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Since the EU ban on battery cages, many studies have listed Ascaridia galli and Heterakis gallinarum as the most
common roundworms in the European laying hen population. A complicating factor is that the eggs of these
parasites are almost identical. Thus, lack of molecular diagnostic approaches has driven epidemiological studies
to take on necropsy for species discrimination, which is labor and cost intensive. Here, we describe a novel

Poult: . . . . . e .

Parasli'i,es diagnostic tool based on droplet digital PCR for simultaneous identification and absolute quantification of the
Diagnostic eggs of both of these ascarids in chickens’ droppings using two different genus-specific primer-probe sets tar-
Prevalence geting the second internal transcribed spacer region (ITS-2) in the nuclear ribosomal (rRNA) gene array. No

cross-reaction was observed when different combinations of DNA and species-specific primers and probes were
tested. The lowest obtained frequency threshold for the detection of H. gallinarum in the presence of a constant
A. galli DNA concentration was determined to be 0.8 %. After validation, we used the assay to analyze field
samples collected from several Swedish laying hen farms. Out of 134 samples, 86 (64 %) were positive for A. galli
while 11 (8.3 %) samples were positive for H. gallinarum. These samples were initially analyzed with flotation
technique for detection of ascarid eggs. The results of the Cohen’s kappa indicated substantial agreement (85.8
%) between the two tests. In conclusion, we have validated a novel molecular-based diagnostic tool for quan-
tification and differentiation between intestinal parasites of major importance in chickens with high precision.
Although this study focuses on identification of parasites of laying hens, the findings may well have a bearing on
all types of chicken production systems. The present study lays the groundwork for future research into epide-
miology of these two important chicken parasite species.

1. Introduction fecal-orally transmitted parasitic roundworms such as Ascaridia galli and

Heterakis gallinarum has greatly increased in laying hens (Permin et al.,

Due to the implementation of the EU ban on conventional battery
cages in 2012, egg producers have since adopted new husbandry systems
such as furnished cages, barn production and free-range (outdoor and
organic). Non-caged housing has been implemented by almost 92 % of
the current Swedish laying hen farms (Oberg, 2020). In barns and on
free-range farms, unlike the cage systems, hens are in contact with their
droppings. This facilitates transmission of intestinal endoparasites,
which are transmitted via stages excreted with the birds’ feces and
disseminated in the animals’ environment. As a result, prevalence of
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1999; Jansson et al., 2010; Kaufmann et al., 2011; Sherwin et al., 2013).
Roundworms are also occasionally a problem among other types of
chickens (Permin et al., 1999). While most endoparasite-related
research in laying hens in Sweden has been dedicated to study A. galli,
no detailed investigation into the occurrence of H. gallinarum has been
undertaken. A major reason for this is that validated diagnostic tools
that can distinguish between roundworm eggs in poultry droppings are
essentially missing.

Most often roundworm infections in poultry are subclinical and go
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unnoticed. At the same time manifestation of severe infections especially
with A. galli in laying has been associated with reduced welfare and
health leading to economically important egg production losses (Gauly
et al., 2007; Sharma et al., 2019; Stehr et al., 2019; Tarbiat et al., 2020).
To prevent the adverse effects of the parasitic diseases on host perfor-
mance and wellbeing, anthelmintics are today essential for worm con-
trol in laying hens. Since their approval for use in poultry in Sweden in
2005 sales of benzimidazoles for this sector increased by 2500 % in the
year 2019 (Fag, 2006; Jordbruksverket, 2019).

