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Abstract

Background Urogenital schistosomiasis is caused by the parasitic trematode Schistosoma haematobium. Sensitive
and specific point-of-care diagnostics are needed for elimination of this disease. Recombinase polymerase amplifica-
tion (RPA) assays meet these criteria, and an assay to diagnose S. haematobium has been developed (Sh-RPA). How-
ever, false-positive results can occur, and optimisation of reaction conditions to mitigate these is needed. Ease of use
and compatibility of DNA extraction methods must also be considered.

Methods Using synthetic DNA, S. haematobium genomic DNA (gDNA), and urine samples from clinical cases, Sh-RPA
reactions incorporating different betaine concentrations (0 M, 1 M, 2.5 M, 12.5 M) and the sample-to-water ratios were
tested to determine effects on assay specificity and sensitivity. In addition, five commercial DNA extraction kits suit-
able for use in resource-limited settings were used to obtain gDNA from single S. haematobium eggs and evaluated

in terms of DNA quality, quantity, and compatibility with the Sh-RPA assay. All samples were also evaluated by quanti-
tative polymerase chain reaction (qPCR) to confirm DNA acquisition.

Results The analytical sensitivity of the Sh-RPA with all betaine concentrations was > 10 copies of the synthetic Dral
standard and 0.1 pg of S. haematobium gDNA. The addition of betaine improved Sh-RPA assay specificity in all reac-
tion conditions, and the addition of 2.5 M of betaine together with the maximal possible sample volume of 12.7 ul
proved to be the optimum reaction conditions. DNA was successfully isolated from a single S. haematobium egg
using all five commercial DNA extraction kits, but the Sh-RPA performance of these kits varied, with one proving to be
incompatible with RPA reactions.

Conclusions The addition of 2.5 M of betaine to Sh-RPA reactions improved reaction specificity whilst having no det-
rimental effect on sensitivity. This increases the robustness of the assay, advancing the feasibility of using the Sh-RPA
assay in resource-limited settings. The testing of commercial extraction kits proved that crude, rapid, and simple
methods are sufficient for obtaining DNA from single S. haematobium eggs, and that these extracts can be used
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with Sh-RPA in most cases. However, the observed incompatibility of specific kits with Sh-RPA highlights the need
for each stage of a molecular diagnostic platform to be robustly tested prior to implementation.

Keywords Diagnostic, Molecular, Isothermal, Point-of-care, Schistosomiasis, Schistosoma haematobium, Urogenital

schistosomiasis, Recombinase polymerase amplification

Background

Schistosomiasis is a debilitating neglected tropi-
cal disease (NTD) caused by infection with parasitic
trematodes of the genus Schistosoma, affecting over
230 million people in 78 countries [1]. The total dis-
ease burden caused by schistosomiasis is estimated to
be over 1.6 million disability-adjusted life years across
South America, sub-Saharan Africa, and Asia [2, 3].
However, over 85% of all cases occur in sub-Saharan
Africa, where Schistosoma haematobium, the causative
species of urogenital schistosomiasis, is responsible for
approximately two-thirds of cases [4, 5].

Schistosoma haematobium is unique with regard to
its anatomical site of infection in humans, with adult
worms inhabiting the venous plexus of the bladder and
females excreting eggs which pass through the bladder
tissue into the urine of infected individuals. Excreting
this urine into fresh water propagates onward transmis-
sion via aquatic snail intermediate hosts of the genus
Bulinus. However, the majority of eggs become inad-
vertently sequestered in tissues rather than passed into
the urinary tract, resulting in tissue inflammation and
the pathological manifestations of urogenital schis-
tosomiasis [6]. These can include haematuria, bladder
calcification, hydronephrosis, and an increased risk of
bladder cancer [1, 7]. In addition, female and male gen-
ital schistosomiasis (FGS/MGS), caused by egg depo-
sition in pelvic organs, can result in sexual health and
reproductive problems in women, erectile and prostatic
problems in men, and increased risk of HIV acquisi-
tion/transmission, all of which can lead to stigmatisa-
tion [8-13].

