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Abstract

The global decline of amphibian populations, with 40.7% of species classified as threatened, calls for innovative and ethi-
cal approaches in conservation genetics. Molecular biology advancements have introduced environmental DNA (eDNA)
analysis, primarily focusing on aquatic environments. However, the present study explores a novel non-invasive protocol
using water samples to extract DNA from terrestrial and semi-terrestrial amphibians, specifically the endangered Ital-
ian endemic salamander, Salamandrina perspicillata (Savi, 1821). Unlike traditional invasive methods involving tissue
sampling, this protocol immerses animals briefly, eliminating the need for digit or tail amputations or manipulation for
buccal swabs. The study validated the protocol through DNA extraction, amplification, and sequencing, yielding results
comparable to traditional methods. The non-invasive nature of the protocol aligns with the 3Rs principles (Replace,
Reduce, Refine) and offers a streamlined, stress-minimizing alternative for studying protected and endangered species.
Future experiments should also explore further refinements, including reduced soaking times and additional applications,
such as skin microbiota analysis. This protocol represents a significant step towards ethical and effective research prac-
tices in amphibian conservation genetics, encouraging a paradigm shift in wildlife research ethics. Continued innovation
in non-invasive methodologies is essential for comprehensive understanding and robust conservation strategies amid the
ongoing biodiversity crisis.
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Introduction to assess the genetic structure of amphibian populations to

devise conservation strategies. The recent advancements in

Amid the ongoing global biodiversity crisis, amphibians
stand out as the vertebrate class experiencing the most signif-
icant decline, with 40.7% of species classified as threatened
(Luedtke et al. 2023). This highlights the special need for
the application of more ethical and less impactful methods
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molecular biology over the past decades have enabled the
utilization of a potent new source of information, environ-
mental DNA (eDNA) (Taberlet et al. 2012). Generally, two
types of eDNA can be studied: organismal eDNA, and extra-
organismal eDNA (Taberlet et al. 2012; Rodriguez-Ezpeleta
et al. 2021). While organismal DNA is usually of good qual-
ity and in relatively abundant quantity in eDNA samples,
as it is sourced from unicellular eukaryotes, microbes or
viruses; extra-organismal eDNA can be sourced from shed
tissues and metabolic waste (Allan et al. 2020), cell lysis
(Pietramellara et al. 2009) or biologically active propagules
like pollen, spores, seeds or gametes (Stewart 2019), and
therefore, exhibits variable quality and quantity (Rodriguez-
Ezpeleta et al. 2021). When sampling for eDNA analysis, is
crucial to consider not just this dual nature of eDNA, but
also that the sampled eDNA consists of a complex mixture
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of organismal and extra-organismal eDNA in variable pro-
portions (Taberlet et al. 2012; Rodriguez-Ezpeleta et al.
2021).

Most studies on environmental DNA (eDNA), initially
designed to detect bacteria in marine sediments (Ogram
et al. 1987), focus on aquatic environments (Pawlowski
et al. 2020; Takahashi et al. 2023). However, eDNA is not
exclusive to water sources, it has been extracted from soil
(Walker et al. 2017; Leempoel et al. 2020), sediment (Ryan
et al. 2022; McDonald et al. 2023), leaves (Lynggaard et al.
2023), and even from air (Lynggaard et al. 2022; Garrett et
al. 2023). Various invertebrates, such as sponges, bivalves
(Jeunen et al. 2023), or hematophagous species like leeches,
mosquitoes, ticks, and certain beetles (Carvalho et al. 2021),
can also serve as natural eDNA samplers. eDNA approaches
have already been implemented for the study and the moni-
toring of amphibian communities: for instance, when Fice-
tola et al. (2008) utilized for the first time aquatic eDNA for
taxon detection devising a method to detect short mtDNA
fragments (79 bp) of the invasive American bullfrog (Litho-
bates catesbeianus Shaw, 1802) in the Old World.

