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Abstract: Ascaris lumbricoides is a major soil-transmitted helminth that is highly infective to humans.
The ova of A. lumbricoides are able to survive wastewater treatment, thus making it an indicator
organism for effective water treatment and sanitation. Hence, Ascaris ova must be removed from
wastewater matrices for the safe use of recycled water. Current microscopic techniques for
identification and enumeration of Ascaris ova are laborious and cumbersome. Polymerase chain
reaction (PCR)-based techniques are sensitive and specific, however, major constraints lie in having
to transport samples to a centralised laboratory, the requirement for sophisticated instrumentation
and skilled personnel. To address this issue, a rapid, highly specific, sensitive, and affordable
method for the detection of helminth ova was developed utilising recombinase polymerase
amplification (RPA) coupled with lateral flow (LF) strips. In this study, Ascaris suum ova were used
to demonstrate the potential use of the RPA-LF assay. The method was faster (< 30 min) with optimal
temperature at 37 °C and greater sensitivity than PCR-based approaches with detection as low as 2
femtograms of DNA. Furthermore, ova from two different helminth genera were able to be detected
as a multiplex assay using a single lateral flow strip, which could significantly reduce the time and
the cost of helminth identification. The RPA-LF system represents an accurate, rapid, and cost-
effective technology that could replace the existing detection methods, which are technically
challenged and not ideal for on-site detection in wastewater treatment plants.

Keywords: Ascaris; lateral flow; point-of-care; recombinase polymerase amplification; soil-
transmitted helminths; wastewater

1. Introduction

The reuse of wastewater is widespread across the globe, especially in regions with water scarcity
[1,2]. Recycled water can be utilised in irrigation but—if not treated effectively—can pose risk for
public health owing to the pathogens present in the recycled water used for irrigation [3-5]. In
particular, soil-transmitted helminth ova can survive for several months or years in the environment
and are a concern where wastewater and sludge reuse are prominent [6,7].

In 1989, the World Health Organization (WHO) focused on the helminth-associated infections
that occur due to poor sanitation, poor hygiene, and inadequate water quality [8-10]. Soil-transmitted
helminth (STH) infections are of severe concern, affecting nearly one-third of the world’s population
[9-11]. Ascaris lumbricoides is the major STH, afflicting more than one billion people worldwide [12-
14] and leading to malnutrition in children, cognitive impairment, and gastrointestinal complications
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[15-18]. As a result of their environmental hardiness, the WHO recommends parasitic helminth ova
as an indicator of sanitary risk and water quality parameters [19,20]. WHO recommends an upper
limit of one helminth ova per litre for recycled water to be judged suitable for irrigation and public
use [2,21,22]. Based on such recommendations, the modified Bailenger method was suggested as a
universal method for the detection of one helminth ova per 10 litres of recycled water for urban,
agricultural, industrial, or environmental use [23,24]. However, the method has drawbacks, such as
being time consuming (approximately three days), insensitive, and involves ova recovery,
morphological identification, and enumeration of helminth ova [25-27].

Diagnostic tests that are sensitive and specific are critical for monitoring Ascaris species in
wastewater and sludge [28-30]. Although polymerase chain reaction (PCR)-based methods provide
sufficient sensitivity, specificity, and throughput [1,31,32], their use is limited due to the requirement
of a sophisticated device, trained personnel, and storage devices, which are not feasible in most of
the endemic countries where poverty is prevalent and resources are limited [33, 34]. Consequently,
inaccurate diagnosis leads to underestimation of the infection intensity. As such, the elimination
goals can only be achieved if more sensitive, rapid, easy to use, and low-cost detection methods are
developed.

Recombinase polymerase amplification (RPA) is an isothermal amplification method that has
been employed for the detection of various pathogens [35,36]. This approach overcomes the
limitations of existing molecular detection methods [37] offering an affordable, sensitive, specific,
user-friendly, rapid, robust, readily portable equipment and easily deliverable technique, making
this potential technique suitable for onsite diagnosis [38,39].

