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Loop-mediated isothermal ampliﬁcation (LAMP) as a conﬁrmatory and
rapid DNA detection method for grey seal (Halichoerus grypus) predation on
harbour porpoises (Phocoena phocoena)
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An increasing number of harbour porpoises along the coastlines of northern Europe are victims of attacks by
preying grey seals. To conﬁrm grey seal attacks at a molecular level, a fast loop-mediated isothermal ampliﬁcation (LAMP) method was developed, based on the ampliﬁcation of the cytochrome b target gene. With this
method, saliva residues within bite marks, presumably originating from grey seal attacks, can be detected onsite, using a swab-based method in combination with a portable real-time ﬂuorometer (Genie® II). The developed
LAMP assay included an internal ampliﬁcation control and was validated for the sensitivity, speciﬁcity, limit of
detection and a spiking experiment was performed with saliva samples from two grey seals. Finally, three
stranded harbour porpoises, with injury patterns presumably originating from grey seal attacks, were analysed.
Grey seal DNA was successfully determined in a bite mark of one harbour porpoise with the LAMP method. For
direct on-site molecular biological investigations without the opportunity to perform more time-consuming and
equipment intensive PCR investigations, the developed rapid LAMP assay oﬀers the possibility to conﬁrm that
injuries, probably caused by a grey seal, indeed resulted from a grey seal attack.

1. Introduction
During the last few years, an increasing number of stranded harbour
porpoises (Phocoena phocoena) with massive loss of tissue [‘strips of
blubber removed or hanging loose; sometimes muscle partly removed’
(Haelters et al., 2016)] were found along the coastlines of northern
Europe. Initially, it was assumed that those animals were victims of
ﬁshery bycatch or a ship's propeller (Camphuysen & Siemensma, 2011;
IAMMWG et al., 2015). However, Bouveroux et al. (2014) observed and
photographed grey seal (Halichoerus grypus) attacks on harbour porpoises on the coast of northern France. Stringell et al. (2015) also
provided evidence of the phenomenon of a grey seal predation on a
harbour porpoise in Wales with the aid of photo and video material.
Thus, there was the presumption that these serious injuries, which led
to death, might be attributed to grey seal attacks (Haelters et al., 2012;
Jauniaux et al., 2014; Leopold et al., 2014; van Bleijswijk et al., 2014;
Stringell et al., 2015). To date, assessing carcasses mainly relies on
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macroscopic inspection and the resulting judgment of the researcher,
posing the risk of respective occasional misjudgment (Hanson et al.,
2017). In some areas, grey seal predation was held responsible for the
death of at least 17% of stranded deceased porpoises, representing one
of the major causes of death in the southeastern North Sea (Leopold
et al., 2014). The reasons why grey seals attack harbour porpoises are
not fully clariﬁed. Stringell et al. (2015) assumed that harbour porpoises function as food because blubber and skin were consumed by an
attacking grey seal and did not preclude a competition for food between
both species. On the other hand, Jauniaux et al. (2014) and Haelters
et al. (2012) cannot rule out aggressive behaviour of grey seals. To
conﬁrm the assumption of grey seal attacks, researchers analysed bite
marks of harbour porpoises for residues of grey seal DNA via PCR and
successfully determined DNA of grey seals in harbour porpoise carcasses (Jauniaux et al., 2014; van Bleijswijk et al., 2014). The issue of
frequently occurring severely injured or dead harbour porpoises on the
coastline of northern Germany raised the question whether these
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Germany). The detailed primer sequences of the speciﬁc primers are
listed in Table 1 and the sequences of the common primers (IAC) are
displayed in Table 2.

