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Abstract 

Background  For decades, zinc sulfate centrifugal fecal flotation microscopy (ZCF) has been the mainstay technique 
for gastrointestinal (GI) parasite screening at veterinary clinics and laboratories. Elsewhere, PCR has replaced micros-
copy because of generally increased sensitivity and detection capabilities; however, until recently it has been unavail-
able commercially. Therefore, the primary aim of this study was to compare the performance of real-time PCR (qPCR) 
and ZCF for fecal parasite screening. Secondary aims included further characterization of markers for hookworm 
treatment resistance and Giardia spp. assemblages with zoonotic potential and qPCR optimization.

Methods  A convenience sampling of 931 canine/feline fecal samples submitted to a veterinary reference laboratory 
for routine ZCF from the Northeast US (11/2022) was subsequently evaluated by a broad qPCR panel following reten-
tion release. Detection frequency and agreement (kappa statistics) were evaluated between ZCF and qPCR for seven 
GI parasites [hookworm/(Ancylostoma spp.), roundworm/(Toxocara spp.), whipworm/(Trichuris spp.), Giardia duode-
nalis, Cystoisospora spp., Toxoplasma gondii, and Tritrichomonas blagburni] and detections per sample. Total detection 
frequencies were compared using a paired t-test; positive sample and co-infection frequencies were compared using 
Pearson’s chi-squared test (p ≤ 0.05 significant) and qPCR frequency for hookworm benzimidazole (BZ) resistance 
(F167Y) and zoonotic Giardia spp. assemblage markers calculated. Confirmatory testing, characterization, and qPCR 
optimization were carried out with Sanger sequencing.

Results  qPCR detected a significantly higher overall parasite frequency (n = 679) compared to ZCF (n = 437) 
[p =  < 0.0001, t = 14.38, degrees-of-freedom (df) = 930] and 2.6 × the co-infections [qPCR (n = 172) vs. ZCF (n = 66)], 
which was also significant (p =  < 0.0001, X2 = 279.49; df = 1). While overall agreement of parasite detection was sub-
stantial [kappa = 0.74; (0.69–0.78], ZCF-undetected parasites reduced agreement for individual and co-infected sam-
ples. qPCR detected markers for Ancylostoma caninum BZ resistance (n = 5, 16.1%) and Giardia with zoonotic potential 
(n = 22, 9.1%) as well as two parasites undetected by ZCF (T. gondii/T. blagburni). Sanger sequencing detected novel 
roundworm species, and qPCR optimization provided detection beyond ZCF.

Conclusions  These results demonstrate the statistically significant detection frequency advantage offered by qPCR 
compared to routine ZCF for both single and co-infections. While overall agreement was excellent, this rapid, 
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commercially available qPCR panel offers benefits beyond ZCF with detection of markers for Giardia assemblages 
with zoonotic potential and hookworm (A. caninum) BZ resistance.
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Background
Gastrointestinal (GI) parasitism is common in domestic 
dogs and cats in North America and can cause significant 
clinical disease, particularly in puppies and kittens [1]. In 
both human and veterinary medicine, diagnosis of (and 
routine screening for) GI parasites has been performed 
through centrifugal flotation and microscopic ova and 
parasite (O&P) identification for more than a century [2]. 
While fecal centrifugal flotation using zinc sulfate (ZCF) 
remains standard in many veterinary hospitals, as well as 
reference laboratories, it has limitations in sensitivity, is 
operator expertise dependent, and can only detect what 
can be visualized microscopically [3]. Morphometric 
inconsistencies in egg and cyst sizes for particular para-
sites and the presence of artifacts mimicking parasite 
structures are additional factors contributing to misiden-
tification of GI parasites with this method [4]. Moreover, 
routine ZCF is unable to delineate subsets of parasites 
with zoonotic potential or anthelmintic resistance associ-
ated markers. The traditional advantage of ZCF for veter-
inary clinical use has been affordability. This feature also 
makes ZCF suitable as a high-throughput test method in 
reference laboratories.

