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Abstract 

Background: There is an urgent need for an extensive evaluation of benzimidazole efficacy in humans. In veterinary 
science, benzimidazole resistance has been mainly associated with three single‑nucleotide polymorphisms (SNPs) in 
the isotype‑1 β‑tubulin gene. In this study, we optimized the stool sample processing methodology and resistance 
allele frequency assessment in Trichuris trichiura and Necator americanus anthelmintic‑related SNPs by pyrosequenc‑
ing, and standardized it for large‑scale benzimidazole efficacy screening use.

Methods: Three different protocols for stool sample processing were compared in 19 T. trichiura‑positive samples: 
fresh stool, egg concentration using metallic sieves with decreasing pore size, and egg concentration followed by 
flotation with saturated salt solution. Yield of each protocol was assessed by estimating the load of parasite DNA by 
real‑time PCR. Then, we sequenced a DNA fragment of the β‑tubulin gene containing the putative benzimidazole 
resistance SNPs in T. trichiura and N. americanus. Afterwards, resistant and susceptible‑type plasmids were produced 
and mixed at different proportions, simulating different resistance levels. These mixtures were used to compare previ‑
ously described pyrosequencing assays with processes newly designed by our own group. Once the stool sample 
processing and the pyrosequencing methodology was defined, the utility of the protocols was assessed by measur‑
ing the frequencies of putative resistance SNPs in 15 T. trichiura‑ and 15 N. americanus‑positive stool samples.

Results: The highest DNA load was provided by egg concentration using metallic sieves with decreasing pore size. 
Sequencing information of the β‑tubulin gene in Mozambican specimens was highly similar to the sequences previ‑
ously reported, for T. trichiura and N. americanus, despite the origin of the sample. When we compared pyrosequenc‑
ing assays using plasmids constructs, primers designed in this study provided the most accurate SNP frequencies. 
When pooled egg samples were analysed, none of resistant SNPs were observed in T. trichiura, whereas 17% of the 
resistant SNPs at codon 198 were found in one N. americanus sample.
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Background
Neglected tropical diseases affect populations in the 
world’s poorest communities. Among them, soil-trans-
mitted helminth (STH) infections (ascariasis, trichuria-
sis, and hookworm disease) are the most prevalent with 
approximately 1.5 billion people infected worldwide [1]. 
The current World Health Organization (WHO) control 
strategy for STH emphasizes morbidity control through 
mass drug administration (MDA) targeting pre-school 
and school-aged children, women of childbearing age, 
and adults in certain high-risk occupations [2]. The 
drugs of choice for MDA campaigns are benzimidazoles, 
mainly albendazole and mebendazole, which are admin-
istered once or twice a year depending on the prevalence 
of the disease [2]. As observed in veterinary practice, the 
widespread use of anthelmintic drugs can entail a great 
selection pressure for resistant parasite strains, thus 
decreasing efficacy and worsening treatment response 
[3]. Considering that the efficacy of benzimidazole has 
been significantly reduced for Trichuris trichiura and 
hookworm over the past few decades [4, 5], the possible 
emergence of anthelmintic resistance is now a major con-
cern in the treatment and control of STH infections [6].

Benzimidazole resistance in veterinary gastrointestinal 
nematodes, mostly those infecting ruminants, has been 
mainly associated with three single-nucleotide polymor-
phisms (SNPs) in the isotype-1 β-tubulin gene, causing 
an amino acid substitution of phenylalanine to tyrosine 
at codons 200 (F200Y) and 167 (F167Y), and a glutamate-
to-alanine change at codon 198 (E198A) [6]. In STH, 
the association of these genetic markers with benzimi-
dazole resistance is still unclear [7, 8] and only poorly 
reported for both T. trichiura [9–11] and hookworm 
[10–15]. Most of these studies just describe the presence 
or absence of these SNPs and did not attempt to associ-
ate them with the response to treatment with benzimida-
zoles. Consequently, there is an urgent need for sensitive 
and accurate tools to detect the presence of these SNPs 
and standardize the detection of markers of benzimida-
zole resistance in STH.

Several DNA detection-based tools have been used 
for detecting benzimidazole resistance markers in STH, 
including RFLP-PCR [12], q-PCR [13, 14], LAMP [15], 
and pyrosequencing [9, 10]. The pyrosequencing method 
is more accurate compared with other molecular tools, 
mainly because it is quantitative [7]. In addition, it is 

also able to determine the frequencies of multiple resist-
ance alleles in the same run when they are close in the 
genome, such as putative benzimidazole resistance SNPs 
in codons 198 and 200.

In veterinary science, pyrosequencing has been used 
extensively to assess the relation of putative resistance 
SNPs to benzimidazole efficacy. The main outcomes of 
these resistance studies were to evaluate whether resist-
ance SNP frequencies could be used to predict treatment 
response and to evaluate the variation of these frequen-
cies before and after treatment [16, 17]. Additionally, 
detection of SNPs in veterinary practice is often carried 
out in pooled eggs or larvae isolated from faecal sam-
ples, which provides frequencies within nematode sub-
populations infecting one individual or at farm level [16, 
18, 19]. Thus, sample collection and analysis are quicker 
and simpler compared to the analysis of single parasites, 
whether adults, larvae, or eggs, since the genetic markers 
are assessed in a large number of individuals simultane-
ously. This methodology allows faster genotypic studies 
and makes them suitable for drug efficacy trials or large-
scale anthelmintic resistance surveillance.