wounds also originated from grey seal attacks. Therefore, a rapid detection technique, which can be used during forensic ﬁeld studies, was
needed. The highly sensitive and fast loop-mediated isothermal ampliﬁcation (LAMP) method is a relatively new and rapid molecular
biological method requiring six diﬀerent primers, binding on eight
target regions, which results in high sensitivity and speciﬁcity (Notomi
et al., 2000; Nagamine et al., 2002). The easy-to-use method can be
performed with a real-time ﬂuorometer (Genie® II, Optigene, Horsham,
United Kingdom), which allows the parallel testing of 16 samples.
Furthermore, the reaction process can be observed in real-time and
after 30 min the entire run is ﬁnished. The LAMP technology has already been used in numerous research projects, for example, for detecting human blood-borne infectious disease like HIV (Vanjari et al.,
2014) or hepatitis B (Moslemi et al., 2009). Moreover, it has been used
to provide evidence of foodborne pathogens like Staphylococcus aureus
or Listeria monocytogenes (Wang et al., 2010; Sheet et al., 2016) as well
as animal species identiﬁcation of ostrich, pork or horse in meat
(Abdulmawjood et al., 2014; Cho et al., 2014; Yang et al., 2014). Furthermore, the detection of red fox (Vulpes vulpes) DNA in bite marks of a
harbour porpoise carcass was possible with the LAMP technology
(Heers et al., 2017). The latter case is related to the issue of grey seal
predation on harbour porpoises as the bite lesions of red foxes displayed
a similarity to bite marks of grey seals and both can hardly be diﬀerentiated when relying solely on macroscopic assessment (Heers et al.,
2017). Heers et al. (2017) showed that by using a certain swab technique, a DNA puriﬁcation step is not needed prior to LAMP, which
accelerates and simpliﬁes the procedure considerably. This swap technique was also used in the present study. The aim of the study was the
development of a rapid and sensitive method to detect grey seal DNA in
stranded harbour porpoises directly on the beach. Based on the cytochrome b sequence, six speciﬁc LAMP primers were created and for the
internal ampliﬁcation control, six common LAMP primers were generated. The method was validated and subsequently tested on three
stranded harbour porpoises, showing typical injury patterns of grey seal
predations. Using this assay, it was feasible to detect predator DNA
residues of a grey seal in a bite lesion of one harbour porpoise. The
LAMP assay is therefore of enormous beneﬁt for wildlife researchers.
Not only is it time-saving and ﬁeld testing can be carried out with little
equipment, but it also enables researchers to detect DNA traces of grey
seals in bite marks of harbour porpoises and clarify forensic issues.

2.2. Positive and negative control material
The DNA of the positive and negative control material was isolated
from muscle samples. The tissue samples were taken from stranded
marine mammal carcasses during routine necropsy by the Institute for
Terrestrial and Aquatic Wildlife Research, University of Veterinary
Medicine Hannover, Foundation. The samples were collected in the
frame of the states' stranding network funded and permitted by the
responsible Ministry of Energy Transition, Agriculture, Environment,
Nature and Digitalisation of Schleswig-Holstein (MELUND), Germany.
As positive control, material muscle samples of grey seals (n = 8) and as
negative control material muscle samples of harbour porpoises (n = 24)
were extracted by employees of the aforementioned institute.
2.3. Swab method
The swab system was used to forego a previous DNA puriﬁcation
step and utilise the DNA directly in the LAMP reaction. To select the
best swab type with the highest sensitivity, a preliminary test with three
commercially available swab types (MSwab™, Copan, Italy; eSwab™,
Copan, Italy; hyplex® LPTV, Amplex BioSystems GmbH, Gießen) was
performed (data not shown). In the swab validation experiment, the
MSwab™ swab (Copan Italia S.p.A., Brescia, Italy) yielded the fastest
ampliﬁcation times, therefore it was used for further research work.
The swab was stroked across the muscle tissue and subsequently submerged in the associated medium (1 ml MSwab™ medium contains Tris
HCl, EDTA, TRIS Base, Dimethyl Sulfoxide (DMSO), Bovine Serum
Albumin and distilled water). Finally, the reaction tube was shaken by
hand and 8 μl of the MSwab™ medium was used directly in the LAMP
reaction.
2.4. DNA isolation
The DNA of the muscle samples was extracted with the commercial
DNeasy® blood and tissue kit (Qiagen, Darmstadt, Germany), in accordance with the manufacturer's instructions set forth in the protocol
“Puriﬁcation of Total DNA from Animal Tissues (Spin-Column
Protocol)”. In brief, 25 mg of muscle tissue, 200 μl lysis buﬀer and 20 μl
proteinase K were mixed and incubated subsequently. The following
steps were processed in accordance with the manufacturer's instructions.
To increase the sensitivity of the swab method (mentioned above), it
is also possible to extract the DNA from the MSwab™ medium.
Therefore, 100 μl of the MSwab™ medium was used and isolated in
accordance with the protocol “Puriﬁcation of Total DNA from Animal
Blood or Cells (Spin-Column Protocol)”.
Subsequently, after DNA isolation, the DNA concentration was determined, using the spectrophotometer NanoDrop2000c (Thermo
Fisher Scientiﬁc, Dreieich, Germany).