With the ascent of functional genomic tools and the 
generation of abundant parasite gene sequence infor-
mation, the rapidly expanding field of molecular diag-
nostics has provided a novel opportunity for GI parasite 
fecal detection [5]. Targeting DNA allows highly specific 
detection of clinically relevant parasite strains, as DNA is 
present in any cell of the organism, including the epithe-
lial cells shed from a worm. A unique sensitivity enhance-
ment is also possible by targeting both parasitic DNA and 
RNA. Reverse transcription real-time quantitative poly-
merase chain reaction (RT-qPCR) further enhances ana-
lytical detection and diagnostic sensitivity, while allowing 
retention of accurate quantitative assessments of parasite 
burden [6–8]. This has been shown in veterinary studies 
reporting higher sensitivity for coproPCR as compared to 
ZCF for certain GI parasites [9–11].

As such, the availability of parasite genetic infor-
mation combined with molecular testing capabilities 
could propel this innovation to become the new refer-
ence method for veterinary diagnostic testing and fecal 
GI parasite surveillance. Real-time polymerase chain 
reaction (qPCR) has been shown to be safe to use in 
reference laboratories and provides the possibility of 

commercial automation and high throughput reporting 
turnaround times (TAT). Importantly, molecular diag-
nostics offer a number of distinct clinical advantages, 
such as maximizing the recovery of inhibition-free PCR 
amplifiable DNA and RNA. For example, research has 
shown that amplifiable hookworm DNA can be recov-
ered from stool samples stored at room temperature for 
up to 10  days without preservative and 40  days when 
refrigerated [12]. This stability of parasite DNA enables 
flexibility and practicality for pet owners. Less time and 
temperature sensitive samples allow for improved con-
venience in fecal ‘drop-off ’ or shipment to the veteri-
nary clinic and reference laboratory without sacrificing 
the quality and reliability of test results.

Further benefits of molecular diagnostics in rou-
tine dog and cat GI parasite screening include their 
ability to detect genetic markers which confer resist-
ance against anthelmintic drugs, i.e. hookworm ben-
zimidazole (BZ) treatment resistance [13] and Giardia 
with potential zoonotic assemblages [14], and allow 
for One Health parasite surveillance information [15]. 
Additonal PCR advantages are the method’s rapid ada-
patability and innovation potential, which can lead to 
identification of novel resistance markers, such as the 
F167Y genetic marker for BZ hookworm treatment 
resistance [16], and parasite strains, like the differen-
tiation of four previously unidentifiable Ancylostoma 
strains [17]. This information can provide clinical treat-
ment information and antimicrobial therapy guidance, 
thus promoting actionable antimicrobial stewardship.

The current guidelines from the Companion Ani-
mal Parasite Council (CAPC), Canadian Parasitology 
Expert Panel (CPEP), and European Scientific Counsel 
for Companion Animal Parasites (ESSCAP) for endo-
parasite prevention in dogs and cats advise regular 
routine screening for GI parasites. However, despite 
the myriad advantages offered by molecular-based 
fecal diagnostic testing (qPCR), this method has been 
infrequently employed for routine veterinary wellness. 
This has been primarily due to limited qPCR avail-
ability (i.e. only at research facilities), high cost, and 
slow TAT, which has restricted practical clinical use. 
In answer to these expert- and evidence-based recom-
mendations for routine veterinary GI parasite screen-
ing and surveillance, and due to the increasing need for 
a test methodology capable of detecting growing One 
Health concerns (e.g. anthelmintic resistance, zoonotic 
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risk), a rapid, broad-spectrum qPCR GI parasite panel 
has become available in the reference laboratory setting 
[13, 15].

Regardless of the many overt advantages of molecular 
diagnostics over traditional centrifugal flotation (ZCF), 
there is always a need for comparative studies based in 
field settings and commercial accountability towards 
quality assessment, innovation, and efficiency, particu-
larly as novel parasites and markers emerge. The primary 
aim of our field validation study was to evaluate the per-
formance of this qPCR panel compared to standard zinc 
sulfate centrifugal flotation and determine the level of 
agreement for fecal GI parasite screening for seven com-
mon parasites in a collection of samples from privately 
owned dogs and cats in the USA. Additional aims were 
to describe coinfection detection frequency, frequency 
of detection of markers for hookworm BZ resistance and 
zoonotic Giardia spp. assemblages and utilize elucidated 
roundworm species for qPCR assay optimization in this 
population.

