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Abstract

Amphibians worldwide are in decline with one of the main culprits being the fungal disease
chytridiomycosis. This fungus affects the skin of amphibians, leading to excessive skin shedding or skin
lesions which, in many cases, result in death. The recently discovered Batrachochytrium salamandrivorans
(Bsal) fungus, which only affects salamanders and newts (urodelans), has currently only spread to a few
countries in Europe past its native range in Asia. However, Bsal has been shown to cause high mortality
rates in some European urodelans and has the potential to spread much further across the continent. For
this reason, monitoring the spread of the disease and the species threatened with infection is essential in
mitigating the damage Bsal may cause. Utilising environmental DNA (eDNA) metabarcoding is a relatively
new and effective method of monitoring biodiversity, especially elusive species. Thus the aims of this study
are to 1.) validate the use of two different metabarcoding primers and single-species approaches in
detecting amphibian species with eDNA in the Netherlands and 2.) investigate the relationship between
Bsal and the amphibian species present at a site in Gelderland, Netherlands. Bufo bufo, Lissotriton vulgaris,
Pelobates fuscus, Pelophylax spp. and Rana temporaria were detected by both the 125-V5 vertebrate and
the 16S amphibian universal primer sets used in this study with the 125-V5 primers also detecting Triturus
cristatus. The detection of amphibians by these two primer sets were compared, with the 125-V5
vertebrate primers proving more suitable for use in this capacity. The vertebrate primers were then
compared to single-species qPCR approaches for two protected amphibian species: Triturus cristatus (great
crested newt) and Pelobates fuscus (spadefoot toad). The single-species approach outperformed the
metabarcoding primer set, detecting both species more often. After testing the vertebrate primer set data
with distance-based redundancy analysis, no significant relationship between Bsal presence and the
amphibian community composition was found but further data is needed to confirm this finding. Potential
amphibian or waterbird vectors of Bsal are explored and future avenues for research are discussed. This
research provides the foundation for future studies on Bsal and its relationship with amphibian

communities and helps inform researchers on correct primer selection for work with amphibians in Europe.



Introduction
1.1 Chytridiomycosis and the Decline of Amphibians

Amphibians are essential components of a functioning ecosystem and yet are poorly studied when
compared to other vertebrates (Halliday, 2008), with 16.4% of known amphibian species being data
deficient on the IUCN’s Red List (IUCN, 2022). Due to their presence in both terrestrial and aquatic habitats,
amphibians can provide an important energetic link between these areas and their dramatically different
larval and adult stages mean that a single species can fill the equivalent ecological role of two species
(Whiles et al., 2006). Amphibians are also of a direct benefit to humans, from providing a traditional food

source to medical research models (Tyler et al., 2007; Hocking and Babbitt, 2013).

However, amphibians worldwide are currently facing an extinction crisis as deforestation, habitat loss and
climate change alongside ranavirus and the virulent fungal disease chytridiomycosis, have combined to
devastating effect for many species. Of the amphibian species assessed by the IUCN Red List, 41% are
threatened with extinction and 9.2% are listed as critically endangered (IUCN, 2022). A study from 2019
estimated that chytridiomycosis caused by the fungus Batrachochytrium dendrobatidis (Bd) alone has led

to the extinction of 90 species and the decline of 501, 39% of which are still in decline (Scheele et al., 2019).

Chytridiomycosis was discovered to be causing declines in anurans in Australia and Central America in 1998
(Berger et al., 1998) and the subsequent year, Bd was identified as the cause (Longcore et al., 1999). This
fungus infects the skin of amphibians, causing excessive shedding of the epidermis and disrupting its
function as a permeable membrane for transport of ions and respiratory gases, often leading to death
(Berger et al., 1998; Voyles et al., 2009). Motile spores are deposited into the environment by an infected
host and can persist in water for weeks (Johnson and Speare, 2003). Bd spores can be translocated to new
locations via moist media such as bird feathers and soil (Johnson and Speare, 2005) or via vector species
such as crustaceans and fish (Prahl et al., 2020). However, at the global scale, current evidence suggests

that global trade in amphibians is the primary method of translocation (Fisher and Garner, 2007).

Since its discovery, Bd has been shown to be widespread on all continents except Antarctica (where there

are no amphibian hosts) and is infectious to not only anurans, but also urodelans (Ohst et al., 2011;



Chatfield et al., 2012; Bales et al., 2015) and caecilians (Doherty-Bone et al., 2013). This, coupled with Bd's
propensity to cause mass mortality events in a large number of species, has attracted huge scientific

attention to the fungus with the aim of preventing further extinctions.

1.2 Overview of Batrachochytrium salamandrivorans
Bd was, until recently, thought to be the only fungal disease causing chytridiomycosis. A dramatic mortality

event of fire salamanders (Salamandra salamandra) in the Netherlands, which started in 2010 and left just
0.01% of the Dutch population remaining by 2016 (Spitzen-van der Sluijs et al., 2016), uncovered a second
highly pathogenic chytrid fungus (Martel et al., 2013). The lethal skin infections found on these
salamanders were caused by Batrachochytrium salamandrivorans (Bsal) (Martel et al.,, 2013). The
symptoms of Bsal-driven chytridiomycosis include superficial skin lesions and deep epidermal ulcerations
which are then subsequently infected with secondary bacteria leading to septicaemia and death in worst

case scenarios.

Subsequently, Bsal has been shown to only infect urodelans (Martel et al., 2013; 2014), although it is
evident from laboratory trials and observations that there are interspecific differences in the response to
Bsal infection. A study by Smith et al. (2018) suggested that interspecific differences in salamander
mucosomes could be responsible for this differing susceptibility to Bsal. All subspecies of S. salamandra
appear to be highly susceptible to Bsal which has manifested in large declines across infected wild
populations (Martel et al., 2013; Spitzen-van der Sluijs et al. 2013; Sabino-Pinto et al., 2015; Wagner et al.,
2020). Newt species can also develop chytridiomycosis from Bsal (Martel et al., 2020) but death from the
fungal infection is not as prevalent as in S. salamandra, suggesting that newt species should be considered

as lower risk (Martel et al., 2014).

Although Bsal and Bd are superficially similar in their cause of lethal skin erosion, studies show that
potential urodelan hosts show different reactions to each fungus when exposed (Martel et al., 2013; 2014).
Furthermore, there is a deficit in the knowledge of the pathogenic mechanisms of Bsal. Compared to what
is known about Bd, the transmission dynamics of Bsal and the influence of biotic and abiotic factors on

pathogen response is largely undocumented (Blaustein et al.,, 2018). Current Bsal experimental studies



have used a restricted range of doses, focused on just one pathogen isolate and limited source populations
for the species tested which, given the differing response of Bd hosts to changes in these variables, should

be expanded upon in future research (Blaustein et al., 2018).

Thought to have been introduced from Asia to Europe via the pet trade, Bsal has now been found in captive
populations in five European countries of which Germany, the Netherlands and Belgium also host wild
populations of infected urodelans (Martel et al., 2014; Spitzen-van der Sluijs et al., 2016; Laking et al., 2017;
EFSA Panel on Animal Health and Welfare, 2018). Recently, a mass mortality of marbled newts (Triturus
marmoratus) in Spain has been attributed to Bsal infection, expanding its known range (Martel et al., 2020).
Legislation currently regulates the importation of urodelans to the EU from non-EU territories but trade in
anurans, which can act as potential Bsal vectors, remains unregulated (Gilbert et al., 2020). Screenings
have also been conducted in captive and wild populations in a number of European countries including
Austria, Croatia, Czech Republic, France, Italy, Montenegro, Poland, Slovakia, Slovenia, Sweden and
Switzerland (Gimeno et al., 2015; Parrott et al., 2017; Balaz et al., 2018; EFSA Panel on Animal Health and
Welfare, 2018; Sabino-Pinto et al., 2018; Grasselli et al., 2019; Lastra Gonzalez et al., 2019) but have not

yielded any conclusive positive results.

Screening of urodelans in the Americas has also currently found no evidence of Bsal (Klocke et al., 2017;
Waddle et al., 2020; Hill et al., 2021) and increased restrictions on the trade of salamanders have been
enforced to attempt to avert a biodiversity crisis (Yap et al., 2015; U.S. Fish and Wildlife Service, 2016). It
is uncertain how American urodelans would respond to infection with Bsal, but modelling studies predict
that Bsal could flourish in many locations (Yap, 2016; Basanta et al., 2019). Lab studies suggest that many
American species can develop chytridiomycosis after exposure to Bsal and those species that don’t develop
the disease still display a stress response after exposure (Carter et al., 2019; Barnhart et al., 2020). Efforts
to control and study the fungus in Europe could be key to preventing massive loss of species if Bsal ever

reaches the Americas.



l. Transport Via Passive Carriers
There has been some evidence to suggest that Bsal can not only spread via infected urodelans but also via

passive carriers such as anurans and birds (Nguyen et al., 2017; Stegen et al., 2017; Lotters et al., 2020).
Bsal was found on small-webbed fire-belly toads (Bombina microdeladigitora) imported from Vietnam
(Nguyen et al., 2017) and more recently on a wild common frog (Rana temporaria) in Germany (Lotters et
al., 2020). Experimental evidence has shown that Bsal could also adhere to the legs of geese to transfer
larger distances between ponds (Stegen et al., 2017). More tolerant urodelans can also act as vectors and
reservoirs for the fungus, such as the Alpine newt (Ichthyosaura alpestris) which could be exacerbating the

decline of susceptible local S. salamandra populations according to a recent study (Beninde et al., 2021).