2. Material and methods
2.1. Design of LAMP primer sets
By using the software PrimerExplorer V4 (Eiken Chemical Co.,
Japan), six speciﬁc LAMP primers (forward outer primer HG-F3,
backward outer primer HG-B3, forward inner primer HG-FIP, backward
inner primer HG-BIP, forward loop primer HG-LoopF and backward
loop primer HG-LoopB) were designed. The cytochrome b sequences of
grey seal and harbour porpoise were compared with the Basic Local
Alignment Search Tool (BLAST) of the National Center for
Biotechnology Information (NCBI) (Maryland, USA). For grey seals
(Halichoerus grypus) the accession number GU167293.1 and for harbour
porpoises (Phocoena phocoena) the accession number U72039.1 were
used (Fig. 1). To select a species-speciﬁc primer set, the diﬀerences in
the cytochrome b sequences between grey seals and harbour porpoises
were considered. To rule out false negative results, an internal ampliﬁcation control (IAC) with six common primers was designed (forward
outer Primer F3-IAC, backward outer primer B3-IAC, forward inner
primer FIP-IAC, backward inner primer BIP-IAC, forward loop primer
LoopF-IAC and backward loop primer LoopB-IAC), to amplify the DNA
of grey seals as well as the DNA of harbour porpoises. This was conducted with the 16S sequences of harbour porpoise (accession number
AB481401.1) and grey seal (accession number ×72004.1).
All primers were produced by Euroﬁns Genomics (Ebersberg,

2.5. LAMP assay
The loop-mediated isothermal ampliﬁcation assay was performed
with a real-time ﬂuorometer Genie® II, which is a battery-operated,
portable device with two heating blocks, allowing a total number of 16
samples to be ampliﬁed simultaneously. The ampliﬁcation process can
be monitored in real-time on screen.
In accordance with the manufacturer's instructions, 15 μl Isothermal
Master Mix ISO-001 (Optigene, Horsham, United Kingdom) was used
with 0.4 μM of the F3-Primer and the B3-Primer for each sample.
Furthermore, 0.8 μM of the LoopF-Primer and the LoopB-Primer as well
as 1.6 μM of the FIP-Primer and BIP-Primer were added. Finally, a
33
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Fig. 1. Alignment of the cytochrome b sequences of grey seal (Halichoerus grypus) (accession number GU167293.1) and harbour porpoise (Phocoena phocoena)
(accession number U72039.1). Same base pairs are represented by dots and diﬀerent base pairs are marked by red letters. The positions of the six species-speciﬁc
LAMP primers are indicated in colour. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
Table 1
Sequences of the six speciﬁc primers for the detection of grey seal DNA.
Design

Sequence

Length (bp)

Melting temperature (°C)

HG-F3
HG-B3
HG-FIP (F1c + F2)
HG-BIP (B1c + B2)
HG-LoopF
HG-LoopB

5′-TATCGACCTACCCACACC-′3
5′-ATGGAAGCTCCATTTGCG-′3
5′-ATGGCTAGGAATAAGCCTGTTA AGAAAATATCTCAGCATGATGAAACT-′3
5′-AGACACAACCACAGCCTTCTCG AAGATAACGGATGATTCAGC-′3
5′-GCAGATTCCGAGAAGAGATCCAA-′3
5′-ATCAGTAACCCACATCTGCCG-′3

18
18
48
42
23
21

56.0
53.7
70.3
73.3
60.6
59.8

volume of 8 μl template DNA was admixed. The LAMP assay worked
with an isothermal ampliﬁcation temperature of 65 °C and a detection
duration of roughly twenty minutes. The following annealing process
with a ramp rate of 0.05 °C/s started with a temperature of 98 °C and
ﬁnished with 80 °C.