The RPA reaction is initiated when recombinase binds to the primers. The recombinase—primer
complex displaces the target’s antisense strand followed by a strand crossover reaction [40]. A single-
stranded DNA-binding protein (SSB) attaches to the parental strand, thereby preventing it from
interacting with the template strand that has been displaced [35]. DNA polymerase initiates the
synthesis of new DNA strands. Since the optimal temperature of the strand synthesis and the
amplification process occurs at a constant temperature (3742 °C), it is considered as isothermal
amplification. Recently, RPA was utilised to detect bacteria (Neisseria gonorrhoeae, Salmonella enterica),
viruses (Dengue and Yellow Fever virus), and other microbial agents that represent significant public
health risks [41-44].

The end-point analysis of RPA can be performed using agarose gel electrophoresis (AGE) [36],
real-time quantitative fluorescence [45], and lateral flow strips [46]. AGE takes approximately one
hour and exhibits low sensitivity. In contrast, real time quantitative fluorescence is sensitive and
rapid but is a tedious process requiring well-equipped facilities and trained personnel. Lateral flow
(LF) strips are based on paper oligochromatography and require only 5 to 10 min to obtain the result
[47]. LF strips are cost-effective, yet, with greater accuracy and sensitivity, they offer potential as an
important tool for trace target detection [48]. For the visualisation of bands, LF strips are labelled with
gold nanoparticles, which are amenable to detection by various methods, provide stability, and are
commercially available at a low cost [49]. LF coupled with colloidal gold labelling has been
extensively used for qualitative and semi-quantitative detection of target pathogens by visualisation
or a simple strip reader [50].

Herein, for the first time, a highly sensitive and rapid recombinase polymerase assay coupled
with lateral flow technique is described for the detection of Ascaris ova in wastewater without the
requirement of complex equipment, thus representing a potential point-of-care detection assay. The
approach focused on the internal transcribed spacer-1 (ITS-1 located between 18 S and 5.8 S rRNA
genes) region to facilitate detection based on high specificity. Additionally, specificity and sensitivity
of this RPA-LF assay were evaluated.
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2. Materials and Methods

2.1. Source of Ascaris Ova

Ascaris suum (pig roundworm) ova were utilized as surrogate for the human parasite Ascaris
lumbricoides owing to 98.1% genomic similarities and them being morphologically indistinguishable.
Additionally, A. lumbricoides causes enormous risk to public health, while A. suum ova can be easily
obtained and are much safer, as they rarely infect humans [51]. The A. suum infected pig faecal
samples were obtained from an abattoir in Laverton, Australia. The ova of A. suum were recovered
using a modified version of the Tulane method [21,52]. Aliquots of pig faecal samples with
approximately 5 g DS (dissolved solid) were rinsed with milliQ water, homogenised for 1 min with
a blender, and allowed to settle in 1% 7X detergent for 30 min (MP Bio, Australia). The supernatant
was aspirated, and the sediment was washed again with 1% 7X to solubilize the organic matter and
aid the release of ova that remained adhered to larger particles. After settling, the sediment was
poured onto stainless steel sieves of 850 uM and 300 uM pore sizes (Prospector Earth Sciences,
Australia) to remove the larger particles. The filtrate with A. suum ova settled further with the
addition of 7X® for 30 min, and the sediment was mixed and aliquoted in 50 mL falcon tubes, which
were centrifuged at 800 g, and the supernatant removed.

Ova separation was achieved using flotation with magnesium sulfate (1.20 specific gravity) in
each tube. After centrifugation at 800 g for 3 min, the supernatant was poured on to a 38 uM sieve
and rinsed with water into a 100 mL beaker and later transferred into 15 mL tubes and centrifuged
as mentioned above. The ova were enumerated using an optical microscope (x200 magnification)
with Universal 4 chamber worm egg counting slides (J. A. Whitlock & Co, Melbourne, Australia). It
was then aliquoted (1000 * 20 ova) into 1 mL volume (1% phosphate buffered saline) in 2 mL
Eppendorf tubes and stored at 4 °C for molecular analysis.

2.2. DNA Extraction

The recovered Ascaris ova (1000 + 20) were concentrated in 1% phosphate buffered saline (PBS)
to a final volume of 200 pL. Quick-DNA Fecal/Soil Microbe Miniprep Kit (Zymo Research,
Chatswood, Australia) and FastPrep-24 classic instrument (MP Biomedicals, Irvine, USA) were used
for DNA isolation from ova. The extracted DNA concentration was measured with NanoDrop
spectrophotometer.