The scientific opinion on Bsal transmission detailed in a paper from the EFSA Panel on Animal Health and
Welfare (2018) suggests that the most important vectors of transmission within a subpopulation is via
active and passive amphibian carriers. Water flow and substrates can also contribute to Bsal spread on a
relatively small scale (Martel et al.,, 2013; 2014; Stegen et al., 2017). However transfer via amphibian-
related human activities and wild waterbirds have the most potential when considering larger distances of
transfer between metapopulations (Zhu et al., 2014; EFSA Panel on Animal Health and Welfare, 2018).
There are also a number of other vectors of transmission which have been confirmed for Bd and therefore
could also be vectors for Bsal spread such as via invertebrates, fish, reptiles and wild mammals (Kilburn et

al,, 2011; McMahon et al., 2013; Liew et al., 2017; EFSA Panel on Animal Health and Welfare, 2018).

I. European Monitoring of Batrachochytrium salamandrivorans
Bsal is likely to be more widespread through Europe than currently known as there is limited surveillance

of the disease. Although individuals can be tested reliably using skin swabs and qPCR (quantitative real-
time polymerase chain reaction), this is only generally done after a decline in a population is recorded or
dead individuals are found. Active studies which seek to determine whether Bsal has entered an area could
miss the fungus in low concentrations, thereby limiting the reliability of such studies (EFSA Panel on Animal
Health and Welfare, 2018). Bsal has the propensity to spread further via anthropogenic or natural means
and rapidly extirpate susceptible urodelans (Stegen et al., 2017; Fitzpatrick et al., 2018). European climatic

conditions are largely suitable for Bsal and Western Palearctic urodelans have been shown to be highly



susceptible to infection (Martel et al., 2014; Feldmeier et al., 2016; EFSA Panel on Animal Health and
Welfare, 2018). These factors combine to create a situation in which it is both essential to monitor the
spread of this disease, but also very difficult and costly to do so. Current active and passive surveillance
techniques are not efficient as Bsal has a widespread scattered distribution, can be present in low
concentrations and sick or dead individuals can be difficult to find (Spitzen-van der Sluijs et al., 2016; 2018;
Dalbeck et al., 2018). However, a recent paper from Spitzen-van der Sluijs et al. (2020) detailed a new
technique utilising environmental DNA (eDNA) to overcome many of the issues associated with monitoring

Bsal.

1.3 eDNA Monitoring Methods

eDNA is DNA shed from organisms as they interact with the environment and can be found in samples of
water, soil and air (Roh et al., 2006; Ficetola et al., 2008; Lynggaard et al., 2022). This eDNA can then be
analysed using a variety of new and emerging techniques, broadly categorised into single-species or
metabarcoding approaches, to determine the species present at a sample’s site of origin. The single-species
approach is also known as a species-specific or targeted approach and is used to determine the presence
of eDNA from a single species of interest within a sample using species-specific primers and probes
(Thomsen et al., 2012b). This technique was developed from methods used in ancient sediment macro-
organism diversity assessments (Willerslev et al., 2003) and has only arose in the last 20 years. There has
been an initial focus on detection of aquatic species such as amphibians (Ficetola et al., 2008; Thomsen et
al., 2012b) and fishes (Jerde et al., 2011; Thomsen et al., 2012a) with primers targeting a short fragment of
mitochondrial DNA, which are generally of greater number in environmental samples than nuclear DNA or
longer fragments (Herbert and Gregory, 2005; Rees et al., 2014a). The use of single-species detection has
continued to expand with more recent studies on using the technique to quantify species biomass and
abundance (Takahara et al., 2012; Lacoursiére-Roussel et al., 2016; Wilcox et al., 2016) and for routine use

in biodiversity monitoring programs (Rees et al., 2014b; Biggs et al., 2015; Ruppert et al., 2017).

A single-species approach can be used for the detection of Bsal and utilises quantitative real-time
polymerase chain reaction (qPCR) (Spitzen-van der Sluijs et al., 2020). eDNA is first extracted from the

sample and, for the Bsal protocol, twelve replicates per sample alongside one extraction control and one



negative control are amplified using qPCR (Spitzen-van der Sluijs et al., 2020). The results of the gPCR can
then be analysed, quantifying the number of target DNA fragments in each replicate and therefore
determining whether the target species is present in the sample (Kubista et al., 2006; Klymus et al., 2020).
eDNA provides a much more feasible option for monitoring Bsal than other established methods as, instead
of needing to take samples from a high number of individuals in a water body to determine if the fungus is
present, this approach simply requires a water sample taken from the top of the water, where the Bsal

spores float (Spitzen-van der Sluijs et al., 2020).

The potential for eDNA to inform research on Bsal is not limited to single-species monitoring of the fungus
itself. eDNA metabarcoding has the capacity to detect full communities of species and could therefore be
utilised to determine the community of amphibians present in a Bsal infected area (Charvoz et al., 2021;
Svenningsen et al., 2022). The metabarcoding approach works using a primer set which amplifies a
sequence common to a taxonomic group with enough variation to determine the community of species
present (Valentini et al., 2016). After the DNA is extracted from the sample, it is amplified using this
metabarcoding primer set in a polymerase chain reaction (PCR) (Alberdi et al., 2018). The number of
replicates for each sample varies between studies but they range from two to over ten (Ficetola et al.,
2015) and are accompanied by extraction blanks, negative controls and positive controls to reduce the
impact of contamination and false positives (Ficetola et al., 2016). All replicates, blanks and controls are
combined into a library which is prepared for sequencing by removing primer dimer and attaching adapters
before sequencing on a high-throughput machine (Deiner et al., 2015). The results of the sequencing can
then be processed using a bioinformatics pipeline to determine the range of species present within the
samples and the number of sequences detected for each of these species (Coissac et al., 2012). Attaining
information on the full amphibian community present at sites of Bsal infection using metabarcoding is
beneficial for a number of reasons including both identifying the species at risk and the potential vector
species. Furthermore, through establishment of a chronosequence or multiple sampling events over time,
changes to the amphibian community composition as a result of Bsal and Bsal-caused population declines

can be identified.



Metabarcoding has been successfully used to detect amphibians in Europe in many studies and is highly
successful during the spring mating season when amphibians are mostly aquatic (Dufresnes et al., 2019;
Harper et al., 2020a; Svenningsen et al., 2022). However, as with most eDNA studies, there is a bias towards
research conducted in temperate regions despite the high value of data on full amphibian communities
and rare species in megadiverse regions such as the tropics (Lopes et al., 2016; 2020; Sasso et al., 2017;
Carvalho et al., 2021). Regardless of location, use of well refined metabarcoding primer sets utilising
markers with enough variation to allow species-level discrimination and a comprehensive sequence
reference database is essential for accurate results (Coissac et al., 2012; Deagle et al., 2014). As there is no
perfect universal primer, marker choice is study specific and informed decisions must be made to ensure
accurate data (Riaz et al., 2011; Deagle et al., 2014). There are a variety of primers used in amphibian eDNA
metabarcoding studies, with most targeting the 12S or 16S mitochondrial rRNA region, which are split into
those which target vertebrates and those which target just amphibians (Riaz et al., 2011; Valentini et al.,
2016; Balint et al., 2018; Egeter et al., 2019; Sakata et al., 2022). Determining whether there is any
difference in the amphibian data produced by vertebrate and amphibian primer sets is a question not yet

addressed in the literature but would help inform optimal primer selection in future studies.

The use of eDNA in ecological monitoring is a relatively new technique (Ficetola et al., 2008) with clear
benefits for biodiversity monitoring including its non-invasive approach, highly sensitive detection of rare
or elusive species and the potential to easily detect entire species assemblages (Goldberg et al., 2015;
Garlapati et al., 2019). Metabarcoding is increasingly being used in biodiversity studies but, in the sparse
comparison studies for targeted and metabarcoding approaches, the latter has been shown to be less
sensitive than a targeted approach (Harper et al., 2018; Bylemans et al., 2019). Although many studies have
compared eDNA methods with traditional survey techniques and found eDNA to be more accurate and
cost-effective than traditional methods (Davy et al., 2015; Smart et al., 2015; Boussarie et al., 2018; Sales
et al., 2020a; 2020b), its use for surveying is still relatively sparse with only a few species regularly surveyed
using eDNA worldwide (Fediajevaite et al., 2021). There are still a number of issues which need to be
overcome such as the need for standardisation, issues with quantifying abundance and the spatial and

temporal dynamics of eDNA to name a few (Beng and Corlett, 2020; Fediajevaite et al., 2021). However,
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the field of eDNA is constantly expanding and the current level of expertise is more than adequate for use
detecting Bsal and the amphibian communities present at infected sites.