It is important to distinguish between the two species for several
reasons. Firstly, it provides a clearer picture over the infection dynamics
and epidemiology of the two parasites (better parasitological screening).
H. gallinarum is substantially smaller than A. galli and produces fewer
eggs (Das et al., 2014; Wongrak et al., 2015), therefore, in dual-infection
scenarios A. galli eggs encompass majority of the excreted parasite eggs.
Identifying few H. gallinarum eggs in a crowed of A. galli eggs would be of
a high value for screening purposes. Secondly, identification of the
species present at the right time not only helps taking proper actions (e.
g. optimal use of anthelmintics) in the event of infestation but also helps
anticipate complications with a protozoan parasite Histomonas melea-
gridis (causative agent of histomonosis, resulting in up to 20 % mortality
with high morbidity) (McDougald, 2005). Due to the absence of
approved drugs against histomonosis in EU, the control of the afore-
mentioned species primarily relies on managing the infection with
H. gallinarum levels in the flock, using anthelminthics to reduce the
exposure of hens to the cecal worms acting as a vector for the
disease-causing protozoan (McDougald, 1998).

Differentiation between the parasite species is often based on the size
and morphology of the species in question (including adults and free-
living stages of the parasites e.g., larvae or eggs) and their predilec-
tion sites in the host. Distinction between these two nematodes through
necropsy (an invasive method) is easy as A. galli worms are substantially
larger and unlike H. gallinarum (which inhabits the cecal lumen), they
are mainly located in the lumen of the small intestine (Luna-Olivares
et al,, 2012). However, there are ethical boundaries of sacrificing
healthy animals for diagnostic purposes. On the other hand using cop-
romicroscopic detection methods such as the flotation technique to
differentiate A. galli from H. gallinarum, due to morphological similar-
ities of the eggs of the two species, requires professional skills and
trained personnel. Since parasite eggs differentiation through traditional
methods is subject to error, and performing necropsy on a large scale (e.
g., in epidemiological studies) is both cost and labor intensive, there is a
need for novel molecular assays as more precise non-invasive
alternatives.

Droplet Digital™ PCR (ddPCR) is a technology for absolute quanti-
fication of amplicon DNA without the use of standard curves. The ddPCR
approach is based on the generation of thousands of nanoliter sized
droplets from a single genomic DNA sample and the subsequent primer
and probe pair mediated, simultaneous PCR amplification and quanti-
fication of short amplicon regions (Hindson et al., 2011). Once, the
presence or absence of the target amplicon is measured, the concen-
tration (copy numbers of target amplicon per pL), as well as 95 % con-
fidence intervals are calculated using the integrated Poisson statistics
module (www.bio-rad.com/webroot/web/pdf/lsr/literature/Bulleti
n_6407.pdf). Because no comparative standards are required for DNA
quantification of unknown samples, ddPCR has a significant potential to
be used in the diagnostic settings (Huggett et al., 2013).

Low intraspecific variation in the second internal transcribed spacer
(ITS-2) of the ribosomal DNA gene array (Hoste et al., 1993; Campbell
etal., 1995; Gasser and Monti, 1997) makes this region a good candidate
to be used in the development of robust and sensitive molecular diag-
nostic tools for a variety of parasites of veterinary importance. So far,
this approach has been developed mainly for gastrointestinal nematodes
of ruminants (Elmahalawy et al., 2018; Baltrusis et al., 2019).

The aim of this study was to investigate the use of the ITS-2 region in
developing a novel methodology to facilitate the detection and
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identification of A. galli and H. gallinarum, the two most common
gastrointestinal parasites found in chickens, using species specific
primer-probe sets in a single ddPCR assay.

2. Materials and methods
2.1. Parasite worm collection for DNA extraction

DNA used in this study was obtained from adult worms collected for
a previous project. Approval was obtained from The Swedish Ethical
Committee for Scientific Experiments (5.2.18—01658,/2020).

Five naturally infected chickens were obtained from two commercial
farms where mixed infections with A. galli and H. gallinarum were
confirmed by onsite veterinarians. Chickens were sacrificed and trans-
ferred with cooling pads to our laboratory at the Swedish university of
agricultural sciences. Upon arrival, small intestines and cecae were
removed, cut open longitudinally and their contents were washed
through 1.4 mm and 150 pL sieve with tap water. Adult worms were
collected and stored individually at -20 °C in 4.5 mL cryotubes (Ther-
moFisher) before DNA extraction.