Public health interventions to combat schistosomia-
sis have focused primarily on reducing morbidity via
mass drug administration (MDA) of the oral anthel-
minthic drug praziquantel [14, 15]. This approach has
been very successful in many endemic countries, with
the World Health Organization (WHO) now proposing
to move beyond morbidity reduction strategies towards
disease elimination as a public health problem, defined
as reducing the prevalence of high-intensity infections
to fewer than 1% of the population [16]. As such, reli-
able and robust diagnostic tools capable of detecting
low levels of infection in resource-limited settings are
needed to achieve, monitor, and sustain disease elimi-
nation [17, 18]. Moreover, these diagnostic tools need

to be accessible, acceptable, and pragmatically usable in
the settings in which they are needed.

Current methods for diagnosing S. haematobium infec-
tion, however, lack sensitivity and/or specificity [19]. For
example, the routine diagnostic method of urine-egg
microscopy lacks sensitivity, particularly when attempt-
ing to identify low-intensity infections [20-22]. Alterna-
tive diagnostic assays are available, such as antigen tests
(point-of-care circulating cathodic antigen [POC-CCA],
circulating anodic antigen [CAA]), lateral-flow dipsticks
that detect haematuria, and serology tests used to detect
S. haematobium antibodies; however, these lack either
high sensitivity or high specificity, or both [23-25]. A
laboratory-based CAA test (up-converting-phosphor lat-
eral-flow [UCP-LF] CAA) shows high levels of sensitivity
and specificity but is not currently available as a point-of-
care test [26].

Molecular diagnostic platforms are highly sensitive
and specific. Polymerase chain reaction (PCR)-based
diagnostics, for example, can be used as a reference test
to reliably diagnose S. haematobium infection by ampli-
fying and detecting species-specific DNA within urine
samples [27, 28]. However, PCR is sensitive to inhibitors,
and requires careful sample preparation as well as spe-
cialised laboratory infrastructure, expensive equipment,
and skilled personnel, limiting its use in resource-poor
settings such as those endemic for schistosomiasis [19].

Portable and isothermal molecular diagnostics, such
as loop-mediated isothermal amplification (LAMP) and
recombinase polymerase/assisted amplification (RPA/
RAA), overcome some of these limitations, presenting
opportunities for point-of-care use. A real-time S. hae-
matobium RPA assay targeting the genomic Dral tan-
dem repeat region (the RT-ShDral-RPA) has been used
to reliably detect infection within individuals expelling
extremely low numbers of eggs (<10 eggs/10 ml urine)
[29]. In addition, this assay was also adapted to diagnose
FGS by detecting low levels of S. haematobium DNA
within cervicovaginal lavage and less-invasive vaginal
self-swab samples (the Sh-RPA) [30]. Although this assay
has proven to be sensitive and specific, further refine-
ments are needed to make it more robust and feasible for
use in low-resource settings by personnel with limited
training.

For example, due to the relatively low temperatures
(usually 37-42 °C) used for RPA reactions compared to
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PCR and LAMBP, false-positive results can occur due to
secondary structure formation [31-33]. Understanding
and minimising false-positive results is therefore essen-
tial before upscaling routine use of RPA for diagnostic
purposes at the point of care. The addition of betaine to
PCR, LAMP, and RPA reactions has been used to suc-
cessfully reduce false positives [32—34], as well as to facil-
itate DNA amplification when the guanine/cytosine (GC)
content is high [35] and lower the melting temperature
of DNA in reactions, thus increasing reaction efficiency
[36]. Another factor limiting any molecular assay’s use
at the point of care is sample preparation and the sim-
plicity of reaction set-up. Due to the enzymes used in
LAMP and RPA reactions, sample preparation methods
which generate more ‘crude’ template DNA can be used,
as these assays are more tolerant of reaction inhibitors
within the sample compared to PCR-based approaches
[37, 38].

Here, we investigate the impact of using betaine in
Sh-RPA reactions and its effect on assay sensitivity and
specificity. We also explore different sample preparation
methodologies, as well as how template DNA volume
within the reaction affects assay sensitivity, with the aim
of further optimising the Sh-RPA for use in low-resource
settings.

Methods

Study samples and DNA templates/standards

Synthetic S. haematobium (Sh) Dra1 DNA standard

A synthetic DNA standard incorporating the 121-base-
pair (bp) Dral repeat region (GenBank accession num-
ber: DQ157698.1), together with 3" and 5° flanking
regions (Supplementary Table S1), was commercially
synthesised by GeneArt (Invitrogen, USA) and used as a
synthetic DNA standard [29]. The synthetic DNA stock
solution was diluted to a working concentration of 1 x 10
copies/pl using double-distilled water (ddH,O). Ten-fold
serial dilutions were then performed to produce working
solutions ranging between 1x 10% and 1x 10" copies/l.

