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Abstract – Digital droplet PCR (ddPCR) is an emerging and affordable method already applied to different
fields and can now be used to enhance the detection of new species using DNA samples. It could be
particularly useful for detecting prey DNA in stomach content or faeces of predators, which is often
challenging using traditional methods. Here, we develop a ddPCR assay to detect predation events of a
native endangered fish species, the European eel (Anguilla anguilla) from stomach content of an invasive
predator, the catfish (Silurus glanis). We demonstrated that this technique presents a very high sensitivity
(limit of detection of eel DNA in vitro: 1.5 * 10�3 ng/mL), a good linearity and reproducibility. Then, ddPCR
allowed us to identify the presence of eel DNA in the stomach contents of 7 catfish out of the 32 catfish
specimens we analyzed, whereas the traditional morphological identification approach detected only one
predation event. This method could contribute to a more precise understanding of trophic interactions
between prey and predators.
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1 Introduction

Introduced predators often have a significant impact on
native ecosystems, as they can disrupt natural food chains
(Strayer, 2010) and cause declines in populations of native
species (Dueñas et al., 2021; Oberdorff, 2022). In many cases,
these predators have been introduced to an ecosystem
where they have no natural predators or competitors, allowing
them to thrive and consume native species at alarming
rates. For example, the European catfish preys on Sea
lamprey (Petromyzon marinus) in South-West France
(Boulêtreau et al., 2020), or the Burmese python (Python
molurus bivittatus) poses a threat to several mammal species in
the Everglades (Dorcas et al., 2012). This can lead to declines
in populations of native species, which may already be under
the pressure of other factors such as habitat loss, disease, or
climate change (Sala et al., 2000; Harley, 2011; Simberloff
et al., 2013; Bellard et al., 2016; Lenzner et al., 2019). Overall,
measuring the predation rate of invasive species on native
species is a challenging but essential task, and the development
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of efficient tools to aid in this effort is crucial for effective
conservation management.

Traditional methods of monitoring predator-prey inter-
actions, such as analysis of stomach contents has been largely
used for identifying prey in the diet of predators. However, this
method has limitations (Petta et al., 2020) as it relies on
morphological identification of prey remains, which can be
prone to errors. Another useful tool is the use of camera traps,
which can capture videos of predators in action and provide
data on their behavior and interactions with prey species
(Wagnon and Serfass 2017; Boulêtreau et al., 2018; Windell
et al., 2019). However, it can be difficult to observe and record
all instances of predation, as predators often hunt under cover
of darkness or in remote locations. Radio telemetry can be also
used to track the movements of predators and their prey
(Berejikian et al., 2016; Boulêtreau et al., 2020), but it is time-
consuming and requires a great deal of effort to obtain
meaningful data. Therefore, it is important to explore
alternative methods and new technologies to improve the
efficiency of measuring predator-prey interactions in natural
systems.

Recent advances in molecular techniques have allowed for
the detection of prey species in the diets of predators
(Symondson, 2002; Blanchet, 2012). These methods rely on
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the extraction of DNA from predator gut contents followed by
PCR amplification. One such technique is metabarcoding,
which uses high-throughput sequencing of DNA fragments to
simultaneously identify multiple prey species within a single
gut sample. This method has proven to be highly efficient and
effective in detecting diverse prey communities (Corse et al.,
2019; de Sousa et al., 2019). Another emerging method is
droplet digital PCR (ddPCR), which allows for the absolute
quantification of target DNA sequences in a sample, making it
ideal for detecting rare or low abundance prey species in the
diet of a predator (Pinheiro et al., 2012). Moreover, this
method is cost-efficient, accessible, fast and with a straight-
forward implementation (Hou et al., 2023). Unlike stomach
content analysis, ddPCR relies on the detection of DNA from
prey items in predator faecal samples, which can provide a
more accurate measure of prey consumption as it allows the
detection of prey items that may be partially digested or not
visible in stomach contents.

The European eel (Anguilla anguilla) plays a significant
ecological and economic role in many aquatic ecosystems, but
its populations have declined significantly in recent decades
due to a range of factors, including overfishing, habitat loss,
pollution (Bevacqua et al., 2011), illegal international trade
(Stein et al., 2016), climate change, as well as predation by
large invasive fish. One of the main predators of eels is the
invasive European catfish (Silurus glanis) (Guillerault et al.,
2017), which could potentially have an impact on juvenile eel
populations in areas where they coexist (Bevacqua et al.,
2011), as catfish may profit from intense period of eel
migration to specifically target this resource. To monitor the
extent of eel predation by catfish, the use of a duplex ddPCR
assay may improve the detection of eel DNA in the diet of
catfish with a high degree of sensitivity, even in small and
partially digested amounts.