1.4 RAVON and Batrachochytrium salamandrivorans in the Netherlands

RAVON (Reptielen Amfibieén Vissen Onderzoek Nederland) is a non-governmental organisation which is
responsible for national monitoring networks and distribution research for reptiles, amphibians and fish in
the Netherlands. As such, RAVON has been heavily involved in the monitoring of Bsal in the Netherlands
since its discovery in South Limburg in 2013 (Martel et al., 2013) and was involved with the initial eDNA
monitoring studies. Since then, Bsal has spread in South Limburg to Kerkrade and has also been found at
four new locations: Berg en Dal, Wormdal, Pepinusbeekdal and a site in the Gelderland province (RAVON,
2021). Of these new sites, Pepinusbeekdal was not re-sampled but both Berg en Dal and Wormdal were
re-sampled and tested negative for Bsal in 2015 and 2017 respectively (RAVON, 2021). The two private
ponds in Gelderland have remained positive for Bsal and are currently the focus of a re-sampling project,

the data from which will form the basis of this study.

The re-sampling project involves using eDNA to test for Bsal presence in the original two ponds and in 27
surrounding water bodies found within a 2km radius to track the spread of the fungus. All laboratory work
was conducted by SPYGEN and every sample was also tested using a targeted approach to detect great
crested newt (T. cristatus) and spadefoot toad (Pelobates fuscus). These two species are protected in the
Netherlands (Council Directive 1992/43/EEC) and T. cristatus have been found infected with Bsal at two
ponds in Gelderland (RAVON, 2021). Alongside S. salamandra and T. cristatus, I. alpestris and Lissotriton
vulgaris (smooth newt) have also been found to be infected with Bsal in the Netherlands (RAVON, 2021)
meaning that determining the communities of amphibians present at these sites would be beneficial to
determining which species are spreading, or at risk of population decline from, Bsal.

1.5 The Dilution Effect Hypothesis

While the presence of hosts and potential vectors of Bsal can serve to grow and spread the fungus, the
dilution effect hypothesis (DEH) argues that higher biodiversity can also serve to dilute the effect of the
disease and reduce transmission. Dilution occurs when an increase in the diversity of species leads to less

contact between host and vector species and therefore less transmission. This hypothesis was introduced

11



in 2000 (Ostfeld and Keesing, 2000) and has since been hotly debated with many papers arguing its
significance in a world experiencing large loss of biodiversity and an accompanying increase in disease
(Civitello et al., 2015; Halsey, 2019; Halliday et al., 2020). Despite criticism, around 80% of studies that
address the diversity-disease relationship found evidence for the dilution effect (Huang et al., 2016),

including a number of studies on Bd (Searle et al., 2011; Venesky et al, 2014; Becker et al., 2014).

However this relationship is not simple, the presence of specific species can disproportionately increase or
decrease infection loads (Becker et al., 2014) and the host species must remain when species diversity
declines for the dilution effect to be strong (Huang et al., 2016). Currently there is no research on the
dilution effect with Bsal as the focal disease and its superficial similarities to Bd aren’t enough to conclude
on the influence the dilution effect may have (Martel et al., 2013; 2014).

1.6 Project Aims

This study has two main aims. Firstly, to validate the use of two different metabarcoding primers and single-
species approaches in detecting amphibian species with eDNA in the Netherlands. This can be summarised

into two research objectives:

1. Determine whether the 12S vertebrate or 16S amphibian metabarcoding primer set performs
better when detecting amphibian communities in the Netherlands.
2. Determine whether a metabarcoding or single-species approach performs better when detecting

two protected amphibian species: Triturus cristatus and Pelobates fuscus.

The second aim of this study is to investigate the relationship between Bsal and the amphibian species

present at a site in Gelderland, Netherlands. This can be summarised into two research objectives:

3. Determine the relationship between amphibian community composition and Bsal presence.
4. Explore the potential association of individual amphibian species and waterbirds (as a group) with

Bsal positive sites.
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Methods
2.1 Field Sampling

Two ponds were identified by RAVON in Gelderland, Netherlands which have been confirmed to contain
Bsal. Twenty seven water bodies within a 2km radius of the original two sites were subject to one session
of eDNA sampling in mid-April 2021. This did not include the original two sites. Figure 1 shows the location
of the study area within the Netherlands but the exact location is anonymised to obscure the location of

protected species and as many sites are on private property.

FIGURE 1 — LOCATION OF THE STUDY SITE WITHIN THE NETHERLANDS

Another sampling occasion later in Spring was planned but COVID-19 restrictions prevented fieldwork from
being conducted abroad. For each pond, 20 systematic samples of 100ml of water were taken standing on
the banks of the pond using a 100ml sterile water sampling ladle. These water samples were collected from
the top 5cm of the water, decanted into a 2-litre self-supporting sterile Whirl-Pak® bag and shook to
homogenise the liquid. A sterile 100ml syringe was then used to push the full 2 litres of water through a

VigiDNA® 0.45 uM cross-flow filtration capsule. The filtration capsule was then filled with 80ml of CL1
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Conservation buffer to preserve the filter. All equipment was provided by SPYGEN. Throughout this
process, latex gloves were worn to prevent contamination. Gloves were changed before adding the buffer
and between ponds alongside a full decontamination of kit and boots between ponds to prevent the spread
of Bsal (RAVON, 2020).

2.2 eDNA Extraction and Metabarcoding

Samples were then stored at room temperature and sent from RAVON to SPYGEN for single-species eDNA
analysis detecting Bsal, P. fuscus and T. cristatus. The DNA was extracted from the samples in a room
prepared for water DNA extraction with UV treatment, positive air pressure and frequent air renewal.
Laboratory personnel changed into full protective clothing before entering the extraction room comprising
a disposable body suit with hood, mask, laboratory shoes, overshoes and gloves. Full details of the DNA
extraction methods are given in Spitzen-van der Sluijs et al. (2020). After the DNA extraction, the samples
were tested for inhibition by gqPCR following the protocol described in Biggs et al. (2015) and those found

to be inhibited were diluted two-fold before amplification with the primer and probes.

The gPCR for all three single-species assays are performed in a final volume of 25yl with 1 yl of both forward
and reverse primers (10 yM), 1 yl of probe (2.5 yM), 3 pl of template DNA, 12.5 ul of TagMan Environmental
Master Mix 2.0 (Life Technologies) and 6.5 pl of ddH20. For the detection of Bsal, samples were amplified
using primers and probes designed in Spitzen-van der Sluijs et al. (2020) (Bsal_F 5" CACATTGCACTCTACTTT
3’; Bsal_R 5 AAGACAAGGAAATGAATTAAA 3’; Bsal_Pr 6-FAM-TGATTCTCAAACAGGCATACTCTAC-BHQ-1)
which amplify a short fragment of 54 base pairs (bp). The qPCR process entailed thermal cycling at 50°C for
5 min and 95°C for 10 min, followed by 50 cycles at 95°C for 30 s and 53.3°C for 1 min. For the detection of
T. cristatus, samples were amplified using primers designed in Thomsen et al. (2012b) and validated in
Biggs et al (2015) (TCCBL 5  CGTAAACTACGGCTGACTAGTACGAA 3’; TCCBR 5
CCGATGTGTATGTAGATGCAAACA 3’; TCCB_Probe FAM-CATCCACGCTAACGGAGCCTCGC-BHQ1) which
amplify an 81 bp fragment. The gqPCR process entailed thermal cycling at 50 °C for 5 min and 95 °C for 10
min, followed by 55 cycles of 95 °C for 30 s and 56.3 °C for 1 min. Primers and probes for P. fuscus alongside

the gPCR process have been developed by SPYGEN and are as yet unpublished.
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Further details on these methods are contained in Spitzen-van der Sluijs et al. (2020) and Biggs et al. (2015).
The remaining extracted DNA was then sent on to the University of Salford for use in this project, no field

or extraction blanks were included.

Following their arrival at the University of Salford, the 27 extractions were stored at -20°C until PCR
amplification. The samples were amplified on two separate occasions using two different metabarcoding
primer sets. The first was the vertebrate 125-V5 primer set (125-V5_F 5 TAGAACAGGCTCCTCTAG 3’; 125-
V5 R 5’ TTAGATACCCCACTATGC 3’; Riaz et al., 2011) which amplifies a short fragment (~98 bp) of the 12S
rRNA region with sample-specific multiplex identifier (MIDs) tags. 24 unique MIDs tags for both forward
and reverse primers were used to differentiate between samples. During PCR for these primers, the
samples were denatured for 5min at 95° followed by 35 cycles of 15s at 95°, 30s at 57° and 30s at 72° with
a final elongation of 5min at 72°. The second was the 16S amphibian primer set which targets a 150 bp
fragment in the 16S ribosomal RNA region of the mitochondrial genome (BA-4445-F 5'-
RACCGTGCRAAGGTAGCR-3; BA-178-R 5-CCATRGGGTCYTCTCGTCT-3’; Balint et al, 2018) with sample
specific MIDs tags. 24 unique MIDs tags for both forward and reverse primers were used to differentiate
between samples. The PCR amplification for these primers followed an adapted protocol with samples
denatured for 15min at 95° followed by 35 cycles of 30s at 94°, 1min 30s at 55° and 1min at 72° with a final

elongation of 30min at 60°.