Single S. haematobium (Sh) eggs

Schistosoma haematobium (Egyptian strain) eggs were
provided frozen by the Schistosomiasis Resource Center
(Biomedical Research Institute, USA, https://www.
afbr-bri.org/schistosomiasis/) [39, 40]. The eggs were
defrosted at room temperature, diluted in ddH,O, and
single eggs were isolated using a micropipette under a
dissecting microscope. Single eggs were used in the dif-
ferent experiments as described below. Unless otherwise
specified, genomic DNA (gDNA) was extracted from
individual eggs using the SpeedXtract Nucleic Acid Kit
(Qiagen) as described previously [29].

Page 3 of 11

Genomic S. haematobium adult worm DNA (Sh gDNA)
Genomic DNA isolated from adult S. haematobium
worms originating from Nigeria was provided by the
Schistosomiasis Collection at the Natural History
Museum (SCAN) [41]. Genomic DNA was isolated using
the DNeasy Blood & Tissue Kit (Qiagen) according to
manufacturer’s instructions and quantified using a Nan-
oDrop 3300 Fluorospectrometer (Thermo Fisher Scien-
tific, USA). The stock gDNA solution was diluted to a
concentration of 1 ng/pl using ddH,O, which was then
also serially diluted to produce working solutions ranging
between 1 pg/pl and 1 fg/pl.

Urine samples: gDNA extracted from the urine of S.
haematobium-infected individuals in Zanzibar

DNA isolated from six urine samples used for initial Sh-
RPA pilot testing as described previously [29, 42] were
selected and used for further assay optimisation. DNA
was previously isolated from these urine samples using
the SpeedXtract Nucleic Acid Kit (Qiagen) as described
previously [29]. All six samples had a mean urine-egg
count of 1-10 eggs per 10 ml urine, as measured by
urine-egg microscopy, and were therefore deemed ‘very
low egg count’ (Table 1). Urine samples were originally
collected as part of the Zanzibar Elimination of Schisto-
somiasis Transmission (ZEST) project, which ran from
2011 to 2017 [43].

Sh-RPA reactions

Sh-RPA reaction set-up

Sh-RPA reactions were performed using the TwistAmp
exo kit (TwistDx, Cambridge, UK), and all reactions were
carried out using the AmpliFire isothermal fluorometer
(Douglas Scientific, USA) as described previously [29,
30]. Reactions contained 2.1 pl of each Sh-RPA primer,
0.6 ul of the Sh-RPA fluorophore-labelled probe (primer

Table 1 Details of the six urine samples with their
corresponding egg counts, collected from S. haematobium-
positive individuals, that were processed and analysed by the
Sh-RPA as described previously [29, 30, 42]

Eggs per 10 ml of urine

Sample ID Count 1 Count 2 Mean
€99
count

U3 8 10 9

ui6 3 0 1.5

U1z 1 0 0.5

u18 2 0 1

u19 3 9 6

u20 1 0 0.5
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and probe were used at the concentration of 10 uM and
their sequences are described in [42] and replicated in
Supplementary Table S1), 29.5 pl rehydration buffer,
2.5 ul (280 nM) magnesium acetate (MgAc), and the
lyophilised RPA pellet, which contains all the enzymes
and other components necessary for the RPA reaction.
Depending on the experiment being conducted, differ-
ent volumes of betaine (5 M, Sigma-Aldrich, USA), DNA,
and ddH,O were added, so that the total reaction volume
was always 50 pl.

Reactions were carried out by preparing a master
mix containing the primers, probe, rehydration buffer,
betaine, and ddH,O. The master mix was then added
to each lyophilised RPA pellet, and 2.5 pl of MgAc was
pipetted into tube lids. The lids were then carefully
closed so that the MgAc was not introduced into the
reaction mix prematurely, as this would initiate the reac-
tion. After this, the template DNA or control was added
to each tube, with the tube lid being opened and closed
each time to limit contamination. Next, reaction tubes
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were briefly centrifuged then inverted by hand (~5 times)
and promptly centrifuged again before being placed in
an isothermal fluorometer (AmpliFire, Douglas Scien-
tific, USA). Reactions were run at 42 °C for 20 min, with
a manual mix and brief centrifuge of the reactions at 4
min into the run time. The AmpliFire recorded the fluo-
rescence of each reaction over time.