In this study, we performed a duplex ddPCR assay to
identify and quantify eel in the digestive tract of catfish and
validated the sensitivity, linearity, and reproducibility of
this method. Then, we compared its performance with the
traditional morphological analysis of the predator’s stomach
contents. By using this technique, we will gain a more
comprehensive understanding of the ecological dynamics
between these two species and this will help to develop
targeted management strategies for the conservation of
eels.

2 Methods

2.1 ddPCR assay
2.1.1 DNA extraction from fecal samples

We extracted DNA from each catfish fecal sample using
the DNeasy mericon food kit (QIAGEN) following
manufacturer’s instructions. After isolation, the DNA was
stored at �20 °C. Every DNA sample was analyzed by a
spectrophotometer (NanoDropTM One, Thermo Scientific)
after isolation to examine purity and by a fluoremeter
(InvitrogenTM QubitTM 4) to quantify DNA concentration.
We performed the DNA extraction in a separate room from the
PCR amplification. We also performed DNA extraction control
on pure water and PCR negative controls.
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2.1.2 Amplification with ddPCR

We amplified a 106 bp sequence from the mitochondrial
COI gene of A. anguilla using specific primers as described by
Jensen et al. (2018) and a 117 bp sequence from the
mitochondrial COI gene of S. glanis using specific primers as
described by Roy et al. (2018) (refer to Tab. 1 for details).
A. anguillaCOImitochondrial DNAwas co-amplified together
with S. glanis COI mitochondrial DNA to account for the
quantity of fecal and gut content used for extraction.
A. anguilla DNA was thus expressed as the ratio between
the number of A. anguilla DNA copies detected and the
number of S. glanis DNA copies detected in the sample (per
10,000 copies of catfish DNA). Following PCR, each droplet is
analyzed to determine the fraction of PCR-positive droplets in
the original sample. These data are then analyzed by the
software using Poisson statistics to determine the target DNA
template concentration (number of expected copies) in the
original sample.

We run ddPCRs with a BioRad QX200 Droplet Digital
PCR systemTM (Bio-Rad, Temse, Belgium). Each 22ml
ddPCR reaction mixture, prepared according to the
manufacturer’s instructions, consisted of 11ml of 1� Bio-
Rad ddPCR supermix for probes (no dUTP), 1.9mL each
primer (10mM), 0.5mL probe (10mM) and 2.4ml template.
ddPCR reaction was placed in a QX200 Droplet Generator
to generate approximately 20,000 droplets in which
independent PCR reactions occur. PCR was performed with
the following thermal conditions: 95 °C for 10min followed
by 40 cycles of 95 °C for 30 s and 60 °C for 1min; and 98 °C
for 10min and 4 °C for 30min. Optimal annealing
temperature (60 °C) was determined based on an initial
thermal gradient experiment testing temperatures from 54 to
64 °C. Droplets were then read on a QX200 droplet reader
(Bio-Rad). Each run included a positive control with
S. glanis and A. anguilla DNA and a negative control with
water instead of DNA. Each sample was tested in triplicate
(N=3). QuantaSoft software was used to count the PCR-
positive and PCR-negative droplets and to provide absolute
quantification of target DNA. The baseline threshold for
separating positive and negative droplets was manually chosen
per run, based on the distribution of the negative droplets from
the negative control wells. The quantification measurements of
each target were expressed as the copies number per 1microliter
of reaction. We considered a sample positive when all three
replicateswere positive (i.e., when therewas at least onedrop for
each three replicates). We calculated the average number of
DNA copies per replicate, which provides a more reliable
estimate of the number of DNA copies in each sample.
2.1.3 Detection limit of ddPCR (LOD) � Linearity �
Reproducibility

We performed 6-fold serial dilutions of a pure eel DNA
sample whose concentration is known. Starting with a
concentration of 1.5 ng/mL, sequential dilutions were per-
formed obtaining the following concentrations: 0.15,
1.5*10�2, 1.5*10�3, 1.5*10�4, 1.5*10�5 and 1.5*10�6 ng/mL.
To test for potential cross-reactions among primers, probe sets
and the targeted DNA (eel and catfish) in duplex ddPCR assay,
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Table 1. Specific ddPCR primers (F and R) and probe (P) used for Anguilla anguilla and Silurus glanis detection. Probes are 50-end modified
with a fluorescent dye, and equipped with a quencher-modification at the 30-end. Names, sequences (5'-> 3') and target fragment length (bp) are
indicated.