Methods
Sample collection and nucleic acid extraction
A convenience sampling of archival canine and feline 
fecal samples (n = 931; canine = 645; feline = 266; not 
reported = 20) originally submitted to a large veterinary 
reference laboratory for routine ZCF from the North-
east USA in November 2022 was selected for further 
evaluation. ZCF (specific gravity of 1.18 ± 0.005) was 
processed (using 2 g fecal material) and results provided 
as per standard operating procedure for this laboratory 
at the time of submission; what remained of each sam-
ple was refrigerated at 4 ºC until expiration of the 7-day 
hold period. Following retention release, these samples 
underwent total nucleic acid extraction with optimized 
protocols [13]. Between 150 to 250 mg of fecal material 
was incubated in a guanidinium-based lysis solution and 
mechanically homogenized using pre-loaded bead vials 
(Spex SamplePrep, Metuchen, NJ), and total nucleic acid 

was extracted on a KingFisher Apex (13, Thermo Fisher, 
Waltham, MA, USA).

PCR designs and validation
Real-time quantitative PCR assays were designed using 
sequences deposited in GenBank (Table 1). The 24 qPCR 
test parasite panel is a proprietary diagnostic test offered 
commercially (KeyScreen® GI Parasite PCR, Antech 
Diagnostics, Inc.). Previously described assay designs 
and validation protocols were followed for rigorous ana-
lytical and clinical validation [18]. The parasite qPCR 
panel includes a quantitative internal sample control 
(ISC) consisting of a pan-bacterial qPCR test based on 
16S ribosomal RNA gene sequences and a spike-in inter-
nal positive control (IPC) to control for remaining PCR 
inhibitors [19]. The remaining 22 qPCR consists of 20 
parasite-specific tests and genetic markers detecting the 
F167Y benzimidazole resistance in Ancylostoma caninum 
and Giardia strains with potentially zoonotic assem-
blages A and/or B [13, 19, 20]. The specificity definitions 
and target genes for the seven parasite qPCR tests used 
to compared with ZCF protocols in this work are shown 
in Table 1. Real-time PCR reactions were carried out in 
a LC480 (Roche Molecular Diagnostics, Indianapolis, IN) 
using standard protocols [13].

Confirmatory testing and qPCR optimization
Discordant Toxocara spp. sample results (defined as 
those samples detected for Toxocara species by ZCF 
and initially undetected by qPCR or initially detected 
by qPCR and undetected by ZCF) were further charac-
terized by Sanger sequencing protocols as previously 
described [13]. These data were then utilized for qPCR 
test performance optimization for the instances where 
qPCR was initially undetected for Toxocara spp. Con-
firmatory testing for Ancylostoma spp., hookworm BZ 
resistance marker, and/or marker Giardia duodenalis 
assemblage A/B with potential for zoonosis was also con-
ducted by Sanger sequencing [13].

Table 1  Target genes, GenBank accession numbers, and specificity definitions of the seven parasite qPCR used to compare with zinc 
sulfate centrifugal flotation protocols

Parasite Target gene GenBank accession no. Specificity definitions

Ancylostoma spp. ITS-1 KC755026 A. caninum, A. tubaeforme, A. braziliense, A. 
ceylanicum, A. duodenalis

Toxocara spp. 5.8S JF837169 T. canis, T. cati, T. leonina, Baylisascaris procyonis

Trichuris spp. ITS-1 GQ352558 T. vulpis, T. sagitana

Giardia duodenalis ssrRNA MF163432 G. duodenalis

Cystoisospora spp. ssrRNA KT184368 C. canis, C. ohioensis

Tritrichomonas blagburni ssrRNA AF466749 T. blagburni (formerly T. foetus)