During PCR for both primer sets, each sample had three replicates to reduce bias in individual reactions.
Three replicates of a positive control sample from another project involving captive Agalychnis lemur
(lemur leaf frog), a central American species, were included on the plate for each primer set alongside four
negative control replicates. The positive control is used to identify tag jumping for subsequent data filtering
steps and the negative control is used to identify cross sample contamination during the PCR process.
Amplification was confirmed using 1.2% agarose gel electrophoresis stained with GelRed (Cambridge
Bioscience), PCR products were then pooled into two separate libraries (one for each primer set) and bp

length of amplified fragments was confirmed using the Tapestation.
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RATIO Agencourt AMPure XP (Beckman Coulter) was used to perform a left-sided size selection with a bead
ratio of 1:1.5 for the 125-V5 vertebrate primers library and 1:0.9 for the 16S amphibian primers library. The
KAPA HyperPrep kit (KapaBiosystems) was used to add Dual-Index adapter 4 to each library. The NEBNext
gPCR quantification kit (Biolabs) was then used to quantify each library by gPCR in order to dilute correctly
to a concentration of 9pM in preparation for sequencing. An Illumina MiSeq Reagent Kit v2 Nano was then

used to sequence each library on separate sequencing runs.

2.3 Bioinformatic Analysis
Once the sequencing was complete, the files were downloaded from BaseSpace (basespace.illumina.com).

The bioinformatic analysis was conducted using the OBITools metabarcoding package (Boyer et al., 2016)
followed by a direct blast against the GenBank nucleotide database (NCBI) to assign taxonomy, all
conducted on a Linux server (Ubuntu 18.04.6 LTS). The quality of the reads were first assessed using FASTQ
(Andrews, 2015) and then the forward and reverse reads were merged with illuminapairedend.
Demultiplexing was conducted with the ngsfilter command and then obigrep was used to select fragments
within a suitable range and remove reads with ambiguous bases. For both primer sets, a wider range of
fragment sizes were retained in an initial run and then re-run with a tighter range informed by the results
of the first run. For the 125-V5 vertebrate primers, the range was initially 50-250bp and the final run was
85-120bp. For the 16S amphibian primers, the range was initially 80-250bp and the final run was 110-
120bp. The data was dereplicated using obiuniqg, then chimera removal was conducted using the uchime
denovo method (Edgar et al. 2011) in VSEARCH (Rognes et al. 2016) with a minh value of 0.9. Sequences
were then clustered using SWARM (Mahé et al., 2015) and exported to be used in the taxonomic

assignment process.

Before taxonomic assignment, singletons (MOTUs represented by only one sequence read) were removed
to aid in computation time. Taxonomic assignment of MOTUs was carried out using blastn against the
GenBank database. A maximum of 25 hits were returned with the sequences requiring at least 80% identity
and 90% alignment, then the most common taxid was assigned. MOTUs required at least 98% identity to
be assigned at species level and all other assignments were filtered out in subsequent steps (Sales et al.,

2020a).
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The results were filtered using an adapted version of the method used in Broadhurst et al. (2021) with read
counts at each stage recorded in Table 1. First, reads were removed proportional to the number of positive
control reads found in samples other than the positive control to account for tag jumping (Schnell et al.,
2015). Then the maximum number of reads within the negative control samples were removed from all
read counts. Reads from domestic animals and humans were removed. MOTUs assigned at species level
and with more than five reads were kept to produce a file containing the vertebrate community.
Subsequently, the amphibian community was isolated in a separate file. For the amphibian primers, no
vertebrate community file was created but the same steps were followed. Pelophylax lessonae was
replaced with Pelophylax spp. as the mitochondrial DNA of P. lessonae and the hybrid Pelophylax k.
esculentus are indistinguishable using eDNA methods (Holsbeek and Jooris, 2010), although the hybrid is
more common.

2.4 Statistical Analysis

All statistical analyses were conducted in R v4.1.2 and maps were made in ArcGIS Pro 2.9 and Adobe
llustrator 26.0. First, bubble charts were created using ggplot2 to show the proportional read count of
each amphibian species at each site for both primer sets. Subsequent analyses were conducted with the
data converted into presence/absence and site 22 removed as no data for this site was attained, likely due
to an error at the PCR stage. Box and whisker diagrams were constructed to show the species richness
detected across sites by the amphibian and vertebrate primer sets separately. A species accumulation
curve was constructed using the iNEXT function to extrapolate the amphibian species richness data to 50

sites for each primer set and the combined primer data.

Maps of the amphibian communities present at each site as generated by the two primer sets were
constructed to show their distribution alongside the presence of Bsal. To compare the communities
produced by each primer set site by site, Sgrensen’s Index values (with 0 signifying no common species and
1 signifying a complete species match) were calculated from the two communities (one for each primer
set) produced for each site and then represented in a box and whisker plot. Sites where both primer sets
produced zero amphibian species were given a Sorensen’s Index value of 1. The vertebrate primer set was

subsequently selected to move forward with the analyses (see Results).
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A further map was constructed to visually represent the detection of T. cristatus and P. fuscus by a single-
species approach (data provided by RAVON and SPYGEN) compared with the vertebrate primer data. To
examine whether the approach selected had an effect on whether each species was detected at each site,

two McNemar’s tests were conducted using the mid-P method (Pembury Smith and Ruxton, 2020).

Sites were split into those which tested positive and those which tested negative for Bsal and a box and
whisker plot constructed based on the amphibian species richness values from the vertebrate primer set
data for each category. An NMDS plot was constructed to determine whether the amphibian communities
detected by the vertebrate primers were related to Bsal presence or absence. The Jaccard index was used
as a measure of community similarity and sites with no species detected were removed (sites 2, 16, 17 and
19). This left 15 Bsal negative sites and 7 Bsal positive sites. A two-dimensional approach was used after
examining the stress test to ensure it was within an acceptable range. The adonis function was then used
to conduct a permutational multivariate analysis of variance (PERMANOVA) with 999 permutations to
determine whether Bsal presence was significantly associated with certain amphibian communities. The
assumption of no difference in dispersion between Bsal positive and negative amphibian communities was
tested using a permutational analysis of multivariate dispersions (PERMDISP) with 999 permutations. As
the PERMANOVA is not as powerful with a significant PERMDISP result, a distance-based redundancy
analysis (dbRDA) plot was also constructed using the Jaccard Index with 1000 permutations to determine
the strength of Bsal as an explanatory variable of amphibian community composition. The initial NMDS
plot was retained to demonstrate the PERMDISP results and the species associations with Bsal positive

sites.

The proportion of sites in the Bsal positive and Bsal negative categories containing each amphibian species
were calculated alongside the same data for waterbirds as a combined category. This was then displayed
on a bar chart to determine whether there were any visible differences in the proportions which could be

explored in future studies.
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Results

3.1 Overview
The Miseq sequencing run yielded around 1.6 million raw reads for the 125-V5 vertebrate primers and 1

million reads for the 16S amphibian primers. Table 1 shows the reads for each primer dataset remaining at
the end of the bioinformatics process (first line) and after each stage of the filtering process. After the
negative control step, the number of reads assigned to each class for the vertebrate primer set data (all
reads were in phylum Chordata) and each phylum for the amphibian primer data are shown in Appendixes
1 and 2 respectively. Non-target reads at that stage comprise just 1.3% for the vertebrate primer data but
most reads sequenced in the amphibian primer dataset were not amphibian as shown by the dramatic
reduction in reads at the final filtering step (Table 1). The reads for the amphibian primers were dominated
by Rotifera (27.4%), Arthropoda (25.5%) and non-assigned reads (44.5%). Average read depth for

amphibian species per sample is 19165 for the vertebrate primer set and 105 for the amphibian primer set.

TABLE 1 - READ COUNTS FOR EACH PRIMER SET AT EACH STAGE OF THE POST-BIOINFORMATIC FILTERING PROCESS.

125-V5 16S
Vertebrate Amphibian
primer set  Primer set

Total reads before filtering criteria 1370905 542354
After accounting for tag-switching 1368503 542354
After removing positive control 1366027 530744
After removing negative control 1365335 521921
After removing all human reads 998859 521423
After removing domestic animals (Bos, Canis, Felis, Ovis 963799 521423
and Sus)

MOTUs with minimum identity >0.98 and less than 5 945831 99420
reads removed

After removing all non-amphibian reads 498302 2848
Tag-switching proportion 0.0004 0
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The vertebrate community produced by the vertebrate primers was extracted just before removing all non-
amphibian reads in the filtering process and is shown in Table 2. All three replicates for site 22 failed and it
was subsequently removed from the data. Thirteen species of birds were detected including five
waterbirds: mallard (Anas platyrhynchos), grey heron (Ardea cinerea), Eurasian coot (Fulica atra), white
stork (Ciconia Ciconia) and great cormorant (Phalacrocorax carbo). One of the bird species detected was
the Siberian accentor (Prunella montanella), a rare migrant to Western Europe. The sequence has 234
reads at one site and was a 100% match with P. montanella and Prunella fulvescens but the former was
deemed more feasible. Eight mammal species were detected with most species occurring at just one site
except the beech marten (Martes foina), wood mouse (Apodemus sylvaticus) and roe deer (Capreolus
capreolus) which occur at two sites. Four fish species were detected but only the asp (Leuciscus aspius) is
native in the wild in Europe and therefore the other three species are assumed to have been introduced
into sites as decorative pond species. The results from RAVON and SPYGEN showed that eight of the 27

sites tested positive for Bsal and these are also displayed in Table 2.