2.3. Design and Screening of RPA Primers

For the singleplex RPA assay, the ITS ribosomal DNA regions of Ascaris suum (Accession number
AB571302) was targeted for amplification. For the multiplex RPA assay, the ITS regions of A. suum
(Accession number AB571302) and T. suis (Accession number AM993008) were the desired targets.
The nucleotide sequences were obtained from Genbank (NCBI). The forward and the reverse RPA
primers for each helminth ova were designed using Primer3 plus (Table 1). RPA primers were
designed as per the guidelines of TwistDx™ guidelines (TwistDx, Cambridge, UK). The primers were
synthesised to produce smaller amplicon size (<300 bp) to increase the rate of amplification. Between
the primers, a gap of at least 52 bp was maintained for probe design for use in lateral flow detection.

The screening of primers was performed with a TwistAmp™ Basic kit to select the best primer
pairs that yielded smaller amplicons. The RPA assay was conducted in a pre-PCR chamber to
minimise contamination. For primer screening, 2 ng of A. suum genomic DNA was used as template.
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Table 1. Oligonucleotide primers used for initial screening.

Assay Primer Helminth Sequence (5’ - 3)

Recombinase polymerase
amplification (RPA) Asc718F
primer screening

A. suum/A. CTAATCTATGATTCAATATCTCGTTGTAATTT
lumbricoides

AAATTTTTCATATACATCATTATTGTCACG

Asc881R
CTTATTTAGCTAATCTATGATTCAATATCTCG
Asc709F
TS596F T. suis GTTATTAACGACCAATGCAGATAAGC
TS764R GTTCAAAGTATTCAAGTTCAGTGTGTC
TS510F CATGCTATGTCGGTGAGGTTTAAAGAA

Reactions were performed according to the TwistDx™ Basic RPA protocol, where each reaction
contained 29.5 puL rehydration buffer, 2.4 uL of both forward and reverse primer (10 pmol), 12.2 puL
dH:0, and 1 pL genomic DNA. The RPA pellets in the kit were transferred into 0.2 mL PCR tubes for
easy handling. The reaction mix and 2.5 uL magnesium acetate were added to the lid of each reaction
tube, making a final reaction volume of 50 uL. The tubes were placed into the thermocycler, and the
temperature was set to 37 °C for 20 min. Since this assay can be a potential POC detection assay, the
reaction tubes were also placed in the hands (body temperature) instead of the thermocycler.
Purification of the amplicons was performed using QIAquick PCR purification kit (Qiagen, Germany)
and ran on 2% agarose gel. Negative controls (no template) were kept for every reaction set. Primer
pairs with positive amplification and smaller size amplicons were selected to facilitate rapid
amplification

2.4. Optimisation of Lateral Flow RPA Probe

The probes targeting the ITS-DNA regions were designed for RPA-LF using the guidelines of
TwistDx™, with size ranging from 46 to 52 nucleotides, incorporating a 6-carboxy-fluorescein (FAM)
label at the 5" end. A tetrahydrofuran (THF) residue was added to the probe sequence, and a C3
spacer was incorporated at the 3’ end to prevent extension of any probe that remained unhybridised.
One of the primers, in this case, the reverse primer, was added with biotin to the 5" end (Table 2).

Table 2. Oligonucleotide primers and probe specific for A. suum and T. suis.

Assay Primer/Probe Sequence (5’ - 3')
RPA-lateral CTAATCTATGATTCAATATCTCGTTGTAATTT
Asc718F
flow (LF)
AscS81RB Biotin-AAATTTTTCATATACATCATTATTGTCACG
FAM-ATGAGCGAGAGAGAATATATACATCAAAACG-Tetrahydrofuran-

Asc767P TCTTAAAAGACGATT-C3 spacer
TS596F GTTATTAACGACCAATGCAGATAAGC

TS764RD Digoxigenine-GTTCAAAGTATTCAAGTTCAGTGTGTC
TS661P FAM-GTGCAGGAACTCTTGAAACATGATGACATT-tetrahydrofuran-

CGAACGGCGGATCACTT-C3 spacer

ITS RPA-LF assays were conducted using TwistDx™ Nfo kit. Each reaction consisted of 2 ng A.
suum genomic DNA, 29.5 uL rehydration buffer, 2.1 uL forward primer, 2.1 L biotin labelled reverse
primer, 0.6 uL lateral flow probe (10 pmol), and 12.2 uL. dH20. The reaction mix was added to the
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RPA pellets in the kit, and 2.5 uL. magnesium acetate was transferred to the lids prior to the reaction
tube being placed in the thermocycler at 37 °C for 20 min. Nuclease free water was used as the
negative control for the assay.