Toxoplasma gondii ITS-1 KP895872 T. gondii
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Data analyses
Results from the ZCF and qPCR methologies were 
evaluated to determine frequency of detection for 
seven common canine and feline GI parasites: hook-
worm (Ancylostoma spp.), roundworm (Toxocara spp.), 
whipworm (Trichuris spp.), G. duodenalis, Cystoisos-
pora spp., Tritrichomonas blagburni, and Toxoplasma 
gondii. Frequency calculations included: overall para-
site detection (defined as the total number of parasites 
detected by each method), parasite-detected samples 
(defined as the total number of samples with at least 
one parasite detected), and co-infection (defined as two 
or more parasites detected for an individual sample), 
and levels of co-infection were further subclassified by 
the number of parasites detected for each co-infected 
sample. Overall difference in frequency of parasites 
detected by each method was evaluated using a paired 
t-test. A Pearson’s chi-square test was used to com-
pare the frequency of parasite-detected samples and 
samples with co-infection detected between the two 
methodologies. This was reported as the chi-square 
value, degrees of freedom (df), and a corresponding 
p-value, where < 0.05 was considered significant. Kappa 
statistics were used to determine the level of agree-
ment between the molecular qPCR test and the ZCF 
method where the interpretation would be as follows: 
values ≤ 0 as indicating no agreement, 0.01–0.20 as 
none to slight, 0.21–0.40 as fair, 0.41–0.60 as moderate, 
0.61–0.80 as substantial, and 0.81–1.00 as almost per-
fect agreement [21]. Agreement was evaluated for the 
number of parasite-detected samples, samples with co-
infection detected, and each parasite; this was reported 
as overall, positive, and negative agreements with their 
corresponding Wald Z 95% confidence intervals (CI). 
Frequencies were also calculated for qPCR-detected 
hookworm benzimidazole (BZ) resistance (F167Y) and 
zoonotic Giardia spp. assemblage (A and/or B) mark-
ers. Statistics were calculated using commercially avail-
able software [Analyse-it for Microsoft Excel (version 
2.30), Leeds, UK].

Results
Overall parasite detection by ZCF and qPCR
For the seven common canine and feline parasites 
included in this study, qPCR detected a 1.6 × greater 
overall frequency of parasites (n = 679) compared to ZCF 
(n = 437), and this difference was statistically significant 
(p =  < 0.0001, t = 14.39, df = 930). When evaluating the 
frequency of parasite-detected samples, qPCR detected a 
statistically significantly greater frequency (n = 457) com-
pared to ZCF (n = 354) (p =  < 0.0001, X2 = 528.52, df = 1) 
(Table 2).

Detection comparison for each of the seven parasites 
by qPCR and ZCF
Of the seven individual parasites compared, more GI 
parasites were detected by the qPCR test than by fecal 
ZCF for six of the seven parasites evaluated (Fig.  1 and 
Table 3). Detection frequency for qPCR as compared to 
ZCF (Table 2) was increased by 1.4 times for hookworms 
(Ancylostoma spp.), 3.4 times for G. duodenalis, 2.2 times 
for Cystoisospora spp., and 2.8 times for whipworms (Tri-
churis spp.), respectively. No T. blagburni or T. gondii was 
found by ZCF but 16 and one sample, respectively, were 
detected by qPCR. For roundworms, ZCF detected 1.02 
times more Toxocara spp. than qPCR, with detection of 
306 (ZCF) compared to 299 by qPCR (Table 4).

Co‑infections detected by qPCR and ZCF
Co-infections, where at least two parasites were detected, 
were identified by qPCR in 172 samples as compared 
to 66 parasite-detected samples for ZCF. When com-
pared, these frequencies were significantly different 
(X2 = 279.49, df = 1, and p =  < 0.0001) (Table 2). Of these 
co-infections, qPCR detected up to five parasite species 
in a single sample and up to four for ZCF (Table 3, Fig. 2). 
At all levels of co-infection (two to five parasites detected 
in a single sample), qPCR detected a greater frequency 
compared to ZCF, and this difference in frequency was 
statistically significant (Table 2, Fig. 2).

Agreement for parasite detection between ZCF and qPCR
Next, frequencies of overall parasite detection, parasite-
detected samples, each of the seven individual parasites, 
and samples with co-infections for ZCF and qPCR were 
analyzed for agreement between the two methodologies 
(Table 3). For the overall frequency of parasite-detected 

Table 2  Comparison of the number of canine and feline 
fecal samples with at least one of the seven evaluated parasite 
species/genus detected and those with co-infection(s) for zinc 
sulfate centrifugal flotation (ZCF) and the qPCR panel