In human STH infections, various pyrosequencing 
methods have been described for the detection of ben-
zimidazole resistance-associated SNPs [9–11]. However, 
SNP detection was frequently performed in single eggs 
[9, 10], making protocols less suitable for larger studies. 
Thus, the use of pooled eggs instead of single individuals 
is desirable for large-scale monitoring, and consequently, 
protocols for processing samples and testing resistance 
markers should be evaluated and improved. Therefore, 
the main aim of this study was to optimize and stand-
ardize a methodology for the processing of human stool 
samples and subsequent assessment of resistance allele 
frequencies by pyrosequencing in T. trichiura and Neca-
tor americanus pooled eggs. This could contribute to and 
facilitate the implementation of large-scale anthelmintic 
resistance monitoring.

Methods
Sample collection and parasitological examination
Stool samples used to conduct this research were col-
lected during the development of the MARS and WASH-
IT studies, both conducted in the same research area: 
Manhiça district, Southern Mozambique. The aim of 
the MARS study was to assess responses to anthelmintic 

Conclusions: We optimized the sample processing methodology and standardized pyrosequencing in soil‑transmit‑
ted helminth (STH) pooled eggs. These protocols could be used in STH large‑scale screenings or anthelmintic efficacy 
trials.

Keywords: Soil‑transmitted helminths, Benzimidazoles, Anthelmintic resistance, Pyrosequencing
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treatment and the prevalence of anthelmintic resist-
ance to albendazole in Manhiça district. The aim of the 
WASH-IT study was to evaluate the association between 
a water, sanitation, and hygiene intervention at schools 
and in the community and STH infection. The sample 
collection methodology in the MARS and WASH-IT 
studies was identical. Each participant was given a parasi-
tological flask for stool collection. Samples were collected 
on a second visit the following morning. A single stool 
sample was individually obtained from each participant. 
After collection, samples were transported to the Man-
hiça Health Research Centre (CISM) for detection of 
STH by duplicate Kato–Katz thick smear [20].

The MARS study was carried out from December 
2017 to February 2019. After detection of STH, 2  g of 
the remaining fresh stool sample was subsequently kept 
at −80  °C until being sent to the Department of Animal 
Health, University of León, Spain. Once there, all sam-
ples were analysed again by triplex PCR for the simul-
taneous detection of T. trichiura, N. americanus, and 
Ascaris lumbricoides, following the methodology previ-
ously described [21]. Then, we retrieved a set of samples 
positive by Kato–Katz and/or triplex PCR tests. Thus, we 
selected 15  N. americanus- and 93  T. trichiura-positive 
samples. Of the 93 T. trichiura-positive samples, 78 were 
randomly allocated in eight different batches, and subse-
quently, eight pooled samples of 7 g each were prepared. 
Then, pooled samples were processed using the differ-
ent protocols described below, in order to optimize the 
sample processing. Aliquots from each stool sample were 
stored at −80 °C until DNA extraction. Additionally, the 

remaining 15 T. trichiura- and 15 N. americanus-positive 
samples were analysed by pyrosequencing at the Uni-
versity of León after the optimization of stool sample 
processing.

The WASH-IT study was developed from March 2019 
to February 2020. After detection of STH, 11 T. trichiura-
positive samples were immediately processed at CISM 
using the different protocols described below. The result-
ing aliquots were stored at −80 °C until being sent to the 
University of León for DNA extraction. Figure 1 summa-
rizes the flow of the stool samples.

Optimization of sample processing
Protocols for processing T. trichiura‑positive stool samples
A total of 19 T. trichiura-positive stool samples (8 pooled 
and 11 non-pooled samples) were used to optimize sam-
ple processing. Three aliquots of each stool sample were 
prepared according to the following protocols before 
their storage for later DNA extraction: unprocessed stool 
samples, protocol A (PA); egg concentration using metal-
lic sieves, protocol B (PB); and egg concentration and 
later flotation with saturated salt solution, protocol C 
(PC).

For PA, stool samples were exhaustively homogenized 
using a spatula; 250 mg of each unprocessed sample was 
weighed and stored at −80 °C.

In the case of PB, 3 g of fresh stool sample was weighed 
and homogenized after shaking with water and glass 
beads in a 50-ml bottle for 1–2  min. Then, the homog-
enized sample was forced through three metallic sieves 
of decreasing pore size (150, 80, and 20  µm) using 

Fig. 1 Samples flow chart. 1º to 4º indicates the sequence of the workflow
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high-pressure tap water. The sediment retained in the 
20-µm sieve contained the T.  trichiura eggs; 250  mg of 
this sediment was weighed and stored at −80 °C.