Target species Primer and probe name Sequence (5' �> 3') Lenght (bp)

Anguilla anguilla Angang_F10571 ATCTAGCAACGGACCCCTTA 106
Angang_R10676b TTGGTTGGTTCTAGCCGCA
Angang_P10595 FAM-ACACCACTACTAGTTTTATCTTGCT-BHQ1

Silurus glanis

284F GACTTCTCCCTCCTTCATTCCTG 117
400R AAGCACCTGCGTGGGCG
Pr324F HEX-CGGAGTCGAAGCGGGC-BHQ2
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we performed ddPCR on the serial dilution of Anguilla DNA
under three different conditions (i) “Singleplex ddPCR” with
only DNA and primers of A. anguilla (ii) “Singleplex-Duplex
ddPCR” with only A. anguilla primers/probe, but both
A. anguilla and S. glanis templates added (A. anguilla
DNA dilution were performed using S. glanis DNA solution
(10 ng/mL)asdiluent insteadofwater) and (iii)“DuplexddPCR”
with both A. anguilla and S. glanis primers/probe and both
A. anguilla and S. glanis templates added (A. anguilla DNA
dilution were performed using S. glanis DNA solution (10 ng/
mL) as diluent instead of water). The goal of these tests is to
simulate the coexistence of target DNA (eel) and non-target
DNA(catfish) in the gut content of thecatfish, and to testwhether
DNA coexistence can alter the performance and robustness of
the assay. Each ddPCR was performed in triplicate for each
dilution and condition.

The limit of detection (LOD) is the lowest concentration
dilution of DNA at which all three replicates were positive
(Hougs et al., 2017). Linearity is indicated by the coefficient of
determination (r2) of the linear regression between the log10 of
known DNA amounts and the log10 of the number of DNA
copies mL�1 quantified by ddPCR. To evaluate the reproduc-
ibility of the ddPCR assays, we performed triplicate experi-
ments and we measured the intra-assay coefficient of variation
(CV ¼ SD

Mean � 100).

2.2 Catfish sampling and stomach content analysis

Catfishes came from two localities: 24 from the Garonne
River (Southern France) and 8 from the Sélune River
(Western France). Individuals from the Garonne River were
sampled by professional anglers in Pauillac (GPS coor-
dinates: 45.2, �0.75) in January of 2020. The ones from the
Sélune river (approximate GPS coordinates: 48.58, �1.09)
were sampled in October of 2019 during an inventory
angling realized in the frame of the Sélune river ecological
restoration program. All of the catfish individuals were
directly frozen after their death. The size of individuals
ranged between 86 and 1236 cm. Guts were extracted from
defrozen catfishes and the fecal material from the guts were
scraped into individual 1.5 mL Eppendorf tubes using
sterilized instruments. The fecal contents were then stored
at �20 °C. Binocular magnifiers were used for the
morphological identification-based eels presence in the guts
contents of the catfish.
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3 Results

3.1 Detection limit of ddPCR (LOD) � Linearity �
Reproducibility

When performing ddPCR in Singleplex condition, the LOD
is improved as compared to ddPCR performed with only the
set of eel primers but two DNA templates (eel and catfish)
(Singleplex-Duplex condition) and to ddPCR performed with
both sets of primers and both DNA templates (Duplex
condition) (Tab. 2). Singleplex ddPCR conditions can detect
quantities that are ten times lower (1.5*10�4 ng/mL) than those
detected by the two other conditions (Singleplex-Duplex and
Duplex, 1.5*10�3 ng/mL for both conditions) (Tab. 2).
Moreover, the concentration of eel DNA estimated by ddPCR
is consistently higher in the Singleplex than in the two others
conditions (Tab. 2).

A linear regression model was used to compare log10 of
known DNA amounts against log10 of the number of DNA
copies mL�1 quantified. Droplets were saturating in samples
containing 15 ng of target DNA, making the Poisson algorithm
invalid and causing a loss of linearity. The Singleplex ddPCR
showed good linearity with r2 values of 0.996 (p < 0.001) in
the range of 1.5 ng to 0.15 pg, the Singleplex-Duplex ddPPCR
also maintained good linearity with r2 values of 0.998 (p <
0.001) in the range of 1.5 ng to 1.5 pg and the Duplex ddPCR
showed lower but also good linearity with r2 values of 0.971
(p < 0.001) in the range of 1.5 ng to 0.15 pg (Fig. 1).