ZCF qPCR Pearson’s 
chi-
square

Degrees 
of 
freedom

P-value

Samples with at least 1 
parasite species/genus 
detected

354 457 528.52 1  < 0.0001

Co-infection, samples 
with 2 or more 
detected

66 172 279.49 1  < 0.0001

Co-infection, 2 parasites 51 131 152.60 1  < 0.0001

Co-infection, 3 parasites 13 33 207.63 1  < 0.0001

Co-infection, 4 parasites 2 7 264.57 1  < 0.0001
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Fig. 1  Method comparison overview of zinc sulfate centrifugation flotation (ZCF) and qPCR frequency detection (n) for hook-, round-, 
and whipworms, along with Giardia, Cystoisospora spp., Tritrichomonas blagburni, and Toxoplasma gondii. The roundworm totals have an additional 
bar corresponding to the results of the optimized qPCR test

Table 3  Overview of zinc sulfate centrifugal flotation (ZCF) and qPCR parasite detection frequencies, co-infection frequencies, and 
agreement (overall, positive, and negative)

CI  confidence interval

ZCF 
n
(frequency %)

qPCR 
n
(frequency %)

Kappa
(Wald Z 95% CI)

Positive 
agreement
(95% CI)

Negative agreement
(95% CI)

Samples with at least 1 parasite detected 354 (38%) 457 (49%) 0.74 (0.69–0.78) 0.97 (0.95–0.99) 0.8 (0.77–0.83)

All co-infections, 2 or more parasites detected 66 (7.1%) 172 (18.5%) 0.48 (0.4–0.55) 0.96 (0.88–0.98) 0.87 (0.85–0.89)

Co-infection, 2 parasites detected 51 (5.5%) 131 (14.1%) 0.36 (0.27–0.44) 0.725 (0.59–0.83) 0.89 (0.87–0.91)

Co-infection, 3 parasites detected 13 (1.4%) 33 (3.5%) 0.423 (0.24–0.6) 0.77 (0.5–0.92) 0.98 (0.96–0.98)

Co-infection, 4 parasites detected 2 (0.2%) 7 (0.7%) 0.44 (0.04–0.85) 1.0 (0.34–1) 0.99 (0.98–0.99

Co-infection, 5 parasites detected 0 (0%) 1 (0.1%) N/A N/A 0.99 (0.99–1.0)

Ancylostoma spp. 22 (2.4%) 31 (3.3%) 0.79 (0.66–0.91) 0.96 (0.78–0.99) 0.99 (0.98–0.99)

Toxocara spp. 306 (32.9%) 299 (32.1%) 0.94 (0.92–0.96) 0.95 (0.92–0.97) 0.99 (0.97–0.99)

Trichuris spp. 9 (1%) 25 (2.7%) 0.52 (0.32–0.73) 1 (0.7–1) 0.98 (0.97–0.99)

Giardia duodenalis 71 (7.6%) 243 (26.1%) 0.36 (0.3–0.42) 0.97 (0.9–0.99) 0.8 (0.77–0.82)

Cystoisospora spp. 29 (3.1%) 64 (6.9%) 0.58 (0.47–0.7) 0.97 (0.83–0.99) 0.96 (0.95–0.97)

Tritrichomonas blagburni – (0%) 16 (1.7%) N/A N/A 0.98 (0.97–0.99)

Toxoplasma gondii – (0%) 1 (0.1%) N/A N/A 0.99 (0.99–1)
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samples, agreement was considered substantial with 
kappa = 0.74 (95% CI 0.69–0.78). When evaluating the 
agreement between the individual parasites, near per-
fect agreement was found for Toxocara spp. and sub-
stantial agreement for Ancylostoma spp. As expected, for 

parasites where qPCR detection frequency far surpassed 
that of ZCF (G. duodenalis, Trichuris spp., Cystoisos-
pora spp., T. blagburni, and T. gondii), agreement was 
only fair to slight (Table  3). Similarly, the differences in 
frequency of detection for these parasites also impacted 

Table 4  The 2 × 2 chart for Toxocara spp. zinc sulfate centrifugation flotation (ZCF) and qPCR results

A: Original performance data. B: Performance data after Toxocara spp. PCR optimization with newly characterized feline roundworm species

A qPCR Totals

Positive Negative

ZCF

 Positive 290 16 306
 Negative 9 616 625

Totals 299 632 931

B qPCR Totals

Positive Negative

ZCF

 Positive 299 7 306
 Negative 9 616 625

Totals 308 623 931
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Fig. 2  Frequency comparison of zinc sulfate centrifugation flotation (ZCF) and qPCR for total samples with at least one parasite detected, 
co-infection detected samples (two or more), and corresponding frequencies for the levels of co-infection (two parasites, three parasites, four 
parasites, and five parasites)
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the agreement between ZCF and qPCR for co-infections, 
which was fair [kappa 0.48 (0.4–0.55)] overall.