2.5.ITS RPA-LF Amplicon Detection

The end-point analysis of the amplicons was performed using the Milenia HybriDetect 2T lateral
flow strips (Milenia Biotec GmbH, Germany). The dipstick is designed for qualitative or quantitative
rapid test systems to detect two different analytes. The assay is based on a “sandwich” format with
the desired target, where the probe conjugates with anti-FAM antibodies present on the sample pad
and captured at the test line by anti-biotin/anti-digoxigenine antibodies, thereby forming a complex
with colloidal gold to produce a coloured signal. A coloured band on the control line prevents false
negatives.

To avoid contamination, post-amplification processing for RPA-LF was carried out in different
rooms of the laboratory. The amplification product (2 puL) was added to 98 uL HybriDetect buffer.
The LF strip was vertically placed into the tube, and the results were read within 3 min.

2.6. Reaction Time and Amplification Temperature

The optimal amplification time for A. suum primers was selected by RPA amplification at 37 °C
for 5, 10, 20, 25, 30, and 40 min using 2 ng A. suum DNA, and for the end-point analysis, the lateral
flow dipsticks were placed vertically on the tubes for less than 3 min at room temperature.

Similarly, the evaluation of the optimal temperature for amplification was performed at different
reaction temperatures of 20, 25, 37, 40, and 45 °C for 20 min. A thermocycler set at the desired
temperature was used for this assay. The tubes were manually mixed in the initial 5 min to avoid
localised depletion of reagents.

2.7. Detection Limit and Specificity

For the lower limit of detection (LLOD), serial dilutions of A. suum were prepared using 20 ng/uL
DNA with reverse osmosis water to give concentrations of 2 ng/uL, 200 pg/uL, 20 pg/uL, 2 pg/uL,
200 fg/uL, 20 fg/uL and 2 fg/uL of DNA. All reactions were run in the thermocycler at 37 °C for 20
min.

For determining the specificity of the RPA primers designed for A. suum, organisms such as
Trichuris suis (whipworm), Haemonchus contortus (sheep hookworms), and A. lumbricoides were
utilised. Faecal samples were collected from pigs that were infected with T. suis. The ova were
recovered using Tulane method with minor modifications (21, 52) and were also used for further
experiments. Genomic DNA of A. lumbricoides and H contortus were obtained from the Faculty of
Veterinary and Agricultural Sciences, The University of Melbourne. Since DNA of human
hookworms Ancylostoma duodenale and Necator americanus were not readily available, NCBI BLAST
was performed to evaluate whether the primers could result in cross reactivity to these organisms.

2.8. Multiplex RPA-LF to Detect Two Different Helminth Ova Genera in Wastewater

A multiplex RPA-LF was performed to detect two different helminth genera, A. suum and T.
suis, in a single lateral flow strip using wastewater from Lang Lang wastewater treatment plant of
South East Water, Victoria. Wastewater (200 uL) was seeded with 200 (+10) A. suum and T. suis ova
each, and DNA was extracted using Isolate II Genomic Spin Column kits (Bioline, USA). The primers
and the probe for T. suis were designed as per the manufacturer’s protocol (TwistDx™, Cambridge,
UK) and utilised for this assay. The 3" end of Asc881RB was labelled with biotin, while the 3" end of
TS764RD was labelled with digoxigenine. To detect the specificity of the primers, DNA of both A.
suum and T. suis (2 ng) were amplified using RPA at 37 °C for 20 min and observed for coloured test
bands using lateral flow dipsticks.
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3. Results

3.1. Optimisation of A. Suum Primers (Asc718F/Asc881R)

The ITS primer combinations successfully amplified 2 ng of A. suum DNA. The primers also
amplified A. lumbricoides DNA. This could have been due to STH’s morphological and genetic
similarities with A. suum. Agarose gel electrophoresis indicated that the target DNA amplicon lengths
were as expected for each set of primers (Figure 1). The primers (Asc718F/Asc881R) with the best
band and a shorter amplicon (164 bp) were chosen for further assays, as shorter amplicons generate
fewer primer artefacts and thereby provide high sensitivity.