2.6. Sensitivity and speciﬁcity
The sensitivity was determined to verify the ampliﬁcation of the
DNA from diﬀerent grey seal individuals with the selected speciﬁc
primer set. With the MSwab™ technique three swab samples were taken
from each muscle sample of diﬀerent grey seals (n = 8). To rule out the
34
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2.9. Necropsy and application of the LAMP assay on stranded harbour
porpoises

Table 2
Sequences of the six common primers as internal ampliﬁcation control (IAC) for
detecting grey seal and harbour porpoise DNA.
Design

Sequence

Length

Melting
temperature
(°C)

F3-IAC
B3-IAC
FIP-IAC
(F1c + F2)
BIP-IAC
(B1c + B2)
LoopF-IAC
LoopB-IAC

5′-GGATAACAGCGCAATCCTAT-′3
5′-CTCTTGTCCTTTCGTACTGG-′3
5′-CTGCTGCACCATCAGGATGT
TCTAGAGTCCGTATCGACAAT-′3

20
20
41

55.3
57.3
73.4

5′-TCAAGGGTTCGTTTGTTCAACG
ACCGACCTGGATTACTCC-′3

40

73.5

5′-GATCCAACATCGAGGTCGTAA-′3
5′-GTCCTACGTGATCTGAGTTCAG-′3

21
22

57.9
60.3

In September 2017, a harbour porpoise carcass, potentially predated
by a grey seal, was found on the coastline of northern Germany (Sylt)
(Fig. 3) and transported to the Institute for Terrestrial and Aquatic
Wildlife Research in Büsum. For the molecular biological investigation
with the developed LAMP assay, eight MSwab™ samples were taken
from eight diﬀerent bite marks of the stranded harbour porpoise. In a
following step, the necropsy was performed in accordance with Siebert
et al. (2001). First, the swab samples were tested without further DNA
puriﬁcation and with an ampliﬁcation time of 30 min. Furthermore, a
DNA extraction of the MSwab™ samples as described above was performed and the isolated DNA was also tested with a 30-min ampliﬁcation time. Isolated DNA of a grey seal muscle was applied as positive
control, while an MSwab™ sample of a harbour porpoise muscle was
used as negative control. To rule out false negative results due to inhibitors, the native as well as the isolated swab samples were investigated with the common primer set (IAC).
To conﬁrm the results of the LAMP experiment with the speciﬁc
primer set, a gel electrophoresis with the LAMP amplicons of the isolated DNA was subsequently carried out. For this, 2% agarose gel
(peqGOLD Universal agarose gel, PeQlab, Erlangen, Germany), TrisBorat-EDTA (pH 8.4) and a DNA marker ranging in size from 50 bp to
2 kb (Biozym, Hessisch Oldendorf, Germany) were utilised.
In addition to the above mentioned stranded harbour porpoise, two
further harbour porpoises (found in August 2016 and July 2017 on the
coastline of Sylt), presumably having been attacked by grey seals, were
investigated with the LAMP method for residues of grey seal DNA.
According to Heers et al. (2017) there can be great similarity between the bite marks of the scavenger red fox (Vulpes vulpes) and the
predator grey seal. For this reason, the native as well as the isolated
DNA of all three harbour porpoises were investigated for red fox DNA
with the LAMP assay in accordance with Heers et al. (2017).

ampliﬁcation of harbour porpoise DNA with the speciﬁc primer set, the
speciﬁcity was determined. Three swab samples of each muscle sample
from diﬀerent harbour porpoises (n = 24) were also tested using the
MSwab™ method. To eliminate potentially available and undesired residues of grey seal DNA, the surface of the harbour porpoise muscle
samples was treated with the DNA decontamination product DNAExitusPlus™ (AppliChem GmbH, Darmstadt, Germany). Subsequently,
the muscles were sliced with sterile scalpels and the MSwab™ samples
were taken from the inside of the muscles. To rule out false negative
results and ensure that DNA-ExitusPlus™ did not destroy the harbour
porpoise DNA in the MSwab™ medium, each swab sample was tested
with the common primer set (IAC). Each swab sample was tested directly with the LAMP assay without further DNA isolation steps.