2.2. Fecal sample collection

Anonymized frozen fecal samples from commercial laying hens
flocks in Sweden were obtained from the National Veterinary Institute
(SVA). These samples originated from the national monitoring program
for roundworm infections in layers initiated by the Association of Egg
Producers in Sweden (https://www.svenskaagg.se/?p = 19,790&m=).
The samples which initially analyzed with the flotation technique at SVA
were collected from 79 laying hen farms across the country between
August 2019 and March 2020. Permission to use anonymized samples
were obtained from SVA.

2.3. DNA extraction

2.3.1. Adult worms

Parasite genomic DNA was extracted from the anterior part of the
collected adult worms (to avoid materials from parasite eggs in females)
using a DNA purification kit (NucleoSpin® Tissue, Macherey-Nagel)
according to the manufacturer’s protocol and stored until further use
at —20 °C.

2.3.2. Parasite eggs in feces

To obtain a good fecal matter consistency for the best pipetting
experience during DNA extraction, a small pilot study was conducted, in
which 20 g feces was mixed with tap water at 1:14, 1:4 and 1:2 ratios in
50 mL Falcon tubes. The best consistency of the fecal slurry was obtained
by mixing feces and water with 1:2 ratio (data not presented). DNA
extraction was then performed in accordance with the protocol of the
NucleoSpin® DNA Stool kit using 220 pL of the slurries. This includes a
single bead beating step using a universal tissue homogenizer (Precellys
Evolution, Bertin Technologies) to facilitate egg disruption.

2.4. Primer/probe development for droplet digital PCR

Primers and probes for A. galli and H. gallinarum were designed using
Primer3 [www.ncbi.nlm.nih.gov/pmec/articles/PMC3424584/] using
sequences retrieved from NCBI Genbank. To ensure probe species
specificity, each of the probes were placed in less variable regions of the
ITS-2 for each nematode but where there were differences between the
two genera. Primers and probes were synthesized and purified using
HPLC by Integrated DNA Technologies (Leuven, Belgium). To each
probe, a fluorescent dye was added to the 5’ end and an Iowa Black®
Dark Quencher was added to the 3’ end (Table 1).
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Table 1
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Droplet digital PCR primer and probe sequences with respective modifications for Ascaridia galli and Heterakis gallinarum.

Primer name 5’ Modification

Primer sequence

3’ Modification Fragment length (bp)

A. galli Forward ACTGCTTGATTGCTATTGCC 253
A. galli Reverse ATACAGCCACTTTTATGCTCC

A. galli Probe /SHEX/ TCGCTTGTTTAGTGGCACAT /3IABKFQ/

H. gallinarum_Forward ACTGCTGCTCATTCATTGC 310
H. gallinarum_Reverse CGCGTATGGTATTGAATCGTC

H. gallinarum_Probe /56-FAM/ TGAGTTTGCATAACAGCCCA /3IABKFQ/

2.5. ddPCR conditions

The ddPCR experiments were performed (Applied Biosystems 2720
Thermal Cycler) under the following conditions: a single reaction (22 pL
reaction volume) containing 11 pL of 2x ddPCR Supermix for Probes (no
dUTP, Bio-Rad), 1.1 pL of each 20x stock solution for H. gallinarum
primers/probe (FAM™) and A. galli primers/probe (HEX™), 1 uL. DNA
and varying amounts of Nuclease-Free Water depending on experi-
mental setups. Approximately 20,000 uniform nanoliter-sized droplets
were generated using the automatic droplet generator (AutoDG Instru-
ment) prior to the amplification. The parameters for the amplification
steps consisted of 95 °C for 10 min followed by 40 cycles of 94 °C for 30
s, 62 °C for 1 min (annealing step), followed by an additional 10 min at
98 °C. The temperature for the annealing step was chosen, according to
the results of the gradient PCR (data not shown). The detailed process of
running the samples using ddPCR technology was described previously
(Baltrusis et al. 2018). QuantaSoft™ software (version 1.7.4.0917) was
used to assign positive/negative droplets and the fractional abundance
(FA) value. Thresholds were manually adjusted in order to separate
droplet clusters (Channel 1 (FAM™ dye) — 4000 AU and channel 2
(HEX™ dye) - 1500 AU).