Roundworm confirmatory testing and Toxocara spp. qPCR 
performance optimization
To identify discordant Toxocara spp. cases for confirma-
tory testing, the above data were further analyzed in 2 × 2 
chart analyses (Table 4). A total of 25 samples were iden-
tified as discordant for roundworm detection between 
the two methodologies with nine being qPCR detected 
and undetected by ZCF and 16 being detected by ZCF 
but undetected by qPCR. When further characterized 
by Sanger sequencing, the nine ZCF undetected sam-
ples were confirmed to be Toxocara spp. For the 16 ZCF-
detected/qPCR-undetected roundworm samples, Sanger 
sequencing targeted three different roundworm genes 
(16S ribosomal RNA, ITS-2, and the mitochondrial gene 
COX-2), and nine of 16 were confirmed to be true-posi-
tive feline roundworm samples. Sequence analysis on the 
ITS-2 gene and comparison to the primer and hydrolysis 
probe used to identify the roundworm at the species level 
revealed several previously unknown sequence varia-
tions in the feline roundworm Toxocara cati. When these 
sequence variations were incorporated into the qPCR 
assay, the test detected all nine samples with a novel 
feline roundworm species. The remaining roundworm 
samples were found to be of canine origin with novel 
genotypes. Sequencing workup and updating of the Toxo-
cara spp. roundworm qPCR are ongoing.

Genetic markers for anthelmintic resistance in hookworm 
and zoonotic potential in Giardia duodenalis
The genetic marker F167Y indicating BZ resistance was 
detected in five of the 31 Ancylostoma spp.-detected sam-
ples (16.1%). All Ancylostoma spp. (n = 31) were detected 
in canine submissions and were sequence confirmed 
to be A. caninum. In addition, the five samples with the 
F167Y genetic marker in A. caninum were confirmed to 
contain the 167Y mutation by variant calling of Sanger 
sequencing trace chromatograms as described [13].
Giardia spp. was detected in 243 of 931 samples 

(26.1%); of those, 22 (9.1%) had detection of the G. duo-
denalis marker for zoonotic potential. The G. duodena-
lis assemblage A and B determination was performed 
using beta-giardin specific locked nucleic acid containing 
hydrolysis probes. The G. duodenalis assemblage A/B-
detected samples were confirmed by Sanger sequencing.

Discussion
To the authors’ knowledge, this represents the first study 
to compare the performance of ZCF to this commercially 
available broad-spectrum qPCR panel for intestinal par-
asite identification in a collection of fecal samples from 

privately owned dogs and cats. When comparing the 
overall performance to detect parasite load, frequency 
of parasite-detected samples, and ability to detect co-
infection, qPCR detected a statistically significant greater 
frequency compared to ZCF. This difference was espe-
cially striking when evaluating the number of co-infec-
tions, where qPCR identified nearly three times as many. 
Agreement calculations demonstrate the overall ability 
to detect parasite burden and parasite-detected samples 
between ZCF and qPCR to be substantial however also 
highlights the specific parasites where ZCF had a reduced 
to absent ability to detect (G. duodenalis, Trichuris spp., 
Cystoisospora spp., T. blagburni, and T. gondii) where 
agreement was only slight to fair. These data suggest that 
while ZCF remains a highly affordable, fast, and widely 
available GI parasite screening test, molecular diagnos-
tics such as this qPCR panel are poised to undergo con-
sideration as a reference method for parasite detection 
because of its ability to maintain affordability and rapid 
turnaround while additioanlly providing the advantage of 
increased parasite detection.