Samples were considered positive if an increase from
baseline of >500 relative fluorescence units (RFU) was
recorded by the isothermal fluorometer. Each set of reac-
tions contained positive (Dral standard 5x 10" or 1 pg of
adult S. haematobium worm gDNA) and negative (no-
template ddH,0O) controls. The different experimental
reaction compositions tested are shown in Table 2 and
described below.

Effects of betaine on the analytical sensitivity and specificity
of the Sh-RPA assay

To assess the effect of betaine on the analytical sensitiv-
ity and specificity of the Sh-RPA assay, reactions were

Table 2 Data from the Sh-RPA reactions performed with different sample types and amounts, together with different amounts of

betaine included in the reaction

Amount/Volume

Betaine

Sample type

per Sh-RPA oM

1M 2.5M 12.5M

5x10°

Synthetic Sk Dral 5x10°

standard (copies) 5x10!

1x10!

| pg

0.1 pg

Sh gDNA 0.01 o8

1fg

1 ulL

Single Sh egg DNA 6 uL

Maximum

6 uL

u3 Maximum

6 uL

ulé Maximum

u17 6 uL

Zanzibar Maximum

Urine DNA 6 uL

U18

Maximum

6 uL N/A

U19

Maximum N/A

6 uL

U20

Maximum N/A

Overall clinical 6 uL 5/5" (100%)

5/6 (83%)

4/6 (67%)

3/6 (50%)

sensitivity Maximum 4/4" (100%)

5/6 (83%)

6/6 (100%)

3/6 (50%)

Each cell in the table represents the replicates of each Sh-RPA condition tested. * = Sh-RPA was positive but the run was compromised by a positive result in the
negative control; N/A=not enough sample stored to complete this reaction. Maximum = the maximum sample volume that could be added to the Sh-RPA (replacing
all ddH,0 in the reaction mix). A =Denominator affected by limited availability of clinical samples for Sh-RPA. This equates to 13 pl of sample in reactions containing

1 M of betaine, 12.7 pl of sample in reactions containing 2.5 M of betaine, and 10.7 pl of sample in reactions containing 12.5 M of betaine, respectively. Coloured cells
represent number of positive replicates from the total of three replicates; green=3/3, yellow=2/3, orange=1/3, red=0/3
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performed containing different amounts of betaine and
different concentrations of the synthetic Sh Dral DNA
standard or Sh gDNA, as shown in Table 2. Initially, the
analytical limit of detection (LOD) of Sh-RPA reactions
was tested using both synthetic Sk Dral DNA standards
(5x10°% 5%10% 5x10', and 1x10") and ten-fold-diluted
concentrations of S# gDNA (from 1 pg to 1 fg), with vary-
ing amounts of betaine (0 M, 1 M, 2.5 M, or 12.5 M) as
detailed in Table 2. Negative control Sh-RPA reactions,
containing ddH,O in place of template DNA, were car-
ried out with each of the betaine amounts (1 M, 2.5 M, or
12.5 M). Seven replicates of each negative control were
performed.

Effects of sample volume and betaine concentration
on Sh-RPA performance
Sh-RPA reactions were tested using different volumes of
crude DNA isolated from single S. haematobium eggs to
determine any effects on reaction sensitivity and inhibi-
tion. Sh-RPA reactions were performed as described
above but with varying volumes of sample and betaine.
Triplicate reactions were performed using 1, 6, 10.7, or
12.7 pl of gDNA extracted from single S. haematobium
eggs, with each reaction containing either 0 M, 1 M,
2.5 M, or 12.5 M of betaine as shown in Table 2. This was
then repeated for the clinical urine samples (described in
Table 1) with Sh-RPA reactions performed using combi-
nations of 1, 6, 10.7, or 12.7 ul of gDNA from each sam-
pleand 0 M, 1 M, 2.5 M, or 12.5 M of betaine (Table 2).
For all reactions, the volume of ddH,O was varied within
each reaction to maintain a 50 pl total reaction volume.
However, some reactions contained no ddH,O, as the
maximum sample volume (10.7 or 12.7 pl) was added.