2.6. Evaluation of the ddPCR assay

2.6.1. DNA samples

To evaluate the specificity and the sensitivity of our ddPCR protocol,
we set up three experiments (Expl—3). In Expl we aimed to investigate
whether or not any cross-reactivity between the two species occurs when
different combination of species-specific primer/probe sets (pps), and
DNA is used, as shown in Table 2. In Exp2 we aimed to test the limits to
which diluted DNA of H. gallinarum can be detected in the presence of a
constant background concentration of A. galli (determine the limit of
detection). Sample reactions consisted of a constant A. galli-DNA con-
centration and a dilution series (1:50, 1:100, 1:400, 1:800, 1:1000,
1:5000, 1:10000, 1:15000) of Heterakis-DNA. In Exp3, A. galli and
Heterakis-DNA and their specific primers/probe sets were mixed at
different ratios, as follows: 1:0, 1:3, 1:1, 3:1 and 0:1.

Table 2

Different combinations of Ascaridia galli and Heterakis gallinarum species-specific
primers/probes (pp) with the target DNA in separate reactions to determine the
pp specificity and lack of cross-reactivities in experiment 1. Thresholds were
manually adjusted in order to separate droplet clusters (H. gallinarum: Channel 1
(FAM™ dye) — 4000 AU and A. galli: channel 2 (HEX™ dye) - 1500 AU).

Reaction A. galli DNA H. gallinarum DNA A. galli pp H. gallinarum pp

1 * _ * _
2 * _ _ *
3 * _ * *
4 - + , N
5 _ * * _
6 _ * * *
7 * * _
8 * * _ *
9 * * * *

2.6.2. Fecal samples

In total 134 fecal samples from 79 farms were analyzed. Participating
farms had submitted four sub-samples (collected from different places in
each flock) which were coded upon arrival at SVA and then mixed and
analyzed as one pool with a flotation technique based on 3 g of feces and
saturated sugar-salt solution (density: 1.28 g/mL). The results of the SVA
analysis were presented in a semiquantitative manner according to a
subjective scale. The remaining of the pooled samples were then sent
(frozen) to SLU. Upon arrival, the samples were first thawed, then mixed
with tap water at 1:2 ratio and analyzed with the validated ddPCR
protocol as outlined above.

2.6.3. Statistical analysis

To measure the agreement between flotation technique performed at
SVA and our ddPCR assay we used The Cohen’s kappa: k = £2=2¢ where
Do is the relative observed agreement among raters, and pe is the hy-
pothetical probability of chance agreement (https://idostatistics.
com/cohen-kappa-free-calculator/#risultati). To interpret the results
we referred to the guidelines provided by Landis and Koch (1977). In
Exp. 3, the Pearson correlation coefficient was calculated using an on-
line tool (https://www.socscistatistics.com/tests/pearson/).

3. Results
3.1. Exp.1

The specificities of the pps for the two parasites were evaluated in
this experiment. No cross-reaction was observed when different com-
binations of DNA and parasite-specific pps were evaluated in duplex PCR
reactions containing both primer-probe sets (Fig.1).

3.2. Exp. 2

The capacity of our ddPCR assay to detect small amount of
H. gallinarum amplicon DNA was validated by running mixed DNA
samples containing constant A. galli concentrations generating on
average 242 DNA-copies, and a gradient of diluted H. gallinarum
genomic DNA. The lowest obtained frequency threshold for the detec-
tion of H. gallinarum in this experiment was determined to be 0.8 %
(Fig. 2).