Figure 1. Validation of Asc718F/Asc881R primer pair for target Ascaris DNA: 1) 100 bp Ladder, 2)
Ascaris suum, 3) A. lumbricoides, 4) A. suum (1:10 genomic DNA dilution), 5) A.lumbricoides (1:10
genomic DNA dilution), 6) Trichuris suis, 7) no template (negative control).

3.2.Evaluation of Reaction Time and Amplification Temperature

The RPA assay was performed at 37 °C for 5-40 min, and the LF assay was performed at
approximately 25 °C (room temperature); the results were analysed within 3 min. The colour
observed on the test line was faint at the amplification time of 5 min; however, the colour intensity at
the test line increased at 10 min amplification time with a strong positive signal (Figure 2A). For rapid
and greater sensitivity, a 20 min RPA assay is recommended, though an amplification of 5 min was
sufficient to detect the pathogen. The time taken for RPA-LF was 30 min or less.

The results for the optimal amplification temperature depicted the performance of the assay at
temperatures ranging from 25-45 °C (Figure 2B). The colour intensity in the test line changed with
temperature, suggesting the importance of temperature for efficient amplification. A clear band with
high visibility appeared at 37 °C, and it was chosen at the optimal temperature for amplification of
A. suum DNA.
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Figure 2. (A) Determination of reaction time for RPA-LF assay using primers for A. suum: 1) 5 min, 2)
10 min, 3) 20 min, 4) 25 min, 5) 30 min, 6) 40 min, and 7) control (no template). (B) Determination of
amplification temperature for RPA-LF assay: a) 20 °C, b) 25 °C, c) 37 °C, d) 40 °C, e) 45 °C, f) no
template control.

3.3. Evaluation of Detection Limit and Specificity

The LLOD of the RPA-LF assay was analysed using 2 ng of A. lumbricoides DNA and dilutions
of A suum DNA as low as 2 fg. The negative control consisted of nuclease free water. The presence of
a band in both the control and the test bands indicated a positive result, while a coloured band at the
control line alone indicated a negative result. As shown, two purple bands on the lateral flow strips
were observed post-amplification from 2 ng to 2 fg but not the negative control (Figure 3). The results
showed that the RPA-LF assay detected as low as 2 fg genomic DNA and has the potential to detect
even one helminth ovum.

Figure 3. Sensitivity of RPA-LF primers for Ascaris: a) A. lumbricoides 2 nanogram (ng) DNA, (b-g) A.
suum, b) 2 ng, c) 200 picogram (pg), d) 2 picogram, e) 20 femtogram (fg), f) 2 fg, g) control.

Similarly, the analytical specificity of the assay was tested using 2 ng genomic DNA from A.
suum, A. lumbricoides, T. suis, and H. contortus. The negative control consisted of nuclease free water.
A coloured test band was visualised on the LF strips of A. suum and A. lumbricoides DNA, while other
helminth ova genera were found to be negative (Figure 4), thus revealing that RPA primers showed
high specificity for Ascaris ova.

Figure 4. Evaluating the specificity of Ascaris primers using RPA-LF assay: a) Ascaris lumricoides, b)
Ascaris suum, ¢) Trichuris suis, d) Haemonchus contortus, e) control.
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3.4. Multiplex RPA-LF Assay

The results for multiplex RPA-LF to detect A. suum and T. suis in a single strip showed the
capability of the primers specific for the target DN A with no cross reactivity. A clear visible test band
was observed at the bottom, indicating the detection of A. suum, and the test band below the control
band indicates the presence of T. suis. However, the reaction tube containing DNA and primers of
both A. suum and T. suis showed three bands, indicating the control band and both the test bands
were observed and therefore demonstrating the successful detection of both helminth ova genera
(Figure 5).

c oy T A+T
——— —_— i ——

Figure 5. Multiplex RPA-LF: C) control (no template), A) A. suum and T. suis DNA with T) T. suis and
A. suum DNA with A+T) both A. suum and T. suis DNA and primers.