2.7. Limit of detection
The limit of detection of the LAMP assay was determined with
isolated grey seal DNA originating from a muscle sample. A serial dilution with concentrations ranging from 1.00E + 03 pg/μl to 1.00E04 pg/μl were prepared using AE buﬀer (10 mM Tris-Cl, 0.5 mM EDTA;
pH 9.0). The dilution series was tested six-fold with the LAMP method.

3. Results
3.1. Alignment
The alignment of the cytochrome b sequences of grey seal and harbour porpoise resulted in identities of 78%, while the grey seal amplicon compared with the harbour porpoise amplicon resulted in a
homology of 19%.

2.8. Spiking experiment with grey seal saliva
A spiking experiment in accordance with Heers et al. (2017) was
modiﬁed and performed with four saliva samples of two diﬀerent grey
seals from the Marine Biological Research Centre, University of
Southern Denmark in Kerteminde. The animals were housed with permission from the Danish Food and Drug Administration. All applicable
international, national and institutional guidelines for the care and use
of animals were followed. The saliva samples were collected during
medical training sessions and taken from the oral cavity of the grey
seals with MSwab™ swabs. To ensure there was actually grey seal DNA
in the four swab samples, the MSwab™ medium of the native saliva
samples had been previously tested with the speciﬁc primer set. Subsequently, lesions caused by grey seal teeth, were imitated by incising
approximately 0.5 cm wide and 0.5 cm deep triangular injuries with a
sterile scalpel in a 2 cm thick skin preparation of a harbour porpoise.
50 μl of the MSwab™ medium of each saliva sample and 50 μl water (as
negative control) were carefully pipetted in the imitated bite lesions
(Fig. 2). After an impact time of 10 min, the saliva sample and the water
were swabbed with an MSwab™ and the samples were tested without
need for a further DNA extraction step. The time for the ampliﬁcation
process was increased to 30 min and every saliva sample was tested sixfold. Subsequently, the DNA of the native saliva samples was extracted
and the DNA yield was measured with the spectrophotometer NanoDrop2000c.

3.2. Sensitivity, speciﬁcity and limit of detection
Eight muscle samples of diﬀerent grey seals were tested directly in
triplicate with the MSwab™ method to determine the sensitivity. All
samples were detected as positive with a mean detection time of
10:49 min ( ± 01:33 min). The mean annealing temperature of the grey
seal ampliﬁcation was 83.3 °C ( ± 0.13 °C). Furthermore, 24 diﬀerent
harbour porpoise muscle samples were tested for the speciﬁcity. Each
sample was tested in triplicate as well. All MSwab™ samples were tested
correctly as negative with the speciﬁc primer set and correctly as positive with the common primer set (IAC).
The limit of detection was tested six-fold with a dilution series of
isolated grey seal DNA and with the speciﬁc primer set. An example of
the ampliﬁcation curves using the real-time ﬂuorometer Genie® II, is
shown in Fig. 4A. The results of the mean detection times of each dilution stage are shown in Fig. 4B. The higher the dilution step, the
longer the ampliﬁcation time (Fig. 4B). A DNA concentration of
1.00E + 03 pg/μl was detected after 05:55 min ( ± 00:07 min). Up to a
DNA concentration of 1.00E-01 pg/μl, the DNA was determined with a
100% detection probability with a mean detection time of 09:37 min
( ± 00:30 min). The detection probability declined to 50% at a DNA
concentration of 1.00E-02 pg/μl (mean detection time 12:20 min),
35
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Fig. 2. Spiking experiment. Inoculation of grey seal saliva in the triangular imitated bite mark in the skin preparation of a harbour porpoise.