TABLE 2 - TABLE WITH GREEN BOXES INDICATING DETECTION OF A SPECIES BY THE 12S-V5 VERTEBRATE PRIMER SET. BSAL
POSITIVE SITES ARE INDICATED IN RED AND SITE 22 IS SHADED GREY DUE TO FAILURE. SPECIES IN RED ARE NON-NATIVE IN

EUROPE.

Site
Class Species Commaon name 1 2 3 4 5 6 7 8 91011 12 13 14 15 16 17 18 19 20 21 22 23 24 15 16 27
Amphibia Lissotriton vulgaris Smaooth Newt
Amphibia Pelobates fuscus Spadefoot Toad
Amphibia Bufo bufo Common Toad
Amphibia Pelophylax sp. Pool/Edible Frog
Amphibia Rana temporaria Common Frog
Amphibia Triturus cristatus Great Crested Newt
Aves Anas platyrhynchos  Mallard
Aves Columba palumbus  Common Wood Pigeon
AvES Ardea cinerea Grey Heron
Aves Corvus corax Commaon Raven
Aves Porus major Great Tit
Aves Ganulus glandarius ~ Eurasian Jay
Aves Sturnus vulgaris Commaon Starling
Aves Fulica atra Eurasian Coot
Aves Fringilla coelebs Common Chaffinch
Aves Dendrocopos major  Great Spotted Woodpecker
Aves Ciconia ciconia White Stork
Aves Phalocrocorax carbo  Great Cormorant
Aves Prunella montanella  Siberian Accentor
Mammalia Martes foing Beech Marten
Mammalia Apodemus sylvaticus Wood Mouse
Mammalia Copreolus copreolus  Roe Deer
Mammalia Lepus europaeus Eurcpean Hare
Mammalia Myodes gloreolus Bank Vole
Mammalia Onvcfologus cuniculus European Rabbit
Mammalia Sciurus vulgaris Red Squirrel
Mammalia Rottus norvegicus Brown Rat
Actinopteri  Leuciscus aspius Asp
Actinopteri  Pimephales promelas Fathead Minnow
Actinopteri  Corossius guratus Goldfish
Actinopteri  Lepomis gibbosus Pumpkinseed
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3.2 Metabarcoding Primer Comparison
For comparison of the primer sets, just the amphibian species detected are included. When comparing the

two primer sets, there is an obvious deficiency in data from the amphibian primers, producing just 1% of
the reads for amphibians produced by the vertebrate primers. Furthermore, the vertebrate primers
detected six amphibian species where the amphibian primers only detected five, missing T. cristatus which
is a species of concern for these sites. The proportion of reads which constitutes each species at each site
for both primer sets is shown in Figure 2. There are some similarities in the proportion of each species
detected by both primer sets, with a few sites showing almost the same proportion and composition for
both primer sets such as 8 and 24. Lissotriton vulgaris clearly dominates the reads and the two species of

interest (T. cristatus and P. fuscus) are the least detected for both primer sets.
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FIGURE 2 — RELATIVE ABUNDANCE OF THE READS FOR EACH SPECIES AT EACH SITE DETECTED USING THE A.) 125-V5

VERTEBRATE PRIMER SET B.) 16S AMPHIBIAN PRIMER SET. SITE 22 (RED) FAILED FOR THE VERTEBRATE PRIMER SET AND IS
SUBSEQUENTLY REMOVED FROM THE DATA.
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Site amphibian species richness values were combined for each primer set and are shown in Figure 3. The
vertebrate primer set has a larger range of species richness values, reaching a maximum of five, than the
amphibian primer set which only reaches four. Overall, the vertebrate primer set has generally higher
species richness across sites than the amphibian primer set. Figure 4 further shows how the vertebrate
primer set has been much more successful at detecting the species richness of the sites, reaching a plateau
within the number of sites surveyed in this study. Furthermore, the vertebrate primer data almost
independently drives the combined data, making the contribution of the amphibian primer data essentially

redundant.
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Amphibian Species Richness

16S Amphibian . 125-V5 Vertebrate
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FIGURE 3 - AMPHIBIAN SPECIES RICHNESS DETECTED BY THE 16S AMPHIBIAN AND 12S-V5 VERTEBRATE PRIMER SETS PER
SITE.
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FIGURE 4 - SPECIES ACCUMULATION CURVE SHOWING THE INTERPOLATED SPECIES RICHNESS DETECTED BY EACH PRIMER SET
AND BY BOTH PRIMER SETS COMBINED ALONGSIDE THE EXTRAPOLATED RICHNESS TO 50 SITES. VERTEBRATE PRIMER DATA
HAS SITE 22 REMOVED DUE TO FAILURE AND THEREFORE HAS 26 SITES.

Maps were constructed displaying the amphibian communities at each site as detected by the vertebrate
(Figure 5) and amphibian (Figure 6) primer sets alongside the Bsal data, with 8 sites found to be Bsal
positive and 19 to be Bsal negative. Figures 5 and 6 further show the deficiency of the amphibian primer
data as it contains ten sites with no amphibian reads where the vertebrate primers detected amphibians.
However, of the four sites where nothing was detected by the vertebrate primers, the amphibian primers
detected species at three. At site 22 the amphibian primers detected L. vulgaris but, due to an error during
the lab process (most likely at the PCR stage), no DNA at all was detected for this site by the vertebrate
primers. At site 16, the amphibian primers detected L. vulgaris and at site 19 it also detected R. temporaria
where the vertebrate primers detected nothing. However, all of these detections by the amphibian primer

set have a low number of reads, ranging between 8 and 23 after filtering.
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FIGURE 5 - MAP DISPLAYING THE AMPHIBIAN COMMUNITIES DETECTED USING THE 125-V5 VERTEBRATE PRIMER SET AT
BSAL POSITIVE AND NEGATIVE SITES. THE ORIGINAL TWO SITES WHERE BSAL WAS DETECTED ARE INCLUDED IN BLUE. SITE 22
FAILED SO NO RESULTS ARE SHOWN FOR THIS SITE.
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FIGURE 6 - MAP DISPLAYING THE AMPHIBIAN COMMUNITIES DETECTED USING THE 16S AMPHIBIAN PRIMER SET AT BSAL
POSITIVE AND NEGATIVE SITES. THE ORIGINAL TWO SITES WHERE BSAL WAS DETECTED ARE INCLUDED IN BLUE.
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To compare the sites directly, the amphibian community produced by each primer set was used to produce
Sgrensen’s Index values for each site. There was a clustering of values around 0 and around 1 with a mean
value of 0.5236 showing the almost bisection of the data into sites with zero agreement between

amphibian communities and almost complete or complete agreement.

The 12S-V5 vertebrate primer set outperformed the 16S amphibian primer set by producing more
comprehensive amphibian communities. Henceforth, the analyses will be conducted using just the data
produced using the vertebrate primer set.

3.3 Single-Species versus Metabarcoding

When compared to the single-species data on T. cristatus and P. fuscus, the vertebrate metabarcoding
primers detected these species of interest less often (Figure 7). The largest number of sites where the two
approaches agreed (13) held neither of the species. Both approaches detected P. fuscus at three sites and
T. cristatus at one site. The vertebrate primers detected T. cristatus at one site where it was not detected
in the single-species data but the vast majority of T. cristatus detections were made only by the single-
species approach. Despite the relatively low number of discordant pairs, the results from the McNemar’s
test showed that the approaches produce significantly different results for both T. cristatus (p=0.0391) and
P. fuscus (p=0.0313). The single-species approach is therefore more likely to detect both species than the

metabarcoding approach.
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FIGURE 5 - MAP COMPARING THE DETECTION OF T. CRISTATUS AND P. FUSCUS VIA SINGLE-SPECIES AND METABARCODING
(12S5-V5 VERTEBRATE PRIMERS) APPROACHES. SITE 22 IS NOT INCLUDED AS IT IS REMOVED FROM THE VERTEBRATE PRIMER
DATA.
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3.4 Amphibian Communities and Bsal
Sites were split into those which tested positive for Bsal and those that tested negative and species richness

per site for the two groups were plotted in a box and whisker plot (Figure 8). The number of sites in each
category is not equal, with 18 negative sites and 8 positive sites, which is likely the cause of the apparent

difference in species richness in Figure 8.
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FIGURE 6 - AMPHIBIAN SPECIES RICHNESS DETECTED BY THE 125-V5 VERTEBRATE PRIMER SET FOR BSAL POSITIVE AND BSAL
NEGATIVE SITES.

To explore the amphibian communities present at the sites and their association with Bsal presence, an
NMDS plot was constructed (Figure 9) with a stress value of 0.112. Bsal positive sites appear clustered
within the middle but there is no distinct separation from negative sites. When a PERMANOVA was
conducted, Bsal presence was found to have a non-significant explanatory power over amphibian
communities (F = 1.994, p = 0.157). A PERMDISP test was conducted and the difference in distribution
between Bsal positive and negative sites is significantly different (F = 10.44, p = 0.005). The non-significant
PERMANOVA means that centroids of the two groups are not significantly different but there is a significant
difference in their variance (PERMDISP), meaning that sites within the Bsal positive category have more
similar communities than those in the Bsal negative category.
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FIGURE 7 - NMIDS PLOT SHOWING THE SIMILARITY OF AMPHIBIAN COMMUNITIES DETECTED BY THE 12S5-V5 VERTEBRATE
PRIMER SET AT BSAL POSITIVE AND NEGATIVE SITES OVERLAID WITH THE SPECIES ASSOCIATIONS. POINTS ARE JITTERED FOR
VISIBILITY.