Finally, PC was the same as PB but included some 
additional steps; the sediment retained in the 20-µm 
sieve was transferred to 15-ml tubes and centrifuged at 
2500  rpm. The supernatant was removed, and the sedi-
ment was mixed with a saturated solution of sodium 
chloride (density = 1.2 g/ml). The tube was centrifuged at 
2500 rpm, and then the complete supernatant was passed 
through the 20-µm sieve. The sediment retained in the 
sieve was washed with water to remove the saturated salt 
solution. All sediment was stored at −80 °C for later DNA 
extraction.

The three protocols were applied to the 19 T. trichiura-
positive samples, thus obtaining 57 aliquots (three per 
sample). A detailed description of the procedures for 
sample processing can be found in the Additional file 1.

DNA extraction
DNA was extracted using a PowerFecal DNA extraction 
kit (QIAGEN) following the manufacturer’s instructions. 
The same protocol was used for the 57 aliquots obtained 
from the T. trichiura-positive samples. DNA samples 
were preserved at −20 °C until use.

Measurement of T. trichiura DNA load by real‑time PCR
Twenty microlitres of DNA extracted from the aliquots 
previously obtained was sent to Leiden University Medi-
cal Centre to be analysed by real-time PCR. The yield of 
each protocol was assessed by estimating the parasite 
DNA concentration as previously described [22]. Briefly, 
multiplex real-time PCR detection was used to detect 
and quantify parasite-specific DNA of two helminth 
species, Schistosoma sp. and T. trichiura [22]. The cycle 
threshold (Ct) values obtained reflected the parasite-
specific DNA load in the sample tested. As we analysed 
the 57 aliquots, we estimated three different Ct values for 
each sample, corresponding to each protocol for sample 
processing.

Determination of β‑tubulin gene sequence 
from Mozambican specimens
One N. americanus-positive sample and one T. trichiura-
positive sample collected during MARS were used to 
isolate parasite eggs. The isolation was done visually by 
picking up each egg using a 10-μl pipette from a petri 
dish, under a microscope. Ten individual eggs and a pool 
of 50 eggs of both species were retrieved and placed into 
a PCR tube. Then, genomic DNA from each individual 
and pooled eggs was extracted using a PowerFecal DNA 
extraction kit (QIAGEN).

A DNA fragment containing the three resistance-
associated codons (167, 198, and 200) of each species 
was amplified by PCR and then sequenced. Primers were 
designed based on the sequencing information avail-
able for the β-tubulin gene in the NCBI database for T. 
trichiura (AF034219) and the isotype-1 β-tubulin gene 
for N. americanus (EF392851), and using Primer3Plus 
online software [23]. In order to obtain amplification 
and sequencing information from the larger number of 
eggs, two different primer pairs were designed for each 
DNA sequence. For N. americanus, we amplified two 
overlapping fragments due to the large size of the intron 
between codons 167 and 198 of the isotype-1 β-tubulin 
gene to simplify the Sanger sequencing. The PCR was 
carried out using the commercial DNA AmpliTools Hot-
Split Master Mix (BioTools) in a final volume of 20 µl and 
the primer concentration was 0.5 µM each. Primers and 
PCR conditions are shown in the Additional file 2: Tables 
S1 and S2, respectively. PCR products were monitored 
by 1.5% agarose gel electrophoresis. The specific ampli-
fied fragments were purified using a SpeedTools Clean-
up kit (BioTools), and Sanger sequencing was done at the 
University of León Sequencing Facility. The sequences 
obtained were aligned using DNAstar software and the 
consensus sequence for each species was recovered.

Design and production of susceptible‑type (ST) 
and resistant‑type (RT) plasmids
Based on the resulting sequences from Mozambican 
specimens, two different types of plasmid for each STH 
were designed, one with the susceptible genotype for the 
three SNPs (ST) and another with the resistant genotype 
(RT). The plasmids including the sequences of interest 
were synthesized by GeneCust (France). Plasmids were 
transformed into XL1-Blue Escherichia coli (Agilent)-
competent cells and selected on Luria broth (LB) 
(Thermo Fisher) agar plates supplemented with 0.1 mg/
ml ampicillin (Sigma Aldrich). Then, one single colony 
with one construct was inoculated in LB medium for 
large-scale culture. Plasmid DNA was extracted using a 
SpeedTools Plasmid DNA Purification kit (BioTools) and 
the DNA sequence of each construct was confirmed by 
Sanger sequencing at the University of León Sequencing 
Facility.

Pyrosequencing assays
Pyrosequencing optimization with the plasmid constructs
In order to optimize the pyrosequencing assays, we 
attempted to estimate the SNP frequencies in the plas-
mid constructs. Thus, for each species, plasmid DNA 
from RT/ST plasmids was extracted and then mixed 
together at different proportions of 0%, 30%, 50%, 70%, 
and 100%, simulating different resistance levels (10–30% 
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low, 30–50% medium–low, 50–70% medium–high, and 
70–100% high). For this purpose, the plasmid DNA was 
extracted using a SpeedTools Plasmid DNA Purification 
kit (BioTools) and then its concentration was measured 
in triplicate using a NanoDrop ND-100 spectrophotome-
ter (Thermo Fisher Scientific) to obtain an average value. 
Plasmid DNA mixtures were prepared and adjusted to a 
final concentration of 1  ng/µl; then, tenfold serial dilu-
tions were prepared in order to work using smaller DNA 
amounts and thus avoid cross-contamination. These 
plasmid DNA mixtures were used for assessing the accu-
racy of the different pyrosequencing assays.