3.4. Necropsy of the stranded harbour porpoise (found in September 2017)
The male adult harbour porpoise, with a length of 131.5 cm and
moderate body condition, presented large tissue defects over the entire
body. Only the snout, the dorsal part of the head, both front ﬂippers,
partially the ventral abdomen, the base of the ﬂuke and the ﬂuke itself
were covered by skin. The rest of the skin was attached to the ventral
abdomen in large ﬂaps, with some parts were missing. Especially the
skin at the head showed multiple parallel punctual and elongated incisions. The wound margin of the skin ﬂaps was regular with some
triangular-shaped tears. The majority of the blubber on the skin ﬂaps
was intact, with some punctual lesions of up to 5 mm in diameter in the
fringes of the ﬂaps. In contrast, most of the exposed muscle tissue was
missing. The thoracic and abdominal cavities were opened and some
abdominal organs were missing partly or completely.

3.5. Application of the LAMP assay on stranded harbour porpoises
The bite lesions of the stranded harbour porpoise (found in
September 2017) were investigated for grey seal DNA. With the speciﬁc
primer set the molecular biological investigation of the eight MSwab™
samples without further DNA extraction step did not lead to a positive
ampliﬁcation of residues of grey seal DNA in the diﬀerent bite lesions of
the harbour porpoise. After DNA isolation of the eight MSwab™ mediums, the swab number 5 yielded a positive ampliﬁcation after
12:45 min and consequently the molecular biological identiﬁcation of
predator DNA in the bite mark. The positive control of the grey seal
DNA was determined after 7:00 min, while the negative control was not
ampliﬁed. The sampling point of swab 5 was located in the blubber of
the neck area. In the skin of the area around the neck and the head,
many bite marks were found (Fig. 5). With the gel electrophoresis the
positive ampliﬁcation of the swab number 5 (lane 5) could be conﬁrmed (Fig. 6).
To rule out false negative results, all native swab samples as well as
the isolated DNA samples were tested with the common primer set
(IAC). All samples were detected correctly as positive.
In addition, two further harbour porpoises were investigated with
the LAMP method for residues of grey seal DNA. Grey seal DNA was not
detected in any of the swab samples.
Due to the risk of confusion between the bite marks originated by
grey seals or red foxes, all three stranded harbour porpoises were tested
for red fox DNA with the LAMP assay according to Heers et al. (2017).
In no case residues of scavenger DNA of red fox were detected in any of
the bite marks.

Fig. 3. Application of the LAMP assay on a stranded harbour porpoise (found in
September 2017). Carcass of the stranded harbour porpoise as found on the
beach on the coastline of Sylt (picture by courtesy of Sönke Lorenzen).

ﬁnally reaching 0% after the subsequent dilution step (1.00E-03 pg/μl).

3.3. Spiking experiment with grey seal saliva
The detection of grey seal DNA from saliva samples was possible in
all imitated bite marks. All results are shown in Table 3. The negative
control water was not ampliﬁed. The detection times of the spiked
saliva samples were longer than the ampliﬁcation times of the native
tested saliva samples.

36
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Fig. 4. Limit of detection. (A) Typical ampliﬁcation curves of eight-fold serially diluted grey seal DNA. (B) Mean values (n = 6) with standard deviation of the limit of
detection of the LAMP assay using serial dilutions of isolated grey seal DNA.