Assessment of different DNA extraction methods for use

with Sh-RPA

Five commercial DNA extraction kits characterised by
ease, speed, and suitability for use in low-resource set-
tings were tested: Extracta DNA Prep (Quantabio),
DNeasy Blood & Tissue Kit (Qiagen), Genesig Easy
DNA/RNA Kit (Primerdesign), SpeedXtract Nucleic
Acid Kit (Qiagen), and SwiftX DNA (Xpedite Diagnos-
tics). Aliquots of ddH,O (100 ul) were spiked with sin-
gle S. haematobium eggs and then processed using the
different DNA extraction kits with some modifications
to the manufacturer’s protocols. Extractions were per-
formed in triplicate, and a negative no-template control
for each extraction kit was performed using only 100 pl
ddH,0 and no egg.

Where heating was needed for the sample lysis step,
two sets of samples were processed for each: one set at
the recommended temperature (95 °C for the Extracta
DNA Prep [Quantabio] kit and SwiftX DNA [Xpedite
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Diagnostics], and 56 °C for the DNeasy Blood & Tissue
Kit [Qiagen]), and the other set at room temperature
(19 °C), with the latter removing the need for a heat-
ing block. In addition, SwiftX DNA extractions were
performed using a smaller volume of reagents than that
recommended by the manufacturer (7.5 pl of magnetic
beads and 50 ul of lysis buffer DL), with the aim of reduc-
ing cost per extraction.

To assess the performance of the different DNA extrac-
tion methods on the single S. haematobium eggs, and to
rule out false-negative Sh-RPA outcomes due to unsuc-
cessful DNA extraction, each DNA isolate was tested
using a standard diagnostic quantitative PCR (qPCR) tar-
geting a genus-specific internal transcribed spacer (ITS)
region [44, 45]. Reactions were performed in a final vol-
ume of 20 pl containing 1x Luna Universal Probe qPCR
MasterMix (New England Biolabs), 200 nM of each
primer, 50 nM of the probe and 1 pl of extracted DNA.
All reactions were carried out in triplicate on a StepO-
nePlus real-time PCR instrument (Applied Biosystems,
USA) using the following cycling conditions: 10 min ini-
tial denaturation and 50 cycles of 95 °C denaturation for
15 s followed by combined 60 °C annealing/extension
for 60 s. Positive controls (1 pl of S. haematobium egg
gDNA) and no-template negative controls (ddH,0O) were
included with each qPCR reaction. To quantify DNA,
a standard curve with ten-fold serial dilutions ranging
from 100 pg to 10 fg of S. haematobium worm gDNA
was generated and used in each set of qPCR reactions
for quantitative analysis. DNA extraction was considered
successful if a cycle threshold (Ct) value of < 38 was given.

Standard Sh-RPA reactions were then performed
containing 2.5 M of betaine and the maximum sam-
ple volume (12.7 pl), obviating the need to add ddH,O.
Additionally, whole single S. haematobium eggs were sus-
pended in 12.7 pl of ddH,O and then added directly to
an Sh-RPA reaction without any processing. Details and
diagnostic outcome for each DNA extraction method
used are described in Table 3.

Results

Effects of betaine on Sh-RPA sensitivity and specificity

No difference was observed in the performance of
the Sh-RPA assay for the detection of the synthetic Sh
Dral DNA standards, with and without the addition of
1M, 25 M, and 12.5 M of betaine to Sh-RPA reactions
(Table 2). There was an observable difference in time to
onset of amplification for the different concentrations
of synthetic Sh Dral DNA standard tested, with earlier
amplification onset when using greater concentrations of
synthetic DNA (Supplementary Figure S1). In addition,
the Sh-RPA assay reliably detected down to > 10 copies of
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Table 3 Comparison of DNA extraction kits tested with the Sh-RPA assay

Extraction kit Sample lysis Estimated timeto  Cost per Heat Magnetic Mean gPCR  Sh-RPA Sensitivity (%)
temperature (°C) extract 8 samples  extraction block bead Ct value diagnostic

(min) (USD)P required  method® (+SD) outcome

Extracta DNA Prep  95° 15 $0.34 Y N 246 (+1.9) + 3/3 (100%)

(Quantabio) Room temperature N 24.0 (£0.6) + 3/3 (100%)
(£19)

DNeasy Blood &Tis-  56° 30 $4.25 Y Y 247 (£1.4) + 2/3 (67%)

sue Kit (Qiagen) Room temperature N 249 (+17) + 2/3 (67%)
19

Genesig Easy DNA/  Room temperature 30 $6.34 N Y 255(x=1.2) - 0/3 (0%)

RNA Kit (Genesig) (£19)?