Two different sets of primers for each species were 
used for amplifying two small fragments of isotype-1 
β-tubulin, one surrounding the SNP at codon 167 and the 
other surrounding the SNPs at codons 198 and 200. The 
accuracy of a primer set previously described by Diawara 
et al. [10] was compared with another set newly designed 
by our group, for both T. trichiura and N. americanus. 
Primers are shown in Table 1 (one of the primers for this 
PCR was labelled with biotin at the 5′ end). This PCR 
amplification was carried out using DNA AmpliTools 
HotSplit Master Mix (BioTools) in a final volume of 50 
µl and the primer concentration was 0.5 µM each. PCR 
conditions were the same for all amplifications although 
the annealing temperature was different for each species. 
PCR reactions were performed with the following cycling 
parameters: an initial incubation at 95 °C for 8 min, fol-
lowed by 40 cycles at 95 °C for 30 s, an annealing temper-
ature of 59 °C for T. trichiura or 62 °C for N. americanus 
for 30 s, 72 °C for 20 s, and a final extension at 72 °C for 
5 min. PCR products were monitored by 2% agarose gel 
electrophoresis. Negative controls (water instead of DNA 
template) and positive controls (plasmid mixtures) were 
included in each PCR run. PCR products and sequencing 
primers were sent to Instituto Aragonés de Ciencias de la 
Salud (IACS) for pyrosequencing.

The pyrosequencing methodology at IACS was as fol-
lows: up to 40 µl of biotinylated amplicon was incu-
bated with 40 µl of binding buffer (QIAGEN) and 3 µl 

of streptavidin-coated Sepharose beads (Streptavidin 
 Sepharose® High Performance, GE Healthcare) in a Ther-
momixer (1400 rpm at RT; Eppendorf ). Beads were cap-
tured using a Vacuum Prep tool (QIAGEN) and liquids 
were sequentially passed for 5 s while applying a vacuum 
to denature the DNA and neutralize the beads as fol-
lows: first 70% (v/v) ethanol, followed by 0.2  M NaOH 
and 10 mM Tris–acetate, pH 7.6. Beads were transferred 
to a pyrosequencing reaction plate containing 16  pmol 
sequencing primer in 40 µl of annealing buffer (QIA-
GEN) and the plate was incubated for 2 min at 80 °C to 
remove secondary structures. Samples were left at room 
temperature for 5–10  min. Enzyme mix and substrate 
were prepared as instructed by the manufacturer (QIA-
GEN) and, along with dNTPs, added to the reagent car-
tridge as instructed by the manufacturer (QIAGEN). 
Pyrosequencing reactions were performed in a PSQ 
96MA system (QIAGEN).

Specificity of the pyrosequencing assays
The specificity of the pyrosequencing assays was tested 
using the PCR primers for each STH against several DNA 
samples obtained from other parasites used as controls, 
including T. trichiura, N. americanus, A. lumbricoides, 
Strongyloides stercoralis, Fasciola hepatica, F. gigantica, 
Trichostrongylus spp., Teladorsagia circumcincta and 
Haemonchus contortus. We followed the same PCR con-
ditions as for the pyrosequencing PCR described above, 
and the results were also visualized using 2% agarose gel 
electrophoresis.

Determination of allele frequencies in T. trichiura and N. 
americanus pooled eggs
The frequency of the resistance-associated SNPs was 
estimated in 15 T. trichiura- and 15 N. americanus-pos-
itive samples, all processed by the most efficient protocol 
after optimizing sample processing. DNA was extracted 
from the samples using a PowerFecal DNA extraction kit 
(QIAGEN) following the manufacturer’s instructions. 
Pyrosequencing was carried out following the protocol 

Table 1 Primers designed by Diawara et al. (2013), and the set designed and optimized by our group (bold italics)

STH Sense primer (5′‑3′) Antisense primer (5′‑3′) Pyrosequencing primer

Codon 167

T. trichiura GAG TAT CCT GAC CGA ATT ATG ACA (Biot)ACG ACG TGA ACA GTA TCA AAC AAC TGA CCG AAT TAT GAC AAC T

N. americanus GTG ACT GTC TCC AGG TAA TTCG (Biot)CTA TAA CGT ACC TTT GGC GAGGG GAT AGA ATC ATG TCC TCG T

Codon 198–200

T. trichiura CGC CTT TTT AGG TTT CAG ATACA 
(Biot)GCC TTT TTA GGT TTC AGA TACA 

(Biot)GTC TCC GTA AGT TGG TGT TGT TAA 
GTC TCC GTA AGT TGG TGT TGT TAA 

GGT AGA GAA CAC GGACG 
CGC TTC ATT ATC TAT GCA G

N. americanus TTT CCG ACA CTG TGG TTG AG (Biot)GAG TTC GTT ACT AGC CAG CTC ACC GAG AAT ACA GAT GAG ACC T
AGC TTC ATT ATC AAT ACA G
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described above and samples were analysed in duplicate. 
In addition, species-specific plasmid mixtures (0%, 50%, 
and 100% RT/ST) were used as PCR positive controls 
to later monetize the pyrosequencing assays for both T. 
trichiura and N. americanus.