4. Discussion

factors like fat and blood (Schrader et al., 2012). A further aspect in this
context was the high dilution eﬀect due to the 1 ml MSwab™ medium.
Furthermore, the spiking experiment clearly showed that even with a
highly similar saliva inoculum and a simple incision lesion, there was a
considerable variation between the detection times within the six runs.
This indicates that the swab sampling process was diﬃcult to perform
consistently, in particular, when it came to deep lesions and small DNA
quantities. We therefore recommend taking at least three swab samples
per wound lesion. As there were some samples in the spiking experiment which were detected only after the regular ampliﬁcation time of
20 min, it is advisable to increase the time of the ampliﬁcation process
to 30 min in the ﬁeld.
Within the spiking experiment it was possible to identify grey seal
DNA in the imitated bite marks without need for a further DNA isolation step. Also in the study of Heers et al. (2017) the DNA of a red fox
was detected in a scavenged harbour porpoise without extracting the
DNA. Comparing these results with the stranded harbour porpoise
(found in September 2017) in the present study, it is apparent that the
direct tested MSwab™ samples did not manage to achieve a positive
ampliﬁcation. However, after isolating the DNA samples to obtain a
higher DNA yield, the residues of grey seal DNA were ampliﬁed as
positive. Regarding the other two investigated harbour porpoises, no
grey seal DNA was identiﬁed. Negative results could indicate that no
grey seal attack had taken place or the DNA of the grey seals was degraded after all. Overall, we can conﬁrm the diﬃculty of grey seal DNA
detection in carcasses of harbour porpoises as reported by Jauniaux
et al. (2014), showing that in only two out of the ﬁve tested harbour
porpoises, DNA residues of grey seals were determined. Various reasons
may be considered for the challenging evidence of DNA in real bite
marks compared to the imitated bite marks during the spiking experiment. First, the seawater is an added aggravating factor as the grey seal
attack usually happens in the sea and the seawater can wash out the
DNA following predation by a grey seal (Bouveroux et al., 2014;
Jauniaux et al., 2014; van Bleijswijk et al., 2014; Stringell et al., 2015).
Furthermore, an inﬂammatory reaction and the bleeding lesion can lead
to the loss of any DNA residues (Jauniaux et al., 2014; Haelters et al.,

For providing evidence of grey seal DNA in bite lesions of harbour
porpoises, a rapid and easy-to-perform DNA detection method with the
possibility of an on-site investigation was developed and successfully
tested on a predated harbour porpoise. The system can be useful for
wildlife researchers to detect predator DNA of grey seals in harbour
porpoises without the need for cumbersome laboratory equipment in
the ﬁeld. With this LAMP assay we successfully conﬁrmed the assumption of a grey seal predation on a harbour porpoise at a molecular
level. In addition to predation, this new method can also be used to
clarify the rarer phenomenon of the post-mortem scavenging activities
of grey seals on harbour porpoises (Leopold et al., 2014). Applying the
method of Heers et al. (2017) we could additionally rule out the presence of scavenger DNA of the red fox in all investigated bite marks.
Moreover, a spiking experiment was conducted with three aims in
mind: First, to imitate the attack of a grey seal as realistically as possible; second, to ensure that the developed primer set is speciﬁc, despite
the high quantity of background DNA of the closely related species;
third, to assess whether good results in diﬃcult matrices like blood and
fat can be obtained. We succeeded in simulating a bite lesion with grey
seal saliva samples during the spiking experiment and determined grey
seal DNA in all imitated bite marks. Therefore, we could conﬁrm the
speciﬁcity of the LAMP assay despite the large amount of background
DNA of the harbour porpoise. The measured DNA yield could not be
fully related to the ampliﬁcation times as the saliva samples with the
highest DNA concentrations resulted in the longest ampliﬁcation times.
It can be assumed there was not only grey seal but also foreign DNA in
the saliva samples as the saliva samples were taken while feeding the
grey seals with ﬁsh (Kamodyová et al., 2013). This resulted in the DNA
of grey seal and ﬁsh being isolated simultaneously during the DNA
isolation step of the saliva samples and measured simultaneously with
the NanoDrop2000c. During the spiking experiment it was notable that
the detection time in the imitated bite marks was signiﬁcantly higher
than the ampliﬁcation time of the native tested saliva samples. This
increase is possibly attributable to certain matrix eﬀects and inhibiting
Table 3
Spiking experiment with four saliva samples of two diﬀerent grey seals.
Saliva
samples

Grey seal
1.1
Grey seal
1.2
Grey seal
2.1
Grey seal
2.2

DNA concentration saliva
samples (pg/μl)

Detection time of native saliva
samples (mm:ss)

Detection time spiking experiment (mm:ss)

Mean detection time spiking
experiment (mm:ss) (Sd ± )