On the other hand, classical sampling procedures to gen-
otype amphibians indicate to harvest fragments of tissue to
be used for DNA extraction, the site of harvesting is depen-
dent to the taxa involved in the sampling and to the develop-
mental stage, toe clipping is possible for both adult anurans
(frogs and toads e.g. Jeffries et al. 2018) and urodeles (newts
and salamanders, e.g. Mattoccia et al. 2011), whereas tail
clipping is a practical choice for tadpoles and for urodeles
of all developmental stages. In both methods a fragment
of about 2 mm is taken for DNA extraction (Arntzen et al.
1999; Rowe et al. 2000; Taberlet and Luikart 1999). The
practice of toe-clipping on amphibians is shared by studies
with different objectives: mark-recapture, skeletochronol-
ogy, and tissue sampling for molecular analysis (e.g., Arn-
tzen et al. 1999; Guarino et al. 2003; McCarthy and Parris
2001; Perry et al. 2011). While skeletochronology and tis-
sue sampling for molecular analysis require the amputation
of a single toe (or even just a phalanx), mark-recapture may
necessitate multiple toe clippings on the same individual
(e.g., Ferner 2009). Intuitively, the detrimental impact of
toe clipping on amphibians becomes more pronounced as
the number of toes removed increases (McCarthy and Parris
2004). Even though toe clipping is a widely accepted pro-
cedure, amphibians can also be marked using less invasive,
but more elaborate, strategies like using Passive Integrated
Transponder (PIT) tags (e.g. Renet et al. 2021) or, when
possible, by using photographical identification of individu-
als (e.g. Costa et al. 2009).

Swabbing is also a widely used and non-destructive way
to harvest DNA samples from amphibians, with evidences
that highlighted how both skin (Prunier et al. 2012; Miiller
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etal. 2013; Pichlmiiller et al. 2013), cloacal and buccal (Pid-
ancier et al. 2003; Broquet et al. 2007; Ambu and Dufresnes
2023) swabbing were able to yield DNA of good quality
for genetic analysis, while showing inconsistent results in
some species (Ringler 2018). Furthermore, smaller amphib-
ians can be severely injured to the point of bleeding by the
procedures required to forcefully open the moth for buccal
swabbing as reported by Pidancier et al. (2003).

Zemanova (2020) proposes a shift from invasive to non-
invasive methods in wildlife research by applying the 3Rs
(Replace, Reduce, Refine) principle for animal research
proposed by Russell and Burch (1959), a principle that
has already found application in conservation genetics by
exploiting opportunistic and noninvasive ways of sampling
to analyze the DNA of elusive or threatened species.

Wildlife research may give rise to a fundamental con-
flict between the welfare of individual animals and that of
the broader population or ecosystem. This conflict could be
significantly mitigated through the more widespread adop-
tion of non-invasive research practices. Unfortunately, the
incorporation of the 3Rs principles into wildlife research
has been slow, and their significance has been overlooked
(Zemanova 2020). Inspired by the conceptual approach of
the eDNA, this work aims to prove the effectiveness and
applicability of an even less intrusive protocol than buccal
swabs, that allows to extract DNA from the water in which
small amphibians were immersed for a short period of time
to be used in the amplification of a mitochondrial marker
(12s rDNA) useful for both systematics and phylogeograph-
ical purposes. A similar protocol was used for pathogen
detection in amphibians (Shin et al. 2014; Bletz et al. 2021)
but was never before applied to genotype host species. The
feasibility of this new method was tested by applying it to
the endangered Italian endemic salamander Salamandrina
perspicillata (Savi 1821).

Materials and methods
Study species

The Northern spectacled salamander, Salamandrina perspi-
cillata, is an Italian endemic urodele occurring along the
Northern and Central Apennine Mountains (Romano et al.
2009), mainly in shady and damp areas but also in Mediter-
ranean forests. The adults are terrestrial, and females go in
the water, typically slow running streams, only to lay eggs
(Lanza 1983). This species is considered as Endangered by
the new IUCN assessment (https://www.iucnredlist.org/spe-
cies/136135/89706481, accessed on 16/01/2024).
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Sample collection

Twenty adults of S. perspicillata were collected on 30th
November 2023 in a mowed field nearby a creek in Mon-
tegabbione, Umbria, Italy (500 m a.s.l. —42.92, 12.08, a few
kilometers from the Natura 2000 site IT5210040 - Boschi
dell’alta Valle del Nestore) (Fig. la). Falcon 15 ml tubes
were previously prepared with 5 ml of autoclaved, commer-
cially available, bottled mineral water destined for human
consumption. Each animal (identified with codes Spl
through Sp20) was collected from the field (Fig. 1b) and
gently placed headfirst inside individual tubes with stainless
steel tweezers with a recurve blunt tip to avoid wounding or
piercing of the animals. To rule out cross contaminations,
tweezers were sterilized in 70% ethanol before and after
picking up each animal allowing the ethanol to evaporate
before touching the animals. Each tube was closed and kept
on a flat surface to allow the animals to keep the head above
the water level at all times in order to allow them to breathe
as shown in Fig. 1c.