Statistical analysis
Ct values obtained by real-time polymerase chain reac-
tion (qPCR), and the percentage of the resistance allele 
frequencies, were expressed as mean values per proto-
col or per sample, respectively. We compared the mean 
Ct values to evaluate the differences in stool sample pro-
cessing between two different protocols. Allele frequen-
cies lower than 10% by pyrosequencing were considered 
as either absent or below the level of detection of the 
pyrosequencing. Samples were considered negative by 
qPCR if they had a Ct value of 51. Initially, the Kolmogo-
rov–Smirnov test was carried out to determine whether 
data followed a normal distribution. Then, Ct values were 
compared using the non-parametric Mann–Whitney–
Wilcoxon test, and the p-value was adjusted using the 
Bonferroni method. P-values < 0.05 were considered sig-
nificant. All analyses were performed using R software.

Results
Optimization of sample processing by measuring T. 
trichiura burden
The amount of T. trichiura DNA in the 19 positive sam-
ples processed according to the three protocols (57 ali-
quots) was estimated by qPCR. DNA was amplified in 
all 19 samples using PB, whereas one sample out of 19 
was not amplified by PA and a different sample was not 
amplified by PC either. A detailed report of the Ct val-
ues is shown in Additional file  2: Table  S3. Comparing 
Ct values between aliquots of each sample, the lowest Ct 
values, or the highest DNA amounts, were found for PB 
(16/19), followed by PA (3/19). None of the aliquots pro-
cessed by PC provided the highest DNA concentration 
when compared to the other two aliquots of the same 
sample. Ct values are visualized in Fig. 2.

When the mean Ct value was calculated for each pro-
tocol, PB showed the lowest value (26.7), followed by PC 
(30.4) and PA (30.6). Mean Ct values obtained by PB were 
observed to be significantly lower than those obtained by 
PA (p = 0.002) and PC (p < 0.001), whereas no differences 
were found between PA and PC. This confirms the high-
est DNA concentration in the aliquots processed by PB.

Sequencing results for β‑tubulin from Mozambican 
specimens and plasmid constructs
For T. trichiura, a final consensus sequence of 530 bp was 
recovered. Homology with the reference sequence of the 
β-tubulin of T. trichiura isolated in Jamaica (AF034219.1) 

[24] was 529/530 (99.8%). In N. americanus, the size of 
the consensus sequence was 1259 pb, including the three 
SNPs; the homology with a sequence resulting from eggs 
isolated in Tanzania (EF392851.1) [25] was 1252/1259 
(99.4%). In both cases, all the nucleotide variations were 
located in the intron, so no amino acid changes were 
produced. None of the resistance-associated SNPs were 
observed after sequencing both species. Based on this 
information, we designed and produced ST and RT plas-
mid constructs. Plasmid sequences were confirmed by 
conventional Sanger sequencing after cloning.

Standardization of the pyrosequencing assays 
with plasmid constructs
We first attempted to use the primers described by Dia-
wara et al. [10]. However, we found several inconsisten-
cies when those pyrosequencing primers were used for 
detecting the SNPs at codons 198 and 200. The pyrose-
quencing primer showed some failed estimations of the 
SNP frequencies during the sequencing step (data not 
shown), so we designed new pyrosequencing primers for 
both T. trichiura and N. americanus.

Table 2 is a summary of the pyrosequencing standardi-
zation for T. trichiura and N. americanus species using 
our new primers. The results represent the arithmetic 
mean of three repetitions in each experiment, for both T. 
trichiura and N. americanus. As observed in Table 2, the 
frequencies per STH were not different when compared 
with the SNPs at codons 198 and 200. We decided to 
validate the primers designed by our group, considering 
that a pyrosequencing assay naturally accepts a techni-
cal background of 10% [26] and slight variations in DNA 
proportions due to manipulation of the sample when 

Fig. 2 Comparison of Ct values obtained by real‑time PCR for each 
protocol for sample processing. The dot graph shows the Ct values 
for each protocol. *Differences between protocols were statistically 
significant (p < 0.05). Protocol A (unprocessed stool); Protocol B (egg 
concentration); and Protocol C (egg concentration and flotation with 
saturated salt solution)
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mixtures are prepared. Values for each run are available 
in Additional file 2: Table S4.

Pyrosequencing specificity
To determine the specificity of the pyrosequencing 
assays, genomic DNA samples from other helminth para-
sites were tested for amplification. A positive result was 
obtained only when using DNA from the specific spe-
cies corresponding to the pyrosequencing assay, whereas 
DNA samples from other specimens were not amplified, 
demonstrating its high specificity (Fig. 3).