The reproducibility of theDuplex ddPCR, measured by the
coefficient of variation (CV), showed a decreasing trend with
lower target concentrations, as indicated by higher coefficients
of variation (CV). The intra-assay CV (coefficient of variation)
was included in the range of 4.10–11.2 for DNA templates of
eels in the Singleplex ddPCR, while included in the range
of 1.91–49.5 for the Singleplex-Duplex ddPCR and in the range
of 3.06–44.41 for the Duplex ddPCR (Tab. 2).
3.2 Comparison with the morphological stomach
content identification

Among 32 samples, more samples (7) were detected as
positive by ddPCR than by stomach content identification (1)
(Tab. 3). Among the positive samples, 2 showed high levels of
detection (S8 and SEL1A) and 5 low levels of detection (S7,
S18; S20, S26 and S28) (Tab. 3).
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Table 2. Detection limit of A. anguilla (LOD) of droplet digital PCR (ddPCR) using 6 serial dilution for three different conditions a) Singleplex
ddPCR (eel's primers and eel's template) (ii) Singleplex�Duplex ddPCR (eel's primers and both A. anguilla and S. glanis templates) (iii)Duplex
ddPCR (eel's and catfish's primers and both A. anguilla and S. glanis templates). The LOD is indicated in bold for each condition. Mean copies/ml
(n= 3) and CV% between the three replicates CV ¼ SD

Mean � 100 are given for each dilution and each condition.

Eel DNA Singleplex Singleplex � Duplex Duplex

Concentration
(ng/mL)

Mean
copies/mL

Positive
replicate

CV% Mean
copies/mL

Positive
replicate

CV% Mean
copies/mL

Positive
replicate

CV%

1.5 3219 100% 5.01 2899 100% 3.52 2837 100% 3.06
0.15 441 100% 8.67 253 100% 2.53 256 100% 6.78
0.015 33.13 100% 4.10 15.96 100% 1.91 15.46 100% 13.21
0.0015 3.43 100% 8.90 0.07 100% 49.5 0.22 100% 44.41
0.00015 0.27 100% 11.2 0 0% – 0.02 33% –
0.000015 0 0% – 0 0% – 0 0% –
0.0000015 0 0% – 0 0% – 0 0% –
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4 Discussion

In this study, we aimed to detect and quantify eel DNA in
the gut contents of invasive European catfish. To achieve this,
we developed a specific droplet digital PCR (ddPCR) assay.
We demonstrated that this technique presents a very high
sensitivity (from 1.5*10�4 ng/mL to 1.5*10�3 ng/mL of DNA
detected according to the condition), a good linearity and
reproducibility. We also successfully detected eel DNA in the
gut contents of 7 juvenile catfish and found that this technique
was more efficient compared to traditional methods (eel DNA
detected in only one catfish individual).

We conducted sensitivity, linearity, and reproducibility
tests under three different conditions: (i) eel DNA with eel-
specific primers (Singleplex), (ii) eel DNA with eel-specific
primers combined with catfish DNA (Singleplex-Duplex), and
(iii) both DNAs with their respective primers (Duplex). These
experiments aimed to evaluate the performance and robustness
of the assay across various scenarios, simulating the
coexistence of target and non-target DNA in the gut contents
of the catfish. We demonstrated that the concentration of eel
DNA estimated by ddPCR is consistently lower when catfish
DNA is added to the reaction. Moreover, when adding catfish
DNA, the LOD performance is reduced (from 1.5*10�4 ng/mL
to 1.5*10�3 ng/mL). This observation highlights the potential
dilution effect caused by the presence of catfish DNA in a PCR
reaction sample, thereby making it more challenging for
primers to specifically bind to the target DNA, especially when
it is present in very small quantities. Also, the coexistence of
two different DNA templates can introduce interference
between them (Kanagawa, 2003), and the addition of catfish
primers and probes in ddPCRmay lead to resource competition
(nucleotides, enzymes...). Consequently, detecting and quanti-
fying eel DNA in the gut contents of catfish, where catfish
DNA is inevitably present in high quantities, can diminish
the efficiency of amplification. This, in turn, leads to a
decrease in the overall sensitivity of ddPCR for detecting low
quantities of eel DNA. Nevertheless, despite this reduction,
the detection sensitivity remains very high. Furthermore, the
linearity of the ddPCR assay exhibited a strong correlation
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between the input DNA concentration and the quantification
results, regardless of the three conditions, providing a
reliable measure of eel DNA abundance (r2 values always >
0.971).