3.3. Exp. 3

In Exp3, when the DNA belonging to the two species was mixed at
various, pre-determined ratios, the obtained fractional abundance
measurements were perfectly correlated with the initial ratios
(R? = 0.9) (Fig. 3).

3.4. Exp. 4

Both primer-probe sets were first validated in Exp 1—3. Out of 134
samples, 76 (56 %) were only positive for A. galli, 1 (0.7 %) sample was
only positive for H. gallinarum and 10 samples (7.4 %) were positive for
both parasites. An overview of the results of the flotation method per-
formed at SVA and the ddPCR is presented in Table 3. The results of the
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Fig. 1. Cross reactivities between the two species were tested by mixing Ascaridia galli (A) and Heterakis gallinarum (H) DNA and species-specific primer/probe sets
(PRM) in nine reactions. Green squares indicate HEX (A-PRIM) and blue triangles indicate FAM (H-PRIM). Lack of observation is indicated by red X.
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Fig. 2. Limit of detection assay for the determination of the lowest detectable fractional abundances of Heterakis gallinarum DNA in mixed samples. The H. gallinarum
DNA were diluted (to 2%, 1%, 0.2 %, 0.12 %, 0.1 %, 0.02 %, 0.01 and 0.006 % of their initial volume) and mixed with a constant concentration of the A. galli DNA.
Blue filled triangles correspond to the copy number of H. gallinarum DNA molecules and green filled squares to the copy number values for A. galli DNA.

Cohen’s kappa indicated substantial agreement of 85.8 % (Cohen’s k:
0.696).

4. Discussion

Recent advancement in molecular techniques has opened up op-
portunities to develop novel parasitological diagnostic tools, which are
more sensitive and specific compared with conventional diagnostic ap-
proaches (e.g., the flotation method). An example of such techniques is
droplet digital PCR - a quantitative PCR-method based on water-oil
emulsion droplet technology. A major advantage of ddPCR over other
PCR based tests is the possibility to analyze the samples on a semi-
automatized platform, without the need for standard curves (Hindson
et al.,, 2011). Furthermore, ddPCR provides highly precise measure-
ments of target DNA, improved accuracy in the presence of inhibitors,
and overall simplified procedures with reduced variability. Combined,
this makes ddPCR stand out from other similar technologies, such as

gPCR (Yang et al., 2014; Kuypers and Jerome, 2017).

Like other domestic livestock, chickens can simultaneously be
infected with multiple parasite species (Kaufmann et al., 2011). Among
the nematodes with the highest prevalence in chickens are A. galli and
H. gallinarum (Sherwin et al., 2013). Morphologically similar free-living
stages of these two parasites makes it challenging to differentiate be-
tween the two when necropsy is not the preferred option. Polymerase
chain reaction-based methods have advantages in overcoming misdi-
agnosis, in that they allow for the specific detection of parasitic DNA
rather than microscopical examination, provided the appropriate DNA
target sequence is employed. The ITS-2 is known to be more conserved
than ITS-1, yet it has a reasonably high degree of variation even between
closely related species (Schultz et al., 2005). Like multiplex qPCR,
ddPCR has the capacity to run multiple probes per single reaction, which
makes it a good candidate to be used in differential diagnosis. This is not
the first time that the ddPCR technology has been applied in a diagnostic
context concerning parasites of veterinary and medical interest. The
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dilution pattern. Blue filled triangles correspond to the copy number of H. gallinarum DNA in the initial sample, while green filled squares correspond to the copy
number of A. galli DNA. Values displayed in orange represent the FA index for H. gallinarum DNA copy number.

Table 3

An overview of the results of the ddPCR and the flotation technique. The ddPCR results are based on the detection of Ascaridia galli and Heterakis gallinarum DNA and
presented as +/- samples for respective species. Results of the flotation technique is presented only as roundworm +/- due to the lack of specificity of the test to
differentiate between the two species. Lack of observation for respective test is indicated with an asterisk.