SpeedXtract 958 15 N/AY Y Y 265(07) + 1/1 (100%)

Nucleic Acid Kit

(Qiagen)d

SwiftX DNA (Xpe- ~ 95° 15 $3.20 Y 329(+2.8) + 3/3 (100%)

dite Diagnostics)® Room temperature N 347 (£2.1) 3/3 (100%)

(£19)

The SpeedXtract Nucleic Acid Kit (Qiagen) protocols can be modified to remove the need for heating, although this could not be tested at the time of this study

@ Manufacturer-recommended temperature for sample lysis step
b Costs estimated as of November 2022

€ Magnetic bead-based methods are portable and enable capture of the DNA, which could increase sensitivity

4The SpeedXtract Nucleic Acid Kit (Qiagen) has been discontinued, and an equivalent kit is now manufactured by Xpedite Diagnostics (https://www.xpedite-dx.com)

and is called the SwiftX DNA Kit

€ Used an extraction protocol modified from that recommended by the manufacturer, using a smaller volume of magnetic beads and extraction buffer

f Due to discontinuation of the SpeedXtract kit, only one replicate of Sh-RPA was undertaken

the synthetic Sk Dral DNA standard when containing all
four concentrations of betaine tested (Table 2).

When tested on S. haematobium gDNA, the Sh-RPA
reliably detected down to 0.1 pg of gDNA in the presence
of all four concentrations of betaine. However, in reac-
tions containing lower concentrations of gDNA (0.01 pg
and 1 fg), different outcomes were seen depending on
betaine concentration, with inconsistent results (see
Table 2).

No false-positive reactions (i.e. increase of>500 RFU
from baseline fluorescence) occurred with the addition of
each concentration of betaine, and reactions containing
12.5 M of betaine showed reduced background fluores-
cence compared to other concentrations.

Effects of template DNA volume and betaine on Sh-RPA
performance

Sh-RPA reactions containing 1, 6, 10.7, or 12.7 ul of
gDNA extracted from a single egg with the addition of
0M, 1M, 2.5M, or 12.5 M of betaine all gave robust pos-
itive amplification with no observed difference in analyti-
cal sensitivity (Table 2). However, reactions containing
only 1 pl of gDNA showed a slower onset of amplifica-
tion than reactions containing higher volumes of gDNA.
Reactions containing 12.5 M of betaine were positive,
but showed decreased overall fluorescence compared to
reactions containing other concentrations of betaine. No

assay inhibition was observed when all the water within
the Sh-RPA reaction was replaced with the sample, sim-
plifying reaction set-up.

DNA isolated from urine samples
For urine samples U3, U16, and U17 (containing 9, 0.5,
and 1.5 eggs per 10 ml of urine, respectively), all reactions
gave robust positive results, regardless of the sample vol-
ume and concentration of betaine used (Table 2). Unfor-
tunately, insufficient sample volumes for U19 and U20
(mean egg counts of 6 and 0.5 eggs per 10 ml of urine,
respectively) were available to undertake all permuta-
tions of the assay. Given that the Sh-RPA has previously
detected S. haematobium DNA in these samples with-
out the addition of betaine [42], the decision was taken
to omit the betaine-free reactions for U19 (both 6 ul and
maximum sample volume) and U20 (maximum sample
volume only) based on volume of sample remaining after
undertaking the betaine-containing reactions (Table 2).
Samples U19 and U20 both showed low-level amplifica-
tion, and when the RFU cut-off was applied, several of
the reactions were recorded as negative (Table 2). How-
ever, the observed fluorescent signal suggests that low-
level amplification was taking place, although this may
not be reliable.

Sample Ul9 demonstrated inconsistently positive
results depending on the Sh-RPA conditions (Table 2).
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The amplification curves for sample U18 (mean egg count
of 1 egg per 10 ml of urine) showed unusual levels of
background fluorescence, as observed in previous studies
that have tested this sample [29, 42]. When the RFU cut-
off was applied, reactions containing 0 M, 1 M, and 2.5 M
of betaine were positive with both 6 ul and maximum
sample volume. False positives occurred sporadically in
betaine-free negative control samples (Table 2).

In summary, reactions containing 2.5 M of betaine and
the maximum sample volume of 12.7 pl yielded 100%
sensitivity and specificity with clinical samples (Table 2).
For all reactions, increasing the sample volume showed
no negative effect on the performance of the Sh-RPA
assay.