As the PERMANOVA is not as powerful with a significant PERMDISP result, a dbRDA plot was created to
determine whether Bsal is significant as an explanatory variable for amphibian community composition.
The dbRDA result (Figure 10) was significant but without much explanatory power (R%adj = 0.0569,
p=0.0497). The first axis CAP1 explained 10.18% of the variation and the second axis MDS1 explained
36.69%. The low adjusted R? value suggests that the effect of Bsal on the differences between amphibian
communities present is no more significant than any other random value and that other variables not
recorded in this study likely have a much larger explanatory power. This is also evidenced by the high

explanatory power of the second axis over the first, which is driven solely by Bsal.
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When the proportion of sites within the Bsal positive and Bsal negative categories containing each
amphibian species and waterbirds was investigated, most had very similar values regardless of category
(Figure 11). Waterbird species included mallard (A. platyrhynchos), grey heron (A. cinerea), Eurasian coot
(F. atra), white stork (C. ciconia) and great cormorant (P. carbo) but were dominated by mallard. This study
does not have enough data to produce statistically significant results considering the relative lack of Bsal
sites and restriction to just presence/absence data so no further statistical analyses were conducted.
However, Figure 11 highlights Pelophylax spp. and potentially R. temporaria as species with potential links
to Bsal presence. Due to the presence of T. cristatus at Bsal positive sites in the single-species data, the
lack of T. cristatus at Bsal positive sites in Figure 11 is not considered significant and is likely due to a

deficiency in the vertebrate primer data.
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Discussion

This study has successfully detected the expected range of amphibian species at sites in Gelderland
alongside a component of the wider vertebrate community present at these sites. The species
accumulation curve for the 125-V5 vertebrate primer set (Figure 4) demonstrates that the sampling effort
in this study was sufficient to detect all amphibian species present at the study area. The single-species
data attained from RAVON demonstrates the spread of Bsal from the initial two sites to eight further sites
without a clear path of spread as some of the closest sites remain uncontaminated (Figures 5 and 6).
However, it should be noted that the chronological contamination of sites by Bsal is unknown as only two
sites were sampled originally (RAVON, 2021). The lack of recorded infections of sub-populations of T.
cristatus at other ponds at the time of original sampling could suggest that, even if Bsal was present at
other sites, it was not as well established as within the original sites. However, there is a chance that Bsal

could already have extirpated T. cristatus from these sites unnoticed.

From the literature, there are several ways the infection could have spread including via active urodelan
carriers, passive carriers such as anurans and waterbirds or via humans (EFSA Panel on Animal Health and
Welfare, 2018). The 125-V5 vertebrate metabarcoding primers enabled the detection of five species of
waterbirds alongside eight other species of bird, eight species of mammals and four fish species. Although
not pertinent to this study, one of the species detected was the Siberian accentor (Prunella montanella), a
rare migrant to Western Europe and potentially the first finding of this species in the Netherlands since
2016 (Waarneming.nl, 2021). Such a finding demonstrates the value of using eDNA to monitor species
populations as it has the ability to detect rare or cryptic species (Pfleger et al., 2016; Nester et al., 2020;
Neice and McRae, 2021). Furthermore, the use of a vertebrate primer set is highly beneficial as the data
generated on non-target species can form the basis of further studies without the need for additional field
or laboratory work.

4.1 Metabarcoding Primer Comparison

Comparison between the 16S amphibian and 125 -V5 vertebrate metabarcoding primer sets revealed that
the former consistently failed to detect the full range of amphibian species detected by the latter at each

site. The amphibian primers did not detect T. cristatus, consistently detected a lower amphibian species
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richness at each site and only contained 1% of the amphibian reads detected by the vertebrate primers.
Therefore, future research into amphibians in Europe should opt for the 125-V5 vertebrate primer set (Riaz
et al, 2011) as it not only provides a much more comprehensive dataset on the amphibian communities
present, but it also provides valuable extra data on the other vertebrate species present. This is in
agreement with the existing literature as the 12S-V5 primers are among the most highly used
metabarcoding primers for detecting amphibians alongside the batra 12S amphibian primers (Valentini et

al.,, 2016) and primers developed for specific study areas (Egeter et al., 2019; Charvoz et al., 2021).

The 16S amphibian primers have not yet been used in any published peer-reviewed works except the
original Balint et al., (2018) study. It is likely that, as this primer set is developed for use within tropical
biodiverse ecosystems and developed from anuran sequences from South America, it is not optimised for
use detecting European amphibian species. However, it could be argued that the 16S amphibian primers
should simply not be recommended for use in any study. This is due to the large quantity of Rotifera,
Arthropoda and completely unidentified DNA fragments which dominated the reads in the output file after
the bioinformatics stage and also dominated the reads when the primer set was used in other recent
projects at the University of Salford (A. McDevitt, pers. comm.). Changes can be made to increase the
number of reads of ‘rare’ amphibian species detected by the 16S amphibian primer set, such as increasing
the number of replicates at the PCR stage or using a sequencing kit with a larger read depth (Grey et al.,
2018; Shirazi et al., 2021; Ushio et al., 2022). However, a less costly and more streamlined solution would
be to simply select an alternative amphibian targeting primer set, such as the batra 12S primers, or use the

125-V5 vertebrate primers.

The batra primer set was not used in this study as the PCR process had not yet been optimised in the
laboratory at the University of Salford. Following the original cycling parameters given by Valentini et al.
(2016) resulted in strong amplification of a non-target fragment, which was ~30 bp larger than the target
fragment when the PCR product was tested on the Tapestation. The initial annealing temperate of 55° was
increased to 60° and 65° in separate, small-scale PCR trials to attempt to remove the non-target fragment

(Bronnenhuber and Wilson, 2013) but this was unsuccessful. The volumes of the reagents in the
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amplification mixture followed the same ratio as used for the 125-V5 vertebrate and 16S amphibian
primers in this study which differs from those used in Valentini et al. (2016). This change, in addition to the
lack of human-blocking primers used in the original paper (Valentini et al., 2016), could have contributed
to the amplification of this non-target fragment but time pressures for completion of laboratory work

prevented further trials testing modifications to the amplification mixture.

Despite this difficulty at the PCR stage, a comparison study of the batra 12S primers alongside the 125-V5
primers is still needed to facilitate informed choices in future amphibian eDNA research. Studies which
compare the 125-V5 primers to metabarcoding primers targeting more constrained taxonomic groups have
mixed results. The 125-V5 primers have the capacity to detect terrestrial mammals (Harper et al., 2019)
and have performed well detecting rare Amazonian species when compared to a mammal COI
metabarcoding primer set (Kocher et al., 2017a; Coutant et al., 2021). However, when used for studies on
fish, the 125-V5 primers have had difficulty distinguishing between closely related families and species
when compared to 16S and 12S Mifish primers (Hanfling et al., 2016; Doble et al., 2019). Although the
diversity of amphibian species in this study is relatively low, the vertebrate primers did struggle to detect
some of the rarer species. Using an amphibian targeting primer set, such as the batra 12S primers, could
provide a greater read depth for amphibian species as only amphibian eDNA is amplified, increasing the
chances of detecting rare species (Shirazi et al., 2021). The batra primer set has been successfully utilized
in studies on amphibians in China (Li et al., 2021a; 2021b), Brazil (Sasso et al., 2017; Lopes et al., 2021) and,
more importantly, Switzerland (Dufresnes et al., 2019; 2020) where the amphibian communities contain
many of the same species as in this study. Therefore, the 12S batra primers are likely a better contender

than the 16S amphibian primers for providing reliable and comprehensive amphibian community data.

Despite this, the 125-V5 vertebrate primers performed well in this study and have the additional benefit of
producing the full vertebrate community, not just amphibians, which includes species of ecological
significance, such as predator species or, in this case, potential disease vectors. The 125-V5 primer set is
also very versatile and has detected amphibians using a variety of methods besides eDNA including through

carnivore diet analysis (Shehzad et al., 2012; Kumari et al., 2019; Harper et al., 2020b; Shao et al., 2021),

35



invertebrate gut contents (Kocher et al., 2017b; Lynggaard et al., 2019) and, most recently, from air
samples (Lynggaard et al.,, 2022). The 125-V5 primers have also successfully detected a wide-range of
European amphibian species including all genera found in the Netherlands (Kumari et al., 2019; Brys et al.,
2020; Harper et al., 2020a; 2020b; Peixoto et al., 2020; Svenningsen et al., 2022) (Appendix 3) reinforcing
the reliability of the results found in this study. Therefore, in the absence of data on the batra 12S
amphibian primers, the 125-V5 is still a suitable primer set for use in amphibian eDNA studies in Europe.
4.2 Single Species versus Metabarcoding

The results of the McNemar’s test determined that there was a significant difference between the data
produced by the two approaches for both T. cristatus and P. fuscus and that the single-species approach
was more likely to detect both species. This is in line with the literature as a targeted approach is widely
considered better than metabarcoding for amphibians and many other organisms as metabarcoding can
mask species at low abundances (Brandon-Mong et al., 2015; Evans et al., 2016; Harper et al., 2018).
However, as metabarcoding methods become a more financially competitive option, the extra data
produced for the wider species community will make it a better option for monitoring purposes in many

cases (Harper et al., 2018).