While commonly used by many veterinary clinics 
and reference laboratories, the limitations of ZCF for 
intestinal parasite screening have been demonstrated 
previously. This method is outperformed by the dou-
ble centrifugation method and fails to identify smaller 
parasite structures such as whipworm eggs because of 
the relatively low density of zinc sulfate [22]. This may be 
one explanation for ZCF’s inability to detect certain para-
sites compared to qPCR in this study and contributed 
to a reduction in agreement between the two methods 
as well as co-infection. However, double centrifugation 
methods are less time and cost efficient and therefore 
limit the accessibility of this test. Molecular diagnostics 
on the other hand have been previously described to pro-
vide an advantage in diagnostic sensitivity in multiple 
applications.

The ‘omics’ revolution in the field of biological sciences 
over the past 2 decades has vastly improved access to 
molecular and genetic resources of parasites. This explo-
sion of research and collaboration has opened doors 
for the deployment of molecular diagnostic techniques 
with improved performance [5]. Additionally, advanced 
molecular tools such as CRISPR technologies are fur-
thering the functional understanding of new mutations 
correlating with anthelmintic resistance [23]. These 
molecular techniques have the unique ability to increase 
sensitivity and specificity of diagnostic tools, enabling 
the generation of fecal surveillance data, which supports 
developing new control initiatives for parasitic diseases 
and alerts us to GI parasites of One Health concern, e.g. 
Giardia strains with zoonotic potential and A. caninum 
treatment-resistant hookworms [13, 15].
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There is an increasing body of evidence supporting the 
superiority of molecular tests to detect parasitic infec-
tions with higher sensitivity, more breadth, and more 
functional qualities such as anthelmintic resistance and 
zoonotic variations [9, 23–29]. Conventional fecal diag-
nostic methods, like centrifugal flotation and antigen 
detection, are solely based on morphological features or 
secretory/excretory antigens [30]. These methods also 
lack the ability to read into the functional differences of 
parasites or detect antimicrobial treatment resistance 
mechanisms or differences in parasite zoonotic or non-
zoonotic potential. In addition, the morphological assess-
ment of parasitic eggs or cysts, in particular for Giardia, 
often cannot be identified or differentiated by ZCF in a 
general practitioner setting [31]. Similarly, biological 
structures such as pollen grains, plant and yeast cells, or 
fungal elements may be misidentified as parasitic struc-
tures by fecal centrifugal flotation techniques [32], while 
variations in egg size due to sample age, temperature, 
humidity, and even anthelmintic therapy can make accu-
rate fecal microscopy more difficult [33, 34]. These fac-
tors can lead to a relative lack of specificity, which may 
impact the overall sensitivity of fecal ZCF.

In molecular diagnostics, Sanger sequencing can be 
used to confirm the presence or absence of parasites 
when conventional tests are negative. This provides an 
agile platform for sample characterization and subse-
quent assay optimization. In our study, these protocols 
were implemented to confirm discordant roundworm-
detected samples, hookworm resistance marker-detected 
samples, as well as the Giardia strains with zoonotic 
potential. Further confirmatory testing was performed for 
a selection of hookworm samples, 12 whipworm samples, 
and two of the 36 Cystoisospora samples. Additionally, 
of the 134 qPCR-detected Giardia duodenalis samples 
which were ZCF negative, we selected six samples, all of 
which were confirmed by qPCR as G. duodenalis. Based 
on the unique ability to prove the existence of nucleic 
acid for particular parasites by Sanger sequencing using 
outside primers, the specificity of molecular tests can be 
adjusted in most qPCR applications to approach 99%, as 
described in our work.

Fecal qPCR, like all biological tests, is not perfect, and 
potential for false positives and negatives remains. In our 
study we observed a low frequency of discordant results, 
some of which represented ZCF-positive but qPCR-
undetected samples. The example in this study relates to 
those roundworm samples where Toxocara was identified 
by ZCF but undetected by qPCR. One explanation relates 
to the potential subjectivity of microscopy and its poten-
tial for misidentification of plant, yeast, or fungal material 
as GI parasite structures. However, another explana-
tion, and as shown with our novel roundworm species 