The animals were randomly divided into two equal sub-
samples, 10 were kept in water for 15 min, whereas the
remaining 10 were kept in water for 30 min. All animals
were promptly released at the capture site after immersion
time elapsed; all the field and sampling procedures were

Fig. 1 a) Map of Italy, highlighted in the dashed rectangle is Umbria
region (Central Italy), sampling site is indicated by the red dot. b)
Adult male displaying the watchful behaviour (Bruni and Romano

carried out in a total time of one hour and animals were not
translocated at any time from the capture site.

All animal handling was carried out using damp nitrile
gloves and animals were transferred in and out of the
tubes only using properly sanitized tweezers, in compli-
ance with the Italian regulation under permit number
PNM 03-18935 2023 —0244.

DNA extraction

The tubes were refrigerated at 4 °C and were processed in
the lab the next day. To ensure that all the biological mate-
rial from the salamanders was suspended in the water and
no residues were left on the tube walls, the samples were
vortex-mixed for 30 s and then centrifuged at 13,000 g for
35 min at 4 °C in a refrigerated centrifuge. The supernatant
was discarded by slowly pipetting to avoid material loss and
an already validated DNA extraction protocol used for sev-
eral kinds of samples (Fontaneto et al. 2022; Lucentini et
al. 2023) was applied for DNA extraction using the com-
mercial Wizard Genomic DNA Purification kit (Promega).
The lysis solution was directly pipetted at the bottom of
the tubes and the mixture was gently pipetted up and down
to resuspend the pellet produced after centrifugation. The
solution was then transferred to a 1.5 ml tube and used
for downstream steps of the protocols as described by the
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2011), exposing the throat and pectoral gridle. ¢) Salamanders inside
the Falcon tubes for the genetic sampling
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manufacturer, eluting the extracted DNA in 50 pl of DNA
Rehydration Solution (Promega). Eluted DNA was stored at
-20 °C until use.

DNA amplification and sequencing

Nested PCR amplifications targeting a fragment of the 12S
mitochondrial DNA gene were carried out using the set of
primers described in Mattoccia et al. (2005) (L1091 5’-AA
AAAGCTTCAAACTGGGATTAGATACCCCACTAT-3’;
H1478 5’-TGACTGCAGAGGGTGACGGGCGGTGT
GT-3’) that allowed for the first amplification of a 416 bp
fragment and a set of internal primers (Sall2SNestF 5°-T
CCGCCAGAATACTACGAGC-3’; Sall2SNestR 5°-GTG
TACGCGCTTTATTGCCA-3) especially designed for the
nested amplification on the basis of deposited sequences
from S. perspicillata (HE610673.1) and S. terdigitata
(HE610672.1) retrieved from GenBank, that allowed for
the amplification of a 350 bp fragment that encompasses
all the polymorphic sites present in the sequences depos-
ited in GenBank. All PCR amplifications were carried out
on a total volume of 25 pl as follows: 12.5 ul of 2x PCR
MasterMix (MySIAL); 1 ul of each of the two 10 mM prim-
ers; 2 pl of template DNA and nuclease-free water to reach
final volume. For all the amplifications a negative control
using molecular biology grade water as template was added
to rule out possible contaminations. The obtained ampli-
cons were purified using ExoSapIT Express (Thermo Fisher
Scientific) according to manufacturer instructions and then
used as template DNA for the Nested amplification, with
the same reagents’ ratios. PCR products were visualized in
Safe-View (ABM) stained 2% agarose gel electrophoresis
along with GeneRuler DNA Ladder Mix (Thermo Fisher
Scientific) as a molecular weight marker. Samples that pro-
duced bands of appropriate dimensions were purified with
ExoSapIT (Thermo Fisher Scientific), according to manu-
facturer protocol and then outsourced to Eurofins Genomics
for Sanger sequencing in both directions using the internal
primers.