Allele frequencies in T. trichiura and N. americanus pooled 
eggs
The resistance SNP frequencies were assessed in the 
15 T. trichiura- and 15 N. americanus-positive sam-
ples by pyrosequencing after being processed by PB. 
Hence, pyrosequencing was carried out in pooled eggs 

previously concentrated using metallic sieves. Table  3 
summarizes the results of the pyrosequencing assays. All 
frequencies provided for the 15 T. trichiura-positive sam-
ples for the resistant genotype were below 10%, meaning 
that resistance-associated SNPs were either absent or 
below the level of detection of the pyrosequencing assay. 
For N. americanus, one of the 15 samples showed an SNP 
frequency at codon 198 of 17%, whereas for the remain-
ing samples and SNPs at codons 167 and 200, frequen-
cies were below 10%. In all runs, the control plasmids 
provided the expected SNP frequencies as previously 
assessed, thus confirming the correct performance of the 
experiments and the reliability of the results.

Discussion
The low efficacy of benzimidazole treatments is currently 
considered a serious threat to STH control programmes 
[5]. Of particular concern is the decreasing efficacy 
against T.  trichiura in some countries; globally, egg 
reduction rates are estimated to have fallen from 72.6% in 
1995 to 43.4% in 2015 [5], and a reduction in benzimida-
zole efficacy against hookworms has also been reported, 
from 95.6% in 1995 to 77.1% in 2015 [5]. Low anthelmin-
tic efficacy can be due to reasons such as a drug’s phar-
macokinetic profile, or improvements in the sensitivity of 
diagnostic tools after treatment. However, a pronounced 
decrease in treatment effectiveness after several years of 
MDA campaigns suggests the genetic selection of resist-
ant strains. Hence, monitoring the emergence of anthel-
mintic resistance has become of the utmost importance 
for STH infection control [5, 8].

In veterinary gastrointestinal nematodes, the phenom-
enon of anthelmintic resistance has been widely studied 

Table 2 Optimization of pyrosequencing assays using our own 
primers and the plasmid constructs previously described

a RT/ST: resistant type (RT) and susceptible type (ST) plasmids constructs 
proportion

% RT/STa type 
according to 
mixes

% of RT/ST observed by pyrosequencing (mean ± SD)

Tr. trichiura N. americanus

Codon198 Codon 200 Codon 198 Codon 200

0 0 (± 0) 0 (± 0) 0 (± 0) 8.8 (± 3.7)

30 22.2 (± 1.9) 21 (± 3.9) 40.3 (± 6.6) 38 (± 8.3)

50 40.7 (± 2) 38.7 (± 1.2) 53.9 (± 2.6) 52.2 (± 1.1)

70 66.1 (± 2.2) 64.5 (± 1.8) 66.9 (± 4.1) 67.5 (± 0.6)

100 97.1 (± 2.2) 97 (± 2.4) 100 (± 0) 92.8 (± 2.5)

Fig. 3 Specificity of the pyrosequencing assays for T. trichiura and N. americanus. Specificity assessment performed with the primers for A T. trichiura 
and B N. americanus is shown. Upper figures show the PCR reaction using the primers for detecting the SNP at codon 167; down figures refer to the 
primers for the SNPs at codons 198 and 200. The amplicon size is shown in the right position of the gel and it is expressed in base pair (bp). Lane M, 
100 bp DNA ladder; lanes Tt, Na, Al, Fh, Fg, Ss, Hc, Tr, Tc, T. trichiura, N. americanus, A. lumbricoides, Fasciola hepatica, Fasciola gigantica, Strongyloides 
stercoralis, Haemonchus contortus, Trichostrongylus spp. and Teladorsagia circumcincta DNA samples, respectively; lane N, negative control (no DNA 
template)
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[27]. In this field, pyrosequencing has been extremely 
useful for assessing the variation of resistance allele fre-
quencies in isotype-1 β-tubulin before and after benzimi-
dazole administration, thus confirming the implication 
of these genetic markers in treatment response [17]. The 
SNP F200Y has been shown to be strongly associated 
with low efficacy of benzimidazoles, whereas the SNPs 
F167Y and E198A have been occasionally related with 
anthelmintic resistance [28]. Besides that, the presence 
of the E198L polymorphism on its own, a substitution of 
glutamate to leucine, was very recently related to benzi-
midazole resistance in H. contortus and T. circumcincta, 
two gastrointestinal nematodes infecting ruminants [19, 
29]. In humans, only SNP F200Y has been associated 
with low efficacy of benzimidazoles in T. trichiura in one 
study [10], since the authors observed an increment in 
the resistant genotype in individual eggs collected after 
treatment. In N. americanus, the resistance markers were 
detected at codons 167, 198, and 200, although they were 
not linked to treatment response [10–12, 14]. However, 
these findings must be interpreted cautiously, since the 
number of samples analysed was low [9, 10]. Conse-
quently, larger screenings designed to associate the pres-
ence of the putative benzimidazole resistance SNPs with 
drug efficacy are needed.