4. Discussion

Diagnostic tests with greater specificity and sensitivity are crucial to successfully detect the
presence of Ascaris ova in recycled water prior to release for public use [53]. Such a test will also help
to monitor the transmission of ascariasis in endemic and low resource setting areas. Conventional
microscopy and culture methods are laborious and cumbersome [6,54]. Despite the fact that PCR
based methods are specific and sensitive, they possess limitations such as high cost, slow turnaround
times, and difficulty of application in low resource settings [55]. In this study, utilising the TwistDx
platform, RPA methods were coupled with a lateral flow (RPA-LF) assay to detect Ascaris species
(singleplex RPA) in seeded wastewater. Furthermore, a novel duplex RPA-LF assay was performed
to detect ova from two different helminth genera (A. suum and T. suis) in a single LF strip.

Ribosomal ITS DNA of A. suum was utilised in the design of primers and probe, and the best
primer pair that produced shorter amplicons was chosen. The assay was repeated at least twice with
the primer pairs to avoid false positive/negative results, which can arise owing to the formation of
hairpin secondary structure of primer/probe leading to non-specific amplification. The addition of
dimethyl sulfoxide (DMSO) prevented false positives. DMSO has the ability to avoid secondary
structures, especially in GC rich sequences, and is often used in nucleic acid amplification [56].

The RPA-LF assay detected 2 fg genomic DNA of A. suum, thus exhibiting the assay’s potential
in detecting even one ovum in large volumes of wastewater samples. Post-amplification
contamination with RPA-LF assay can be minimised by carefully opening and closing the reaction
tubes, frequently changing the gloves, conducting pre- and post-RPA assays in different chambers or
locations, and reducing the reaction time if required.

Furthermore, this RPA-LF assay showed no cross-reaction with other organisms and exhibited
high specificity for Ascaris ova. Other advantages were the constant (isothermal) amplification
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temperature and the shorter reaction time for the assay. Our study indicated that the assay could be
successfully conducted at temperatures ranging from 25 to 45 °C, thus it is effective at various
temperature ranges without the requirement of any heating device; simply placing the reaction tubes
in the hand is sufficient for amplification. Besides, the overall processing time of the RPA-LF assay
from amplification to detection by visualisation of purple coloured bands was 30 min or less,
significantly faster than the currently available isothermal amplification methods, such as loop
mediated isothermal amplification (LAMP), which requires 64 °C for 90 min [29]. Subsequently, the
results for the validation of RPA-LF to detect Ascaris ova in seeded wastewater showed that turbidity
did not have an impact on the sensitivity of this assay, which could be ideal for the onsite detection
of helminth ova in wastewater treatment plants.

Finally, the multiplex RPA-LF assay showed that the assay was effective in detecting the ova of
A. suum and T. suis in a single LF strip. Multiplex RPA-LF based detection of two different pathogens
in a single strip could significantly reduce time, cost, and labour [48,57]. Further optimisation and
validation may prove RPA-LF to be a feasible detection test for Ascaris species in wastewater.
Moreover, the results denoted that the technique is user-friendly and could be performed by
untrained personnel in wastewater treatment plants. No sophisticated devices or training are
required, making this approach ideal for endemic and resource limited areas.

5. Conclusions

The RPA-LF reported in this study was rapid and highly sensitive in the detection of A. suum
ova. Additionally, for the first time, the ova of two different helminth genera were able to be detected
in a single strip using a multiplex approach. Nevertheless, the effectiveness of RPA-LF for the
detection of helminths in wastewater with varying turbidity and from endemic regions must be
evaluated prior to being utilised as a routine point-of-care detection test for STHs in wastewater
treatment plants. Overall, RPA is an efficient isothermal amplification method that can overcome the
limitations encountered by existing molecular diagnostics methods. RPA reactions operate at varying
temperature ranges (2545 °C), confirming the ability of this assay to be efficient over a range of
temperatures and settings and thereby enhancing the potential of RPA-LF feasible in resource-limited
areas where power supply is a constraint. RPA coupled with LF detection method is very simple and
requires no skilled personnel to interpret the results. Furthermore, development of a device-free,
simple, and rapid DNA extraction method can be combined with RPA-LF for efficient onsite
diagnostic purposes.
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