Sequencing data was managed with MEGAX software
(Kumar et al. 2018) for electropherogram checking and
taxonomic attribution of the sequences was made using the
nBLAST algorithm.

Results

Fifteen out of twenty samples (75%) produced amplicons of
the appropriate size as shown in Fig. 2.

Overall, the samples that failed to amplify were divided
between the 15 minutes (2 samples, 10%) and the 30 minutes
(3 samples, 15%) groups. Electropherograms were visually
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screened to check for possible double peaks or incorrect
base calls from the sequencer, since three sequences pre-
sented unreliable electropherograms at the 5’ end of the
fragment all the obtained sequences were trimmed leaving
with fragments of 310 bp. All the sequences of Salamand-
rina sp. 12 S were checked to make sure that no polymor-
phic site was indeed present within the fragment that was
cut out in the trimming process. All the produced sequences
were perfectly identical among each other and showed
100% homology with haplotypes of Salamandrina perspi-
cillata from Central Italy already described by Mattoccia et
al. (2005), and from Southern Italy by Liuzzi et al. (2011)
by the nBLAST algorithm to with. The sequence, shared by
all the analyzed samples from this work, was deposited in
GenBank under the accession number PP135542.

Discussions

The study presented here introduces a novel, non-invasive
protocol for DNA extraction from small amphibians using
water samples in which the animals were briefly immersed.
This technique holds potential for minimizing the impact
on animals’ fitness caused by toe clipping, and it could also
alleviate the stressful experiences endured by sampled ani-
mals. Handling animals with blunt tweezers could be ben-
eficial not just because they are instruments that are present
in every laboratory, but also because they are very easy to
sanitize. Using tweezers also allows for the required dexter-
ity to better have control on the pressure applied on the body
of small amphibians while ensuring a firm grip on the ani-
mal to prevent accidents such as dropping it. Further stud-
ies on the physiological stress response to the manipulations
required for the application of the protocol, along with the
physiological changes on the skin surfaces caused by the
prolonged immersion of a terrestrial amphibian, should be
taken into consideration; especially given the fact that the
total handling time for this protocol exceeds that of toe-
clipping or swabbing.

It should be expected that the sole immersion of amphib-
ians in water should not impact drastically the stress lev-
els and therefore could be considered as a more ethical
approachFurther studies should be carried out not just to
compare the stress generated by this sampling method ver-
sus the classical ones, but also to compare the stress gener-
ated by different immersion times. Although the presented
data have just a descriptive value and, given the low numer-
osity, cannot be backed up by a robust statistical analysis,
they suggest that samples extracted from animals immersed
for just 15 min performed slightly better compared to sam-
ples immersed for 30 min. In light of this, new experiments
should be carried out reducing immersion time to 5 min or
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Fig.2 Agarose gel showing the
amplified products in the Nested
amplification. The first row
shows the amplicons from DNAs
extracted from salamanders kept
in water for 15 min, whereas the
second row shows amplicons
from DNAs extracted from
salamanders kept in water for

30 min. The length of the bands
in the ladders are shown next to
each band

even to just dip the animal in the water to see if DNA can
still be extracted and amplified.

The global decline in amphibian populations, with 40.7%
of species classified as threatened (Leudtke et al. 2023),
underscores the urgent need for efficient and ethical con-
servation research methods. The transition to non-invasive
approaches aligns with the 3Rs principles (Replace, Reduce,
Refine) in animal research, as proposed by Russel and Burch
(1959). This ethical framework prioritizes replacing inva-
sive procedures with non-invasive alternatives, reducing
animal numbers, and refining techniques to minimize harm.

While buccal swabs have been established as a non-inva-
sive method for amphibian DNA extraction (Pidancier et al.
2003; Broquet et al. 2007; Ambu and Dufresnes 2023), the
current study pushes the boundaries even further by intro-
ducing a protocol relying on water samples. This approach
minimizes stress on the animals and simplifies the sampling
process, potentially facilitating research permit issuance for
endangered and protected species. The non-invasive nature
of the protocol is particularly crucial when dealing with taxa
in decline or close to extinction, where minimizing distur-
bance becomes of paramount importance.