The reproducibility of the ddPCR assay (measured by CV)
decreased with the low DNA concentrations, suggesting a
reduced precision of the absolute quantification at the lower
limit of the range. The CV remains below the acceptable level
of precision (>30%) for the Singleplex condition (Baker et al.,
2020). However, the CV for the other two conditions
(Singleplex-duplex and Duplex) exceeds the acceptable limit
(respectively 44.41% and 49.5%) for low DNA concentrations
(1.5*10�3 ng/mL). This observation highlights the need for
careful interpretation of eel DNA abundance results in catfish’s
diet when observed at very low concentrations. In routine
practice, we suggest adding more replicates to samples with
low DNA concentrations to reduce the impact of random
variations and improve the precision of the absolute
quantification results. Despite this limitation, the overall
performance of the ddPCR assay remained robust, providing
valuable insights into the presence of eel DNA in the diet of
invasive European catfish.

Afterwards, we evaluated the performance of eel detection
in the gut contents of catfish using ddPCR compared to
traditional morphological identification methods. Our results
clearly demonstrated that ddPCR outperformed conventional
morphological identification methods, providing a reliable and
efficient tool for studying the dietary habits of these predatory
fish species. Indeed, ddPCR enabled the detection and
quantification of DNA at a minimal concentration of
1.5*10�3 ng/mL, providing a level of precision that surpasses
traditional methods, which are limited to detecting the presence
orabsenceofDNA. Inaddition,whenapplyingddPCRoncatfish
guts contents, we detected 7 positive samples, even when the
levels of DNAwere low. Thismethodwasmuchmore precise in
detecting the presence of eels in catfish feces compared to
the morphological method, which detected only 1 positive
individual. This can be easily explained by the nature of the
material being detected and by the temporal aspect of the
predation. When eel remains, such as bones, were digested or
of 7



y = 0.9436x - 0.2655
r² = 0.996

0

1

2

3

4

0 1 2 3 4 5

dd
PC

R
m
ea
su
re
d
co
pi
es
/µ
l(
lo
g)

a)

y = 1.1621x - 1.1369
r² = 0.998

0

1

2

3

4

0 1 2 3 4 5

dd
PC

R
m
ea
su
re
d
co
pi
es
/µ
l(
lo
g)

b)

y = 0.9937x - 0.6215
r² = 0.971

0

1

2

3

4

0 1 2 3 4 5

dd
PC

R
m
ea
su
re
d
co
pi
es
/µ
l(
lo
g)

Expected copies/µl (log)

c)

Fig. 1. Linear regression of ddPCRmeasured copies/ml vs. expected copies/ml of Anguilla anguillaDNA (a) for the Singleplex ddPCR condition
(b) the Singleplex-Duplex ddPCR condition and (c) the Duplex ddPCR condition.
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became unidentifiable, the DNA remained intact, serving as a
more reliable indicator of eel presence.

The European eel is currently facing numerous threats, and
our findings shed light on the potential impact of predation by
European catfish as an additional contributing factor. Our study
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successfully confirmed the presence of eel DNA in catfish
feces, corroborating similar observations made in other studies
(Guillerault et al., 2017). This study is the first one showing
that ddPCR protocols allow reliable detection of trophic
interactions, specifically the interactions between preys and
of 7



Table 3. Results of ddPCR analyses for the positive samples of catfish gut content (a sample was considered positive when all three replicate
measurements were positive). Eel and catfish DNA concentration were calculated as the mean number of DNA copies per replicate (mean
number of copies/mL). The ratio of eel DNA concentration was expressed as the mean number of eel DNA copies divided by the mean number of
catfish DNA copies (scaled to 10,000 copies of catfish DNA).

Sample Eel DNA concentration
(mean number of copies/mL)

Catfish DNA concentration
(mean number of copies/mL)

Eel DNA concentration ratio
(mean number of copies/mL)

S7 0.76 4390 1.73

S8 189 3210 590
S18 0.42 8100 0.52
S20 0.2 7700 0.26
S26 0.11 7450 0.14
S28 0.11 8500 0.2
SEL1A 994 10500 946
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their predators. By utilizing ddPCR, we were able to assess the
impact of catfish predation on European eels at a larger scale.
When considering absolute quantification, we also identified
that this method is less precise for very low concentrations of
DNA, issue that could be overcame by multiplying replicates.
This innovative approach provides valuable insights into the
dynamics of predator-prey relationships and contributes to our
understanding of ecological interactions in aquatic ecosys-
tems. Finally, ddPCR could be used in routine practise over a
high number of samples and is cost effective (Hou et al., 2023).
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