Test Results

Roundworm + Roundworm - A. galli + H. gallinarum + A. galli - H. gallinarum -
Flotation 82 52 * * * *
ddPCR 87 47 86 11 48 123

technique has been validated and used for detection of parasitic species
in a wide range of animals such as cattle (Baltrusis et al., 2019) sheep
(Elmahalawy et al., 2018), hamsters (Wilson et al., 2015), and human
(Koepfli et al., 2016; Weerakoon et al., 2017). Herein we have adopted
the ddPCR technique, and for the first time, developed a validated assay
that with high precision can detect and simultaneously differentiate
between A. galli and H. gallinarum, which today are key intestinal
nematodes of chickens due to the European-wide ban of conventional
battery cages (https://eur-lex.europa.eu/eli/dir/1999/74/0j).

Our results show that the ddPCR method allows absolute quantifi-
cation of both A. galli and H. gallinarum DNA extracted from adult worms
in the same sample. No cross-reactivity was observed when the specific
pps were used in the same reaction on DNA extracted from each of the
two species. The approach used in this investigation is similar to those
used by other researchers to distinguish between common gastrointes-
tinal nematodes of sheep (Elmahalawy et al., 2018) and cattle (Baltrusis
et al.,, 2019) based on the differences in the ITS-2 region of the
small-subunit DNA gene array. It is worth mentioning that unlike
parasite species of grazing livestock, there are limited numbers of ITS
sequences available for A. galli and H. gallinarum (18 and 33 for A. galli
and H. gallinarum as opposed to 441 for example for Haemonchus con-
tortus). Nevertheless, by using the BLAST™ function on NCBI website,
we verified that our specific pps were species-specific, in terms of the
most important nematodes found in chickens.

There was a gradual decrease in copy numbers for H. gallinarum
corresponding to the serial dilutions of the worm DNA. The lowest
detection level in our experiment was estimated as 0.8 % provided
robust FA value for the detection of H. gallinarum in the presence of
A. galli, suggesting that detection of H. gallinarum which due to its nature
produces a smaller number of eggs, is possible not only in samples from a
single host but also in pooled samples from either a single flock or
multiple flocks. Although it is not customary to keep turkeys and
chickens in a close vicinity, producers of free-range and game birds and

owner of hobby flocks often violate this rule. In a farm with a history of
histomonosis, early detection and treatment of H. gallinarum on a flock
can potentially reduce the risk that infection spreads to other flocks or
compartments of the same farm.

Data from Exp. 2 was reasonably predictive and ranged between
0.3-2.1 % deviation from predicted values. This finding broadly sup-
ports the work of other studies in this area demonstrating accurate
identification of FA values using ITS-2 in Teladorsagia circumcincta and
H. contortus (Elmahalawy et al., 2018; Baltrusis et al., 2019).

Annual routine diagnostic necropsy results from commercial laying
hens at SVA (Desiree Jansson, personal communication) indicates that
the prevalence of H. gallinarum is not as high in Sweden as it seems to be
in other EU member states (Sherwin et al., 2013; Thapa et al., 2015;
Wauthijaree et al., 2017). However, no systematic nationwide investi-
gation has been conducted to estimate the occurrence of H. gallinarum in
Sweden. As we have demonstrated here, even though there was a sub-
stantial agreement between ddPCR and the flotation technique which
indeed seems to be a sensitive method, the number of flocks with mono-
or dual infection with H. gallinarum was underestimated by cop-
romicroscopy as they could only be categorized as ascarid positive.
Another example of the limitation pertaining to the interpretation of the
results of the copromicroscopy can be found in the work of Sherwin et al.
(2013), where the author presented the prevalence (%) of ascarid spe-
cies determined by egg per gram feces (EPG) and stated that the ascarid
species was presumably primarily A. galli. Previous research has found
that low levels of A. galli infection are not economically important
(Sharma et al., 2018). If finding parasite eggs in coprological in-
vestigations is the criterion to justify anthelmintic use, accurately
identifying the species present and the degree of infection is critical
under those circumstances. Further research is needed to investigate the
impact of high and low level of H. gallinarum infection on performance of
laying hens.