Previous studies developed different pyrosequenc-
ing assays in individual STH eggs. However, the 
authors reported a high rate of amplification fail-
ure of the β-tubulin gene during pyrosequencing, 
even when applying two rounds of PCR per sample 
[9, 10]. Generally, DNA detection-based tools for 

diagnosis incorporate primers targeting highly repeated 
sequences in the genome [30–32]. Thus, achiev-
ing greater sensitivity would be possible if the target 
sequence is present at a high copy number. By con-
trast, pyrosequencing must target the β-tubulin gene, 
which is less repeated than mitochondrial or riboso-
mal genetic sequences [6], resulting in lower sensitivity 
than diagnostic-designed PCR. Therefore, improving 
sample processing and the DNA extraction step is cru-
cial for the highest output of pyrosequencing methods, 
particularly in low-intensity infections. Our study was 
focused on the optimization of stool sample process-
ing to increment the amount of parasite DNA in the 
sample. As seen in several studies, the reason for low 
PCR efficiency seems to be the robustness of T. trichi-
ura eggs, hampering optimal DNA isolation [22, 33]. 
Thus, achieving the most efficient DNA extraction in 
T. trichiura ensures the overall yield of the protocol for 
other STH species as well. In order to overcome this 
drawback, we employed a commercial DNA extraction 
kit which incorporates an initial mechanical egg disrup-
tion step using a bead-beater system, which is crucial 
for successful DNA isolation from STH eggs [34]. We 
would also like to highlight the importance of increas-
ing the efficiency of sample processing in anthelmin-
tic efficacy trials. Commonly, anthelmintic treatment 
reduces helminth burden and, as a consequence, the 
number of eggs per gram of stool also decreases [35]. 
Therefore, a step to concentrate the eggs from stool 
samples before DNA extraction can improve the accu-
racy of later molecular analysis, particularly in samples 

Table 3 Pyrosequencing results of 15 T. trichiura and 15 N. americanus pooled egg samples

Results are expressed as frequencies in percentage of resistant genotype

T. trichiura N. americanus

Sample ID Codon 167 (%) Codon 198 (%) Codon 200 (%) Sample ID Codon 167 (%) Codon 198 (%) Codon 200 (%)

T1 1.25 2 0.45 N1 0 0 0

T2 0 2.05 0 N2 0 0 1.15

T3 5.35 2.3 0.55 N3 0 0 0

T4 2.1 2.35 0.65 N4 0 0 1.5

T5 2.75 1.9 0.4 N5 0 0 0

T6 1.3 1.85 0 N6 0 0 1.05

T7 0.95 2.15 0.35 N7 0 1.2 8.3

T8 1.25 1.95 0.4 N8 0 2.05 7.45

T9 0 2.1 0 N9 0 0 0

T10 1.95 2.5 1.65 N10 2.1 17 0

T11 2.6 2.1 0 N11 0 0 6.15

T12 2.3 2.15 0.05 N12 0 0 3.85

T13 1.9 2.75 2.35 N13 0 0 3.85

T14 2.15 5.9 0 N14 0 1.05 3.05

T15 2.35 6.85 0 N15 6.85 0 1.25
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collected after treatment. Nevertheless, further work 
should evaluate different methods for DNA extraction 
in samples obtained after egg concentration, particu-
larly under field conditions in endemic areas where 
resources are limited.

Regarding the comparison between protocols for sam-
ple processing, egg concentration using only metallic 
sieves with decreasing pore size (PB) provided the best 
result. This methodology has also been used for the iso-
lation of gastrointestinal nematode eggs from different 
animal species, mainly ruminants, for further in  vitro 
studies [36, 37]. Using this method, particles 20–80  µm 
in size were isolated for later DNA extraction. This size 
range enables the elimination of all the impurities out of 
range and the concentration of eggs of all STH, including 
hookworm and A. lumbricoides [38]. This protocol is fast, 
simple and cheap, and the results for DNA load by real-
time PCR demonstrated that it increases the final amount 
of DNA in the sample. Assigning a Ct value based on the 
total number of cycles, or the total number of cycles plus 
1 (51 in our assay) to negative samples for plotting or sta-
tistical analysis has been frequently done in other studies 
[39]. Moreover, it is interesting to note that the deviation 
of Ct values provided by real-time PCR was reduced, par-
ticularly when compared with unprocessed samples (PA). 
Therefore, egg concentration also increases the homo-
geneity of the sample. This may help to reduce the vari-
ability between samples and to standardize the protocol 
to be comparable within studies. However, we would like 
to highlight that the difference in Ct values between PA 
and PB in those samples showing amplification (which 
means excluding negative samples) would be lower (see 
Fig. 2). Therefore, PA may provide an alternative to PB in 
programmatic settings due to its simplicity, when the lab 
capacity is restricted or the number of samples to be pro-
cessed is large. Lastly, PB could be used not only for later 
detecting the putative benzimidazole resistance SNPs, 
but also to support different genotypic studies.

The presence of resistance markers was tested by 
pyrosequencing, a molecular assay able to measure the 
frequency of different alleles at specific codons. First, 
we selected the primers previously described by Dia-
wara and colleagues in 2013 [10]. In that work, the three 
resistance-associated SNPs were successfully assessed 
in individual eggs of T. trichiura, N. americanus and A. 
lumbricoides species. By contrast, in the current study we 
did not evaluate a specific pyrosequencing method for A. 
lumbricoides, since benzimidazole still seems to be highly 
efficient against this parasite [4, 5]. However, future work 
must also move forward on the standardization of assess-
ing benzimidazole resistance in A. lumbricoides, because 
of the risk of the emergence of drug resistance.

