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Our results indicate that many infected snails (85/503) in our GWAS would have been missed if we
would not have performed the PCR diagnostic in addition to microscopy. Misclassifying these positive
snails into the “negative” group would reduce the power of the GWAS to identify regions of the genome
associated with resistance to infection and perhaps even prevent detection at all. An alternative would
be to use microscopy to reassess the negative snails at an additional (later) time point. However, it is
unclear how long to wait, and mortality could also affect sample size. Therefore, the PCR is an optimal
approach to capture missed infections.
We performed experimental infections to determine if our PCR diagnostic might be negatively impacted
by leftover S. mansoni DNA leading to false positives, and we found that even at very short time frames
of less than 24 hours, detection of S. mansoni DNA was rare. Thus, it is unlikely that any DNA from
schistosomes that were killed by an effective snail immune response was amplified in our GWAS snails,
which we assessed 9 weeks post exposure.
It was surprising that there were very few false positive results from early time points after exposure of 
resistant snails to schistosomes. Due to the sensitivity of PCR, when parasites are killed by the immune 
system, we expected that we might detect residual DNA. We have already determined that the PCR can 
detect very small amounts of parasite DNA in a snail background by spiking snail DNA samples with a 
single miracidium, which resulted in a high detection rate. These seemingly conflicting results likely 
indicate that the successful snail immune response is not only efficient at killing the parasite but also at 
removing the free DNA. Supporting this hypothesis, the results of the PCR determined prevalence of the 
susceptible combination of snail and parasite at 0.5-3 hours was 44% (20/45). This is in line with our 
measurements of susceptibility defined by parasite shedding/microscopy with a dose of 8 parasites (38-
43%). This indicates that this PCR could be successful at estimating infection prevalence in as little as 
24 hours after infection.
Additionally, diluting the DNA templates resulted in a loss of detection of the parasite DNA. However, we 
saw that the snail control band (Figure 6: Lane 2) was often lost when PCR run at full concentration (47 
of 76 reactions, full results not shown). PCR can be inhibited with high DNA quantities, and inhibitors 
present in snail tissue may also hinder PCR reactions unless diluted. Thus, a tradeoff of increasing 
schistosome detection (full concentration template gDNA) and assuring gDNA extraction/PCR success 
(dilute template) must be met. Therefore, we suggest that, if this assay is to be applied at early time 
points after exposure, it may work best to run the PCRs in singleplex (ND5 template DNA at full 
concentration and ND4 template DNA diluted), side by side.
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Schistosoma mansoni is responsible for intestinal schistosomiasis infections throughout Sub-Saharan
Africa and South America. Humans can become infected when they contact water containing S. mansoni

cercariae released from infected snails of the Biomphalaria genus (Figure 1). Therefore, understanding
infection dynamics in snails is critical for epidemiology and control of schistosomiasis in humans. Our lab
developed a multiplex rapid diagnostic PCR to simultaneously amplify S. mansoni and Biomphalaria

sudanica (a snail host of S. mansoni in East Africa) DNA in a single reaction (Box 1).
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• To optimize a diagnostic PCR assay to detect schistosome infections in snails.
• Determine likelihood of residual schistosome DNA in non-infected resistant snails

post-exposure i.e. false positives. 
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Our lab is performing a genome-wide association study (GWAS) to discover regions of the snail
genome associated with snail susceptibility or resistance to schistosome parasites. For this study, we
exposed 1338 B. sudanica, to S. mansoni and divided them up into infected and uninfected groups
based on release of cercariae from the snail determined by microscopy. (Figure 1: stage 5) It is

critical that this phenotype is correct, otherwise the power of GWAS will be compromised.
Microscopy is the gold standard diagnostic for infections in snails. However, this technique is only of
use when parasites are fully developed within the snail, which can be as soon as 6 weeks, but we
have found that development can take up to 22 weeks. We used microscopy to assess infections in
snails for up to 8-9 weeks, and thus those that shed cercariae were deemed “true positives” (Figure
2: N=606). Snails that did not shed were put in ethanol at 9 weeks for the PCR assay (N=503). We
used the PCR assay to determine if these snails were true negatives or positives that had not
reached full development by the time of microscopy checks and preservation.
Genomic DNA was extracted from the body of the snails using the Qiagen Blood and Tissue DNA
extraction Kit. We performed the multiplex PCR and used the SYBR E-Gel system to assess
amplicons (Box 1). Eighty-five snails were determined microscopy negative/PCR positive (Figure 2).