findings, morphologically clearly identifiable Toxocara 
eggs can be observed with fecal ZCF but are reported 
undetected by molecular methods. As in this study, the 
phenomenon can be secondary to the existence of novel 
parasite genotypes which are not detected by fecal qPCR 
because of mismatches on the primers and/or probes of 
a given qPCR test. Characterization of new genotypes, 
therefore, is of great use in molecular diagnostics to min-
imize false-negative results and further elevate molecular 
diagnostics to the reference method status. In our study, 
nine of the 16 ZCF-positive roundworms were confirmed 
as T. cati with unique sequence variations rendering the 
qPCR test undetected. Updating the qPCR primers, and 
if necessary hydrolysis probe sequences, to include those 
novel strains into the roundworm specificity definition is 
a necessary and elegant way to expand the performance 
of the Toxocara spp. qPCR. Existence of distinct species-
adapted genotypes as a result of biological adaption to 
their respective host has been described for other para-
sites, such as the separation of the tapeworm Dipylidium 
caninum into a feline and a canine genotype [35].

Limitations of this study include those inherent to ret-
rospective study design including a lack of clinical data 
regarding presenting signs, medication history, reason 
for submission, etc. Given the time of year and region 
where the samples were collected, it is likely that the par-
asite detection frequency results should not be extrapo-
lated or interpreted as representative of prevalence as 
that was outside the scope of this study. For example, the 
age, region, and season could have biased this population 
toward a greater number of roundworm infections as 
has been described previously in North America [1, 36]. 
Another limitation of this study is the lack of correspond-
ing double-centrifugation results for this collection of 
samples to provide a reference method for comparison. 
While ideal, double centrifugation is not representative 
of intestinal parasite screening for veterinary patients 
from a commercial laboratory, and the authors of this 
study opted instead to compare two tests readily available 
to most clinicians. Future studies would be necessary to 
compare qPCR and double centrifugation using different 
specific gravities of sugar and salt solutions to determine 
their diagnostic concordance.

As mentioned above, roundworms comprised the 
largest proportion of parasite-detected samples. This 
provided the opportunity to investigate the presence of 
previously unknown roundworm nucleotide regions and 
variants. Diligence in the selection of nucleotide regions 
for the design of qPCR tests is of upmost importance. 
This is shown in our work through the roundworm exam-
ple, where unknown genotypes or subtypes of particular 
nematode species can impact the sensitivity of molecu-
lar methods. However, due to molecular advancements 
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in identifying previously unknown nucleotide sequences 
through conventional Sanger sequencing or any of the 
newer deep sequencing technologies, qPCR tests can be 
evolved and improved to detect novel sequence varia-
tions. As evidenced with the updated roundworm qPCR 
test, a diagnostic sensitivity of > 99% can be achieved 
when sequence mismatches on primers and probes are 
eliminated. This allows the detection of strains of clinical 
veterinary relevance with the highest analytical and diag-
nostic accuracy. Furthermore, using outside sequencing 
primers can not only discover new parasite genotypes 
but also confirm discrepant positive qPCR results. Addi-
tionally, the species-specific identification of T. cati in 
dogs likely indicates GI parasite passage, rather than true 
infection, and type of finding provides valuable infor-
mation for the practitioner. Taken together, new genetic 
information can be used to further innovate and fine-
tune molecular tests to detect previously undetected gen-
otypes and is a key aspect of bringing molecular testing 
to the forefront of endoparasite surveillance and wellness 
screening in veterinary medicine.

Conclusions
Molecular diagnostics using fecal qPCR testing are poised 
to claim reference method status due to their superior 
diagnostic performance in detection of GI parasites. Cen-
trifugal fecal flotation methods can provide high-quaility, 
affordable, and fast results, particularly when performed 
by highly trained personnel in a reference laboratory set-
ting. However, ZCF is limited in ability to detect paras-
tites with unstable or difficult to recognize morphological 
structures. Furthermore, fecal microscopy cannot deter-
mine the presence of anthelmintic drug resistance or the 
presence of particular zoonotic markers. The diagnostic 
performance calculations described in our work provide 
evidence to support that molecular tests for GI parasites 
have superior performance compared to conventional 
ZCF. Affordable, rapid, and commercially available 
molecular methods (qPCR) of fecal GI parasite detection 
have the potential to improve veterinary patient care and 
outcomes and offer the possibility to become the tests of 
choice for GI parasite wellness screening and One Health 
surveillance and to follow antimicrobial stewardship 
guidelines.
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