When sequencing a fragment of the β-tubulin gene 
in Mozambican specimens, only SNPs in introns were 
found when compared to the reference sequences in 
GenBank. These reference sequences were used in pre-
vious studies and correspond to the isotype-1 β-tubulin 
gene from N. americanus, and the β-tubulin gene of 
T. trichiura since this species has only one β-tubulin 
gene identified in its genome. Actually, T. trichiura 
β-tubulin, although postulated to be involved in ben-
zimidazole resistance, differs substantially from the 
isotype-1 β-tubulin in other nematodes [40]. Neverthe-
less, our sequencing results confirm the high degree of 
conservation of these genes and suggest the potential 
extensive application of the pyrosequencing primers.

Based on the sequencing results, we designed and 
produced ST and RT plasmids in order to prepare 
plasmid DNA mixtures at different proportions. These 
mixtures simulated different resistance levels poten-
tially present in pooled eggs. Besides that, in our study 
the plasmid mixtures were tested at the same time as 
the other samples with two purposes: they were used 
as positive controls in the first PCR reaction, and they 
were also used for monitoring the sequencing step, 
which has been commonly neglected in other studies 
[9, 10, 16]. Thus, we ensured the correct performance 
of our experiments and the reliability of our results. 
At this point, it is important to mention that pyrose-
quencing equipment reports each result associated 
with a different level of quality. Diawara et al.’s pyrose-
quencing primers used in the sequencing step showed 
some failed-quality analysis and inaccuracy when esti-
mating the frequencies of the SNPs at codons 198 and 
200 using plasmids, for both T. trichiura and N. ameri-
canus. Conversely, the sequencing primers designed by 
our own group were highly precise. We would also like 
to mention the limitation of the pyrosequencing when 
trying to assess very low SNP frequencies, since pyrose-
quencing results below 10% cannot be considered as 
a low frequency. As an example, we obtained an 8.8% 
of SNP frequency for N. americanus at codon 200 with 
the susceptible type (ST) plasmid construct. Consider-
ing that plasmids were well constructed, the obtained 
frequency is due to the pyrosequencing technical error.

Thereafter, we used our sequencing primers in all 
the experiments, although we would note that all outer 
primers for the first PCR and the sequencing primers 
for the SNP 167 were the same as previously described 
by Diawara et  al. [10]. In addition, the specificity of the 
outer primers of the different pyrosequencing assays was 
evaluated for the first time. No cross-amplification was 
found when using genomic DNA extracted from several 
helminth parasites as controls. Assessing the specificity 
against other pathogens is necessary if pooled eggs are 
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evaluated since co-infections are usual in endemic areas 
[26]. Non-specific amplification may provide inaccurate 
SNP frequencies. Thus, primer specificity was confirmed, 
which allows the use of the same processing method and 
subsequently the same DNA for pyrosequencing any 
sample, even in the case of co-infections.

Once the pyrosequencing assays were evaluated, we 
estimated the frequency of the resistance-associated 
SNPs from pooled egg samples. The SNP frequencies 
were successfully evaluated although we only found the 
resistant genotype in one N. americanus-positive sam-
ple at codon 198. Stool samples were collected across 
the Manhiça district, which consists of several commu-
nities and more than 200,000 inhabitants. Therefore, the 
proportion of the stool samples that we have analysed is 
quite low when compared to the total population in the 
study area, and we cannot infer the real prevalence of 
this SNP across the different communities. Besides that, 
the presence of putative resistance SNPs has been also 
reported at very low frequencies in previous studies [12]. 
Future work must assess the real prevalence of the three 
putative benzimidazole resistance SNPs in the Manhiça 
district and clarify the real implications of these varia-
tions in the response to benzimidazole treatment.

Recently, the implication of these SNPs in the develop-
ment of benzimidazole resistance in STH has been ques-
tioned, since some studies reported resistant strains of 
T. trichiura and hookworm without these markers [41, 
42]. For this reason, genome-wide approaches have been 
proposed as the most suitable methods for clarifying the 
molecular mechanism of anthelmintic resistance in STH 
and defining new genetic markers [43]. Regardless of the 
resistance marker, pyrosequencing may be later used for 
evaluating its frequency in different parasite subpopula-
tions, since this method is more cost-effective and faster 
than genome-wide approaches, once the resistance 
marker is well defined.

Lastly, we would like to highlight the importance of 
concentrating the eggs in the stool sample when assess-
ing resistance markers. Each single egg could show a 
resistant or susceptible homozygote genotype, or a het-
erozygote genotype. The initial egg concentration of the 
sample may provide the most accurate SNP frequency of 
the parasite subpopulation within one infected patient. 
The higher the number of individuals screened, the more 
representative the data of the parasite populations. In this 
study, we show optimization of the protocol for sample 
processing and the standardization of pyrosequencing, 
which could be implemented in large-scale anthelmintic 
response monitoring or drug efficacy trials. Further work 
must comprehensively evaluate these assays under field 
conditions in order to completely validate these pyrose-
quencing methods.
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