Some differences in the metabarcoding methods adopted could further the detection of rare species in
these samples. The number of replicates differs greatly between the metabarcoding protocol adopted in
this study and the single-species protocol from SPYGEN with the former using three replicates and the
latter using twelve. This increase in replicates makes rare species far more likely to be detected as there is
a larger quantity of DNA from the sample being analysed (Grey et al., 2018; Ushio et al., 2022). However,
the risk of false positives also increase with further replicates and a suitably rigorous method for removing
them must be adopted in order to not also remove true positives of rare species (Ficetola et al., 2015). This
study used an lllumina MiSeq Reagent Kit v2 Nano which has a supposed maximum of around 1 million
reads for the library, although the vertebrate dataset included much more without becoming overclustered
(llumina, 2022). The amphibian read depth per sample in this study for the 125-V5 vertebrate primer was
19165 which is relatively low (Harper et al., 2019; Dully et al., 2021). A larger kit, such as the MiSeq Reagent

Kit v2 which generates around 15 million reads for two libraries run together (lllumina, 2022), could
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increase the chances of detecting rarer species by providing a greater read depth (Shirazi et al., 2021).
However increasing the number of replicates and size of the sequencing kit are costly changes and the
magnitude of the positive impact they have depends heavily on the study parameters so care should be
taken when considering employing them (Shirazi et al., 2021).

4.3 Amphibian Communities and Bsal

Having a record of the full amphibian communities present at sites of Bsal infection is valuable as the
species at risk of infection and the potential vector species can then be determined. Furthermore, it is not
yet known whether Bsal has an impact on the amphibian community as a whole. Bd-induced
chytridiomycosis has caused huge declines in host species and extirpation for many (Lips et al., 2006;
Scheele et al., 2019) which then leaves an empty niche which can be utilised by other species (Hirzel and
Le Lay, 2008). A similar outcome, but on a smaller scale, could occur at sites of Bsal infection. If a Bsal-
tolerant species fills this niche, it could lead to an acceleration of Bsal transmission but if a Bsal-resistant
species fills the niche, it can act to slow the spread of the fungus (Holt and Pickering, 1985; Brannelly et al.,
2020). In this study, L. vulgaris can be considered a tolerant species (Bates et al., 2019) and anurans are

considered resistant (Martel et al., 2013).

When the potential trend between Bsal presence and the community composition of amphibians was
investigated using a dbRDA, it was found that there was a significant, but not highly influential, trend
between them. Such a low adjusted R? value suggests that Bsal is no more influential than any other
random variable and the larger percentage of explanatory power on the y-axis (Figure 9) indicates that, as
a driver of differences in amphibian community composition, there are other much more influential drivers
than Bsal. Well known drivers such as habitat and microhabitat availability suitable for amphibian breeding
activities are likely to be much more influential on amphibian community composition than Bsal here
(Werner et al., 2007; Vagi et al., 2013; Konowalik et al., 2020). However, the significant difference in the
intra-group variability, with Bsal positive sites containing amphibian communities which are more similar
(Figure 9), could potentially show a homogenisation of communities due to Bsal or that these similar
communities are more likely to be successfully infected with the fungus (Smith et al., 2009). This could also

simply be an artefact of a comparative lack of Bsal positive sites compared to negative sites.
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There are a number of reasons why, with further data, Bsal may yet be found to be a significant driver of
amphibian community composition. Firstly, this study contained relatively few sites and only one sampling
occasion. Larger spatial and temporal resolution would provide the volume of data needed to accurately
reveal the relationship between Bsal and amphibian community composition (Beentjes et al., 2019). As
most amphibians in this study vacate to terrestrial refuges during the winter, sampling times are still
advised within the amphibian breeding season to ensure sufficient eDNA present in the water but sampling
over many years could track changes in communities as they occur. Detection of amphibian communities
across Bsal positive sites in the Netherlands, ideally also including Bsal positive sites in Germany, Belgium
and Spain, would provide the most comprehensive view of which species are exposed to the pathogen in
its invasive range. It would also allow more in-depth analyses into the dynamics of the amphibian
communities within Bsal positive areas and potentially enable the construction of a chronosequence to

provide further insight into community development over time.

Another reason for the lack of a relationship with Bsal could be due to the low number of sites where T.
cristatus was detected by the metabarcoding primers. This meant that the main species of concern was
not included as heavily in the analyses as perhaps it should be, given the single-species results. Methods
suggested in the previous section to increase detection of rare species by the 125-V5 vertebrate primers
could be utilised in future studies to overcome this issue. Finally, Bsal may not be well enough established

at the sites sampled within this study to have influenced a change in the community yet.

It is not known whether T. cristatus sub-populations have experienced any significant decline due to Bsal
in this area yet. However, evidence from other studies have shown T. cristatus experiences a moderate
mortality rate when exposed to Bsal and declines have been observed in wild German sub-populations
(Bates et al., 2019; Lotters et al., 2020). If T. cristatus numbers do significantly decline due to Bsal, future
monitoring will detect fewer T. cristatus reads or they could be absent from sites where it was previously
detected (Lotters et al., 2020). It is as yet unclear whether another amphibian species would increase in
population to fill the empty niche produced by T. cristatus decline. However, if this decline has already

begun, the association of Pelophylax spp. with Bsal positive sites in this study (Figure 11) may indicate
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utilisation of this niche. As a Bsal resistant species, this would be beneficial for T. cristatus populations in
the area as the spread of the fungus is slowed. Lissotriton vulgaris is another likely candidate as it is highly
associated with T. cristatus, sharing certain prey species and hibernacula (Rosca et al., 2013; Dervo et al.,
2018). As a tolerant species, L. vulgaris could help drive T. cristatus decline by acting as a reservaoir,
constantly providing a source of new infection for T. cristatus populations (Brannelly et al., 2020; Lotters
et al., 2020). It is unclear as to whether L. vulgaris could also decrease in population significantly due to
Bsal-induced chytridiomycosis but there is research to suggest that the species is relatively resistant to
extreme cases of the disease (Bates et al., 2019) and dramatic reductions in wild populations are yet to be

recorded.

Abundance data would have added another dimension to this community analysis and perhaps revealed
differences in the populations of species at Bsal positive and negative sites. It could also have revealed the
status of T. cristatus populations, with the opportunity to track any declines if more sampling sessions are
conducted in the future. One shortcoming of eDNA is the current difficulty with using the data to determine
the abundance of species within a site or study area. Several studies have shown that read count is
positively correlated with abundance or biomass, with fish being by far the most studied taxa (e.g. Takahara
et al., 2012; Evans et al., 2016; Lacoursiere-Roussel et al., 2016; Wilcox et al., 2016) and amphibians only
having a few studies (Evans et al., 2016; Li et al., 2021a). A recent meta-analysis of published works found
fish are currently the only vertebrates with enough published research to safely conclude this positive
correlation with abundance or biomass (Carvalho et al., 2021). However, this trend is much stronger in
laboratory studies than in field studies making eDNA an imperfect tool for estimating abundance or

biomass under uncontrolled conditions (Evans et al., 2016; Carvalho et al., 2021).

There are a variety of factors in field studies other than abundance which affect the amount of eDNA in a
sample and therefore lead to this weakened positive correlation between read count and abundance (Beng
and Corlett, 2020). Factors influencing the eDNA input into the system include rates of DNA shed by an
individual which is dependent on condition, size, species, age and seasonal activity (Pilliod et al., 2013;

Spear et al., 2015; Li et al., 2021a). Once the eDNA is shed into the water, it will begin to decay with such
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factors as levels of ultra-violet light and microbiology influencing its persistence (Strickler et al., 2015;
Barnes and Turner, 2016). Furthermore, sampling and processing protocols, such as primer selection, will
all have an effect on the abundance of eDNA detected within samples (Pilliod et al., 2013; Brannock and

Halanych, 2015; Deiner et al., 2015; Pifiol et al., 2019).

Although there is still a long way to go before measuring abundance using eDNA is reliable enough for
routine use (Deiner et al., 2017; Dickie et al., 2018), it is a promising development for future studies.
Measures of abundance produced with eDNA will still be limited compared to the array of population
measures provided by traditional methods, but the former is much less time intensive and less invasive for
the individuals being surveyed (Dalbeck et al., 2018). Furthermore, for future Bsal projects, the lack of
intense contact with infected individuals compared to traditional methods means that eDNA also aids in
reducing any inadvertent transmission of the fungus by researchers (EFSA Panel on Animal Health and
Welfare, 2018). Therefore, although not yet available for Bsal and amphibian community studies in the
immediate future, developments in quantifying abundance will be crucial in providing data on the status
of host populations and changes in the wider amphibian community.