In previous work, we optimized the PCR
assay (Box 1) to work in scenarios in which
snails are actively shedding infections and
have tested the limit of detection by spiking
snail DNA with a single schistosome larvae. In
both cases, the diagnostic performed well,
showing that this assay can detect low levels
of parasite DNA.

In this project, we used the PCR assay in

a real experimental setting with the goal

of ensuring accuracy of phenotyping

infected vs. non-infected snails. Here, we

demonstrate the importance of the PCR

diagnostics in addition to microscopy

(Figure 2).

Second, we exposed snails with 

schistosomes to which they are relatively  

susceptible or resistant, to assess PCR 

false positives, i.e. detection of free 

schistosome DNA after parasite 

clearance. 

The PCR Diagnostic: Methods and Results

Methods

KEMRI snails were either exposed to a parasite to which they are resistant
(NMRI) or which they are susceptible (UNMKenya) with a dose of 8 parasites.
After 0.5, 3, or 24 hours, the snails were removed. At the 0.5 and 3 hour time
points, the remaining parasites were counted to infer the number that successfully
penetrated the snail. The snails were then either maintained in aquaria or frozen.
Frozen snails had DNA extracted with the Qiagen Blood and Tissue Kit. The
multiplex PCR was performed on template genomic DNA at 10% concentration
and at 100% concentration (Box 1 for details). A set of replicate snails kept in
aquaria from the 0.5 (n=24) and 3 hour (n=30) groups were assessed via
microscopic confirmation of cercaria shedding at 8, 10, and 14 weeks post
exposure. The number of shedding snails were compared to the total number of
snails that survived to 8 weeks post exposure (0.5hr: n=21, 3hr: n=23) to
calculate prevalence.
Results

Did the miracidia penetrate the snails?

The majority of snails were penetrated by at least 3 miracidia at 0.5 and 3 hours
(Figure 3). Thus, if the PCR diagnostic was amplifying free DNA remaining after
immune clearance, we would expect nearly all snails to have a positive PCR trial
at these time points.
Interestingly, with the resistant combination of snails and parasites, more
miracidia penetrated than with the susceptible combination (Figure 3).

Susceptible (KEMRI + UNMKenya) Resistant (KEMRI + NMRI)

Concentration of Template DNA

Primers Primer sequence – 5’ – 3’ Amplicon 

Size

Sm_NAD5_F ATTAGAGGCAATGCGTGCTC 

302 BP
Sm_NAD5_R ATTGAACCAACCCCAAATCA 

BiomNAD4.1BS_F CCTGAACGTTTACAAGCAGG

596 BP
BiomNAD4.1BS_R AGTCTTCGACTACGAACTTT

Polymerase chain reaction (PCR) amplifies DNA
using sequence specific primers and therefore
can be applied as a highly sensitive and specific
tool for diagnosis of pathogens. We have
developed a multiplex PCR that simultaneously
targets two specific genes, one from the snail
(B. sudanica) and one from the parasite (S.

mansoni). Thus, each reaction has a built-in
control (snail ND4 gene of mtDNA) and a test
amplicon (parasite ND5 gene of mtDNA)
(Table 1).
The diagnostic PCR is performed in 20 µl
reactions using the ThermoFisher Scientific
Phire Green Hot Start II PCR Master Mix kit:
1.5µl of 10µM primer (Table 1),10µl mastermix ,
2µl water, 2µl of diluted (1:10) OR full
concentration template DNA. The following
thermocycling conditions are used: 98C-30 sec,
25 x [98C-5 secs, 60C-5 secs 72C-15 secs],
final elongation of 72C -1 minute.
Gel electrophoresis was used to assess PCR
success: 5µl of PCR product was diluted in 10µl
of H2O and run on a 2% SYBR E-Gel for 20
mins (Figure 5). A band around 596 bp indicates
presence of snail DNA and that the PCR
amplification was successful (Figure 6) while a
302 bp band indicates presence of S. mansoni

DNA in the sample.