Run 1

Run 2

Run 3

Run 4

Run 5

Run 6

#

2.6E + 03

09:30

17:00

17:00

17:45

17:00

17:30

18:30

17:27 (00:32)

#

3.7E + 03

10:00

22:30

18:00

14:15

22:15

21:45

19:45

19:45 (02:55)

#

3.2E + 03

10:00

18:15

25:15

20:30

20:15

17:30

16:15

19:40 (02:54)

#

5.8E + 03

11:00

23:15

22:45

19:30

28:00

25:15

16:45

22:35 (03:39)
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Fig. 5. Application of the LAMP assay on a stranded harbour porpoise. Sampling point of four MSwab™ samples. The other swab samples were located on the other
side of the harbour porpoise.

from bite marks should be taken as soon as possible and recommended
a sample collection within 24–48 h after predation. Against the background of higher DNA degradation due to a long period of time between
predation and taking swabs (Haelters et al., 2016), it is of great importance to lose as little time as possible between predation and sampling. Furthermore, we recommend testing the carcass directly on-site
with the LAMP assay. The portable LAMP method, with the advantage
of being ﬁeld-usable and requiring little equipment, oﬀers an excellent
opportunity to save precious time until necropsy. A further advantage
of the cost-eﬀective LAMP method is the detection of small quantities in
the femtogram range (Dhama et al., 2014). With the developed LAMP
method we even managed to detect 1.00E-01 pg/μl grey seal DNA with
a detection probability of 100%. The results of previous LAMP publications, dealing with animal species identiﬁcation in meat, obtained
an analytical sensitivity of 1 pg/μl (Yang et al., 2014; Lee et al., 2016)
or 0.35 pg/μl (Abdulmawjood et al., 2014). Compared to these studies,
the LAMP method in the present study achieved a better limit of detection. This is particularly important for detecting DNA in saliva
samples, where low DNA quantities are available (Harms et al., 2015).
Due to the rising number of grey seal attacks on harbour porpoises
the developed fast and sensitive LAMP method constitutes an optimal
possibility to test stranded harbour porpoises for DNA residues of grey
seals directly on-site and at places where only little equipment can be
taken. For forensic ﬁeld studies, researchers can verify within a very
short timeframe if encountered lesions on a harbour porpoise carcass
are the result of grey seal predation by applying this method or using
the method of Heers et al. (2017) in combination if lesions result from
red fox scavenging.

Fig. 6. Application of the LAMP assay on a stranded harbour porpoise (found in
September 2017). Gel electrophoresis of the LAMP amplicons of isolated DNA
of the MSwab™ medium using the speciﬁc primer set. Lane 1–8 stand for the
MSwab™ samples 1–8. Lane “P, GS” display grey seal DNA as positive control.
Lane “N, HP” show the negative control harbour porpoise, while lane “N, MM”
stand for the mastermix as negative control. In lane “M” the marker is shown.

5. Conclusion
The newly developed LAMP method enables small concentrations
(1.00E-01 pg/μl) of grey seal DNA to be detected, which is particularly
important when investigating DNA in saliva samples or bite lesions. We
successfully determined grey seal DNA in an attacked harbour porpoise
and could consequently conﬁrm an incident of grey seal predation with
the LAMP assay. With the advantage of being ﬁeld-usable, the LAMP
method is feasible for marine wildlife researchers to conﬁrm rapid grey
seal predation on a harbour porpoise via wound swapping at a molecular level and clarify forensic issues.

2016). Thus, Pääbo et al. (2004) and Wayne et al. (1999) described
various causes of DNA degradation. Whereas enzymes, bacteria, insects
or UV radiation increase the degradation, low temperature and dry
conditions lead to a reduction in DNA degradation. While the carcasses
of the harbour porpoises were lying on the beach, rain can also lead to a
loss of DNA residues (Brinkman et al., 2010). Another reason for a
negative evidence of grey seal DNA residues might be a long lapse of
time between an attack and sampling. Leopold et al. (2014) assumed an
ever-increasing challenge of DNA evidence in marine mammals the
longer the time between an attack and necropsy. Regarding terrestrial
predation animals, Harms et al. (2015) indicated that saliva samples
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