficient as it takes less than a US$ for
each PCR reaction and about two US$ if the multiplex system is used. Compared to
probe based and conventional methods it is 2.5-fold and about 5-fold cheaper respectively
(Supplementary S1). Low intra and inter assay CV of this method also is also an indicator
of the high reproducibility of the PCR assay. The steps have been reduced greatly here
compared to the existing conventional gel electrophoresis based method usually used for
the diagnostic approach. On the other hand, the Taqman probe-based approach can be
more efficient but increases the cost of each reaction and thus not suitable for cost-effective
diagnostic purposes. In terms of time, cost, steps, and expertise, we recommend that this
method can be an excellent convenient alternative approach and be added to the existing
current lineup of diagnostic tools.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/diagnostics11050736/s1, two supplementary files have been added with this submission.
Supplementary S1 with Table S1 and Qiagen DNA Kit insertions. Supplementary S2 contains 3 figures
of gel electrophoresis confirmation.
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