Effects of different DNA extraction methods on Sh-RPA
performance

The qPCR data from the different DNA extraction meth-
ods tested demonstrated that gDNA was obtained from
all extracted samples, with variable mean cycle threshold
(Ct) values for each kit (see Table 3).

Figure 1 shows the Sh-RPA amplification curves for S.
haematobium DNA that had been extracted from single
eggs using the different extraction methods (Table 3).
Samples extracted using the Extracta DNA Prep (Quanta-
bio) kit gave positive results with both the recommended
sample lysis temperature of 95 °C and room temperature
(£19 °C) (Fig. 1A, B). When using the DNeasy Blood &
Tissue Kit (Qiagen), with both the lysis step tempera-
tures tested (56 °C and RT 19 °C), reactions were not
robust and showed unusually distorted amplification
curves (Fig. 1C, D). Samples extracted using the modified
SwiftX DNA Kit (Xpedite Diagnostics) extraction proto-
col, performed at both 95 °C and room temperature, gave
positive results (Fig. 1E, F). However, all Sh-RPA reac-
tions failed for samples extracted using the Genesig Easy
DNA/RNA Kit (Primerdesign) kit (Fig. 1G).

Interestingly, when adding single eggs directly to the
Sh-RPA reaction, positive amplification curves were
achieved (Fig. 1H). The SpeedXtract Nucleic Acid Kit
(Qiagen) gave positive results with rapid amplification of
single egg DNA (Fig. 1I). All negative extraction controls
gave negative Sh-RPA results.

Discussion

Here, the Sh-RPA assay developed for the molecular
diagnosis of S. haematobium infection [29, 30] was used
in two different formulations: with and without the addi-
tion of betaine. Previous studies have demonstrated the
improved specificity of molecular assays with the addi-
tion of betaine [34]. However, the addition of betaine has
also been shown to reduce assay sensitivity as increasing
amounts are incorporated into the assays. The primary
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Fig. 1 Comparison of Sh-RPA performance using DNA extracted
from single S. haematobium eggs using different extraction methods.
A Extracta DNA Prep (Quantabio) with 95 °C incubation. B Extracta
DNA Prep (Quantabio) with room-temperature incubation. C DNeasy
Blood & Tissue Kit (Qiagen) with 56 °C incubation. D DNeasy Blood

& Tissue Kit (Qiagen) with room-temperature incubation. E SwiftX
DNA Kit (Xpedite Diagnostics) with 95 °C incubation and modified
protocol (see text). F SwiftX DNA Kit (Xpedite Diagnostics)

with room-temperature incubation and modified protocol (see text).
G Genesig Easy DNA/RNA Kit (PrimerDesign) with 95 °C incubation.
H Direct egg addition to the Sh-RPA reaction with no extraction
performed. I SpeedXtract Nucleic Acid Kit (Qiagen) with 95 °C
incubation (single replicate extraction only, due to kit being
discontinued). Dashed line represents threshold for a result to be
considered positive (=500 RFU)

objective for the inclusion of betaine in this study was to
improve specificity by preventing false-positive reactions
that are thought to occur due to secondary structure for-
mation of the RPA primers and probe. This study addi-
tionally explored the effect of different concentrations of
betaine on the sensitivity of the Sh-RPA assay.
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Previous work with the Sh-RPA demonstrated an ana-
lytical LOD of 1 fg of gDNA [42]. Adding greater concen-
trations of betaine (2.5 M and 12.5 M) reduced sensitivity
and resulted in an analytical LOD of 0.1 pg, but with
occasional positives at concentrations of 0.01 pg and 1 fg.
However, the clinical relevance of such a decrease in sen-
sitivity appears to be of limited concern given the posi-
tive Sh-RPA results using clinical samples in this study,
particularly when considering the benefits of improved
specificity. For Sh-RPA reactions with extracts from clini-
cal urine samples, the addition of 2.5 M of betaine did
not reduce assay sensitivity. However, reduced sensitiv-
ity was observed with 12.5 M of betaine. This is consist-
ent with previous studies showing that excessive betaine
in isothermal molecular assays can be disadvantageous,
slowing down the reaction and decreasing the final yield
[46, 47].

With a view to potentially further increasing Sh-RPA
sensitivity, our data also show that all of the water in
the Sh-RPA reactions can be replaced by sample DNA
extract, with no detrimental effect on the reaction. This
highlights the tolerance of the Sh-RPA to sample inhibi-
tors, whilst also simplifying reaction set-up. In com-
bination, the addition of 2.5 M betaine, together with
the maximum sample extraction volume (replacing all
water), provided optimal assay sensitivity and specificity.