Table 1: Primers used for multiplexed amplification of
partial sequences of the NAD4 gene (developed
previously by out group) of B. sudanica and the NAD5
gene of S. mansoni as described in Lu et al 2016 (1).

Do PCR positive results differ in susceptible and resistant combinations of snails and schistosomes at

early time points: 0.5, 3, and 24 hours after schistosome exposure?

Figure 3. Frequency histograms showing the
number of snails that were penetrated with 0-8
UNM-Kenya or NMRI miracidia at 0.5 and 3 hours
after exposure.

Susceptible (KEMRI + UNMKenya)

Resistant (KEMRI + NMRI)

Does the PCR amplify schistosome DNA in snails resistant to schistosomes indicating that it is vulnerable

to snails being interpreted as false positives? Does the concentration of template DNA make a difference?

Overall, very few snails were PCR positive except for those in
the susceptible group tested with full concentration template
(Figure 4). In the resistant snail group, most positives were
detected at the 0.5 time point, indicating that inferring snails as
false positive is more likely if examined closer to the time of
exposure. However, given that we know that all snails were
penetrated by parasites (Figure 3), this low number of
positives is surprising.
In the susceptible group, positives were about equal in all
groups, but slightly higher in the 0.5 hour group. The overall
prevalence detected by the PCR was 44% (20/45), which is
very similar to the infection prevalence of snails assessed by
parasite shedding: 0.5hr: 8/21 (34%), 3hr : 10/23 (43%).These
data suggest that the PCR assay estimates prevalence close
to the true prevalence and thus could be useful at these early
time points in susceptible snails.
Overall, diluting the template DNA in PCR hindered
S. mansoni ND5 amplification in these samples with a small
amount of parasite DNA.

Figure 4. Number of snails that tested positive via multiplex PCR assay
for both susceptible and resistant combinations of snails and
schistosomes at 0.5, 3, and 24 hours post exposure. PCRs were tested
on genomic DNA at 100% concentration and 10% concentration. Note
that very few snails showed a positive result for the diluted samples.
Also, very few snails tested positive in the resistant combination
indicating that free DNA after parasite clearance does not lead to large
numbers of false positives.

Do PCR positive results in resistant combinations of snails and parasites persist at later time points:

20 hours, 48 hours, 1 week, and 2 weeks after schistosome exposure?

Methods

KEMRI snails were exposed to a parasite to which they are resistant (NMRI)
with a dose of 8 parasites. After 20 hrs., 48 hrs., 1 week and 2 weeks, snails
were frozen until DNA extraction with the Qiagen Blood and Tissue Kit (5
snails per group). The multiplex PCR was performed on template genomic
DNA at 10% concentration and at 100% concentration (Box 1 for details).
Results

Very few snails tested positive for infection in any of the samples (Figure 5).
One snail 1 week post exposure tested positive with the template diluted to
10% and at full concentration (Figure 5). We hypothesize this snail was truly
infected as these snails are not 100% susceptible. Another positive snail was
detected at 20 hours but only with full concentration template. All remaining
snails were PCR negative. These results suggest that interpreting snails as
false positive for schistosome infections is not likely with snails sampled up to
2 weeks post exposure.

Figure 5. Number of snails that tested positive via
multiplex PCR assay for resistant combinations of
snails and parasites at four time points post
exposure. PCRs were tested on genomic DNA at
100% concentration and 10% concentration. Note
that very few snails showed a positive result for any
of the samples.

Figure 6: Result of PCR assay
showing snail control band
(ND4) in a negative
Biomphalaria sudanica sample
(Lane 3) and a B. sudanica plus
schistosome amplicon (ND5)
indicating presence of S.
mansoni DNA (Lane 2). Lane 1:
100 bp EGel sizing ladder.
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Figure 1. Lifecycle of Schistosoma spp. 

Figure 2. The three predicted outcomes
of a Biomphalaria sudanica snail being
exposed to Schistosoma mansoni

miracidia and showing the results of using
the PCR assay to identify Microscopy
negative, but PCR positive samples
representing pre-patent infections.
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