Another advantage of choosing molecular techniques over the
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conventional methods is that ddPCR can be theoretically run on any
sample irrespective of its quality or storage condition provided that the
target DNA is intact. By contrast, accuracy of the outcome of the fecal
egg count (FEC) (flotation or McMaster methods) relies primarily on
freshness of the fecal material and requires intact (viable) parasite eggs.
Storage of the samples in suboptimal conditions has been shown to alter
the viability of A. galli eggs (Tarbiat et al., 2015, 2018) and therefore
negatively affect the FEC results. Fungal growth can as well damage
parasite egg-shell structures, reduce their vitality and therefore,
decrease the FEC (Thapa et al., 2017).

By using the ddPCR assay, we achieved a 6% higher detection rate
compared with the flotation method. This finding is consistent with that
of Hoglund et al. (2019) who reported higher detection of H. contortus
using ddPCR (75 %) compared with microscopy approach (56 %) in
Swedish sheep herds. Similar observation has been reported by Sweeny
et al. (2011) when the authors identified strongylid eggs using a PCR
assay in comparison with McMaster. Readers should bear in mind that
the tissue-dwelling stages of A. galli and H. gallinarum do not produce
eggs and are not easily accessible by necropsy, therefore, they are not
detectable by either conventional diagnostic tools or molecular
methods. The lack of total agreement between the coprological methods
and the ddPCR can be partly explained by the fact that the two methods
require different preparation procedures to isolate parasite eggs. An
important stage in the preparation of the fecal samples prior to the
quantitative measurement of parasite eggs is the homogenization of the
fecal material. As mentioned earlier, inferior detection level of flotation
method could also be due to the presence of damaged or non-viable
parasite eggs in the samples. On the other hand, ddPCR is cable of
detecting minute amount of the target DNA in the sample. This increases
the possibility of detecting non-viable eggs or possibly worm DNA in
feces.

Since the results of the flotation method was provided as categorical
data, it was not possible to assess the correlation between the number of
parasite eggs or worm burden with the DNA copy numbers detected in
our ddPCR assay. However, Elmahalawy et al. (2018) reported a positive
highly significant correlation between fecal egg count reduction test
data and reductions based on universal DNA concentration measured by
ddPCR in samples collected from sheep herds infected with H. contortus.
Further research could usefully explore whether ddPCR can be used to
estimate the worm burden or infection pressure based on DNA copy
numbers in fecal materials of chickens since both necropsy and cop-
romicroscopy are readily available for use in chickens.

While molecular diagnostic assays are routinely applied in research
settings, to our knowledge, they are seldom used in mass screening
programs. As no standard curve is needed, ddPCR allows for direct
comparison of parasite infection measured in different laboratories.
Moreover, variation in quantification between technical replicates has
been shown to be low (Koepfli et al., 2016; Elmahalawy et al., 2018).
The findings of this investigation complement those of earlier studies
and suggest that more accurate diagnostics can be achieved through
application of ddPCR technology in chickens and at farm level.

5. Conclusion

The present study establishes a quantitative framework for detecting
and differentiating intestinal nematodes of major importance in
chickens. This approach will prove useful in expanding our under-
standing of the prevalence and the distribution of A. galli and
H. gallinarum on commercial laying hen farms. Future research needs to
examine more closely the links between parasite-DNA copy numbers
and worm burden. This technique has the potential to be used in the
monitoring of the infection level in commercial chicken flocks which in
turn can regulate anthelmintic treatment and reduce unnecessary
anthelmintic use.
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