As part of this study, different simple and portable
extraction methods were tested to assess their perfor-
mance and compatibility with Sh-RPA. The Extracta
DNA Prep kit (Quantabio) and the SwiftX DNA kit
(Xpedite Diagnostics) showed highly promising results
in terms of accuracy and usability, as well as having a
much lower cost than the other kits tested. Interestingly,
a very commonly used commercial and filter-column-
based DNA extraction kit (DNeasy Blood & Tissue Kit,
Qiagen) appeared to affect the performance of the RPA
reaction in our study, with abnormal amplification curves
observed when using this protocol. However, assay sen-
sitivity was not affected. Furthermore, the Genesig Easy
DNA/RNA Kit (Primerdesign), which has highly desir-
able characteristics for use in low-resource settings such
as simplicity and lack of a heating step, gave negative
results in our study. This is likely because the reagents
in the kit had a detrimental effect on the recombinase
enzymes, since the qPCR results confirmed the presence
of DNA in the extract. Such variability in results depend-
ing on extraction kit/assay combination has been seen
with other molecular diagnostics, such as LAMP, where
different DNA extractions methods and protocols caused
variations in sensitivity [48—51]. Of note, in our study, the
use of heating steps as part of the sample lysis step was
deemed unnecessary, with unheated replicates for each
kit producing broadly similar Sh-RPA results. This makes
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the use of Sh-RPA in a point-of-care setting much more
feasible, since no power source for heated incubation
(e.g. heat blocks) would be needed, although this would
have to be explored on a larger set of clinical samples.

These results confirm the need to give considerable
attention to the sample preparation/DNA extraction
stage when developing molecular diagnostic assays, as
this is often the limiting factor for point-of-care imple-
mentation. As this study demonstrates, the assumption
that all commercially available kits will be compatible
with the downstream molecular assays being used for
diagnosis may not be correct, and so robust testing is
needed to ensure compatibility and optimal performance.

The primary limitation of this study is that only a small
number of clinical samples were tested. This study serves
as preliminary data and hypothesis testing, but larger-
scale assessments of Sh-RPA in endemic settings should
be carried out. Another limitation is that each sample
was extracted in Zanzibar by removing an aliquot of
the stored parent sample, and this aliquot may or may
not have contained S. haematobium eggs. This limits
the conclusions which can be drawn about performance
with these clinical samples compared to egg microscopy
measures, as egg presence/absence in the extraction will
play a role in the sensitivity of Sh-RPA. This is particu-
larly relevant when egg counts are very low. Again, larger
studies testing more clinical samples would enable more
advanced sensitivity testing. Urinary excretion of para-
site cell-free DNA (cfDNA) may also contribute to assay
sensitivity, and further work is needed to characterise
whether egg or cfDNA presence affects assay results
more significantly. Lastly, in this study these commercial
extraction methods were only performed on eggs sus-
pended in water, and further work would be required to
compare their performance on eggs suspended in urine
(e.g. spiked samples) to more accurately reflect clinical
use.

If Sh-RPA is to be used as a diagnostic for a urogeni-
tal schistosomiasis elimination programme, a cost-effec-
tiveness analysis would also need to be undertaken. The
first step of this would be a direct comparison of the opti-
mised Sh-RPA protocol with other diagnostics for uro-
genital schistosomiasis in an endemic setting. A major
limiting factor on widespread use of Sh-RPA currently
is the cost and availability of commercial RPA kits. Until
these are more readily available at low cost, one cost-sav-
ing measure which could be employed is utilising half the
recommended reaction components; i.e. processing each
reaction in a total volume of 25 pl, which has been shown
to yield good results in other work [52, 53]. Assessing the
impact of lower sample volumes on Sh-RPA reactions
would clarify whether this approach is feasible, and could
affect any analysis of cost-effectiveness.
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Conclusions

In summary, this study shows that the addition of 2.5 M
of betaine increases Sh-RPA specificity whilst having no
observable negative impact on assay sensitivity. In addi-
tion, we also demonstrate that choice of DNA extraction
method can have a significant impact on assay perfor-
mance. This advances the assay towards fulfilling WHO’s
schistosomiasis diagnostic target product profile [16],
and therefore moves the assay further towards point-of-
care use in endemic settings.
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