The use of autoclaved water allows to significantly lower
the impact of the organismal eDNA that could be introduced
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by using water from streams or puddles found on the sam-
pling area, allowing to maximize the yield of the extra-
organismal eDNA composed from integument cells of the
subject that are shed in the water or from small amounts of
excretions like urine or feces that contains the cells which
lines the mucosae of the excretory systems. This will of
course require preparation and planning of the sampling
campaigns but, as pointed out by Funk et al. (2005), con-
ducting research projects on these protected species requires
the compliance of strict regulations and the approval of all
the experimental procedures by ethical and animal welfare
committees, therefore before starting sampling campaigns
an extensive effort of planning has to be taken in account.

The protocol was validated on a small species of sala-
mander that can fit in 15 ml Falcon tubes, but can also
be upscaled to be appropriate for other specie using, for
instance, sterile containers of different size with appropriate
volumes of water. It is essential that the water used can be
centrifuged to the bottom of the container to concentrate the
biological material left in the water by the animal.

Nested PCR approach using two sets of primers allowed
to achieve amplicons of the expected length, this outcome
is noteworthy considering the fragile nature of eDNA, the
small amount of biological material from which extraction is
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carried out, and the fact that the original fragment described
by Mattoccia et al. (2005) is 416 bp in length. Unfortunately,
as previously stated in the result section, three sequences
showed unreliable reads of the electropherogram in the 5’
end of the fragment therefore all the sequences produced
were trimmed to a final length of 310 bp to uniform the
obtained results. The trimming of roughly 40 nucleotides
was justified by the comparison with all the other Salaman-
drina sp. 12 S sequences that are deposited in GenBank
that showed no informative polymorphic sites within the
40 positions removed. Overall, the protocol allows to cover
most of the fragment (310 out of 416 bp) and includes all
the informative polymorphic sites present in the deposited
sequences, producing data that would be comparable with
those already present in literature and derived from DNA
extracted from fresh tissue.

Since the integument of the animals is in direct contact
with the water from which DNA extraction will be carried
out, the extracted DNA could also be used, as already dem-
onstrated by Shin et al. (2014) and Bletz et al. (2021), to
detect pathogens that colonize the integument or that can
be shed in the environment with bodily fluids and feces.
Particular attention should be given to parasitic fungi, such
as Batrachochytridium dendrobatidis (Castro Monzon et al.
2020), B. salamandrivorans (Martel et al. 2013), Amphibio-
cystidium ranae and A. viridescens (Fagotti et al. 2019,
2020) which could pose severe threats to amphibian species
and are known to have caused the extinction of several pop-
ulations of amphibians from all around the globe (Cheng
et al. 2011; Stegen et al. 2017; Castro Monzon et al. 2020;
Schilliger et al. 2023).

Further experiments will be carried out in years to come
with the aims to: (i) reduce the soaking time of the animals,
to assess if the protocol maintains DNA quality for geno-
typing amphibians, while minimizing stress from manipula-
tions; (ii) reduce the DNA elution volume to concentrate the
extracted DNA; (iii) quantifying the DNA quantity within
the extracted samples to see whether the samples that failed
to amplify or the samples that had poor quality electrophe-
rograms matched samples with actual low quantity of DNA;
(iv) lastly, a photography-base mark-recapture individual
recognition phase will be implemented to test the recapture
rate of sampled individuals to assess whether this way of
sampling can hinder the fitness of the animals.

Conclusions

The presented non-invasive protocol for DNA extraction
from water samples represents a significant advancement in
the field of amphibian conservation genetics. It is based on
a DNA extraction protocol similar to those used in eDNA
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extraction, allowing for the generation of genetic sequences
of amphibians without resorting to either limb or tail mutila-
tion. The genetic data produced in this work is comparable
with data from previously published studies that produced
genetic sequences from invasively collected biological sam-
ples. The designed protocol could also find application in
the conservation of other species, adjusting the size of the
container and the volume of the water used in accordance
with the size of the animal.

This study encourages a paradigm shift towards more
ethical and effective research practices, aligning with the
evolving principles of wildlife research ethics. Continued
innovation in non-invasive methodologies is essential for
advancing our understanding of amphibian populations and
implementing robust conservation strategies in the face of
the ongoing biodiversity crisis.
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