4.4 Amphibian Species and Bsal Transmission

As expected, the rarest species detected in this study were those protected under the European Habitats
Directive (Council Directive 1992/43/EEC): Triturus cristatus (Annex Il and 1V) and Pelobates fuscus (Annex
IV). Lissotriton vulgaris dominates the reads in this study and is present at most sites which was to be
expected as it is a common species and syntopic with T. cristatus. The proportions of Bsal positive and
negative sites hosting each amphibian species and waterbirds as a group were examined but this study did
not contain enough Bsal positive sites for further meaningful statistical analysis (Figure 11). Even so, this
work can be considered a preliminary study providing the groundwork for future research and provides a

few potential lines of investigation.

One such interesting observation in the data is the high proportion of Pelophylax spp. at Bsal positive sites
compared to negative sites alongside its association with the clustering of Bsal positive sites in the NMDS

plot (Figure 9). As anurans have been shown to be passive carriers of Bsal, Pelophylax spp. could be
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contributing to the dispersion of Bsal from the original two sites, both of which are close to recorded
Pelophylax spp. populations in this study. However, this could also be due to Pelophylax spp. populations
increasing where T. cristatus has declined due to Bsal and left empty niches as hypothesised in the previous

section (Holt and Pickering, 1985; Brannelly et al., 2020).

One issue with Pelophylax spp. acting as a vector for Bsal is that this species complex has high site fidelity
and are only likely to move between nearby ponds within a few hundred metres (Holenweg Peter et al.,
2001). This means that the transmission hypothesis could only explain Bsal spread to site 17 and perhaps
24, due to the presence of a nearby stream, if the two original sites are also considered as the first to be
infected. Even if the infection did not originate at the two originally sampled sites, Pelophylax spp. could
not cross the distance from any site to sites 11 and 21 and therefore the presence of Bsal at these locations
cannot be attributed to this species. Anurans more likely to facilitate the spread of Bsal across long
distances are B. bufo and R. temporaria which are well known to travel several kilometres overland (Kovar
et al., 2009), with B. bufo travelling up to 5km (van Gelder et al., 1986). However, a lower proportion of R.
temporaria were present at Bsal positive sites than negative sites in Figure 11 which, although not
statistically significant, doesn’t support the hypothesis of this species as a significant Bsal vector.
Furthermore, these distances are mostly travelled during the spring when individuals migrate from winter
hibernacula to breeding ponds and it is mostly juveniles which travel between ponds (Kovar et al., 2009).
This hypothesis of anuran transmission of Bsal between sites relies upon the persistence of the fungus over
winter in hibernacula and on the skin of vector or host species. Although a direct study testing
overwintering amphibians for the presence of Bsal has yet to be conducted, Bsal has been shown to thrive
at low temperatures on terrestrial species (S. salamandra; Martel et al., 2013) and therefore hypothesised
by experts to be capable of spreading through overwintering and subsequent migration (EFSA Panel on
Animal Health and Welfare, 2018). However, anurans are known to have lower infection loads compared

to urodelans and therefore validation that Bsal can indeed persist on overwintering anurans is needed.

Despite the capacity for a higher infection load (EFSA Panel on Animal Health and Welfare, 2018), L. vulgaris

is unlikely to be acting as an effective vector for Bsal as it generally travels much shorter distances than the
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anuran species detected here (Kovar et al., 2009). However, L. vulgaris is widespread throughout the study
area, making it a potential reservoir for Bsal once introduced into the immediate environment. The little
research done on L. vulgaris and Bsal suggests that the species is not as prone to developing lethally high
loads of the fungus as T. cristatus and is more likely to fully recover (Bates et al.,, 2019). As mentioned
previously, the two species are highly associated, sharing certain prey species and hibernacula (Rosca et
al., 2013; Dervo et al., 2018) and Bsal is likely to spread between them despite the difference in their
aquatic spatial niches (Dolmen and Koksvik, 1983; Covaciu-Marcov et al., 2010) as spores are released into
the environment (Stegen et al., 2017). Although unclear whether L. vulgaris is acting as a significant Bsal
vector, this species could still be a key component of Bsal transmission and persistence in the Netherlands,
acting in much the same way as the Triturus anatolicus population is in the newly discovered Bsal outbreak

in Spain (Martel et al., 2020).

In order to determine to what extent anurans are acting as vectors for Bsal, quantifying the Bsal load
present on each species while overwintering in hibernacula would provide valuable insight into which
species has the highest capacity for transmission. This can be conducted using either an experimental or
observational approach, with the former being logistically easier but lacking the ecosystem and
environmental dynamics present in the latter. For an observational study, potential hibernacula around
sites can be searched or perhaps more sophisticated options such as using tagging and harmonic direction
finding (Rowley and Alford, 2007) would aid in the discovery of hibernacula. These can then be surveyed
at the beginning and end of winter with swab samples taken to identify Bsal and quantify load using gPCR.
Not only would the composition of species sharing hibernacula in this area be determined, but the ability

of Bsal to persist outside of water over a long time period and on different wild hosts would be quantified.

An experimental study directly involving the amphibian species observed in contact with Bsal at sites in the
Netherlands would shed light on whether and how they transmit Bsal. To date, experimental studies have
focused on highly susceptible species, such as S. salamandra (Martel et al., 2013; Blooi et al., 2015; Sabino-
Pinto et al., 2015; Smith et al., 2018), but further research on tolerant and resistant species is needed to

gain greater understanding of how they contribute to Bsal transmission (Stegen et al., 2017). Current Bsal
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experimental studies are limited in other ways, for example, with the exception of a handful of papers, only
one isolate from the original Bsal outbreak has currently been used in experimental studies (Kelly et al.,
2021). Experimental studies have been key in broadening understanding of the mechanics of Bd
transmission and persistence in the wild (e.g. Blaustein et al., 2005; McMahon et al., 2012; Jani and Briggs,
2014). Further experimental studies on Bsal, informed by observation in the field, will be essential in
devising effective plans for mitigation (Gilbert et al., 2020) and potentially eradication from wild sites (Blooi
et al.,, 2015).

4.5 Long-Distance Bsal Vectors

Although the contribution of amphibian-amphibian transmission cannot be discounted, barriers to
amphibian movement, such as roads and buildings, are very common in the study area making long-
distance travel less likely. Transport across these longer distances could be facilitated by human activities
or via waterbirds with the Bsal fungus attached to their legs (Stegen et al., 2017). However, it is difficult to
qguantify the effect humans have on transmission and the data within this study was insufficient to
determine whether individual waterbirds are travelling between sites. White storks and grey herons are
present at a number of sites, including at least two Bsal positive sites for each species (Table 2), and it is
feasible, due to their relatively large foraging radius, that individuals visited multiple sites. Mallards are
widespread across sites although it is difficult to determine whether individuals are visiting multiple sites
as foraging radius is largely dependent upon resource availability (Schoener, 1983; Bengtsson et al., 2014).
Tracking technologies could be used to determine the movement patterns of waterbirds in the area and
determine whether they are acting as vectors of transmission but this is resource intensive and costly.
Advancing eDNA technologies have made quantifying population genetics and potentially identifying
individuals possible from a water sample but there are still many challenges to be overcome before this

method becomes widespread and could be utilised in this capacity (Adams et al., 2019; Tsuiji et al., 2020).

The majority of the sites sampled in this study are on private land making it likely that humans come into
contact with the water sources yet difficult to quantify the extent to which this occurs. The impact of
interactions with the sites by RAVON when sampling or visiting was minimised by thorough

decontamination of the equipment using protocols deemed to be sufficient to prevent spread (Thomas et
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al., 2019; RAVON, 2020). Questionnaires could be issued to the private owners to attempt to attain an idea
of how each site is used and the likelihood of spread via spores attaching to human clothing or equipment
(EFSA Panel on Animal Health and Welfare, 2018). However, the full extent of interaction is unlikely to be

reflected in the results of these questionnaires as they are either forgotten or unknown to the owner.
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Conclusion

To summarise, eDNA is a suitable method for detecting amphibians in the Netherlands and the full range
of amphibian species expected in the study area were detected using metabarcoding primers during this
study. The results of the comparison between the two metabarcoding primer sets used in this study
demonstrates that the 125-V5 vertebrate primer set is suitable for amphibian eDNA studies in Europe but
the 16S amphibian primer set is not and therefore is not recommended for use. However further research
comparing the 125-V5 primers to the batra 12S amphibian primers is required to ensure fully informed
decisions on metabarcoding primer selection can be made for future studies. Despite the success of the
125-V5 metabarcoding primers in detecting a large quantity of amphibian eDNA, the single-species
approach was found to be more effective in detecting both T. cristatus and P. fuscus when the results were
compared. However, metabarcoding approaches are still valued for their ability to produce data on
communities of species. Efforts to increase the quantity of DNA from rare species reaching the sequencing
stage may therefore be necessary to increase the performance of metabarcoding primers in future studies

which include rare species of interest.

No significant relationship was discovered between Bsal presence and amphibian community composition.
The dbRDA plot determined that Bsal was significant as an explanatory variable for amphibian community
composition but not as influential as other factors which likely include suitable habitat and microhabitat
availability. However further data is needed to confirm this conclusion due to the small number of Bsal
positive sites in this study. Lissotriton vulgaris and Pelophylax spp. have been identified as species which
may potentially increase in number to fill available niches in the event that T. cristatus populations
experience decline. The former could be acting as a reservoir for Bsal and exacerbating its effect on T.
cristatus populations but validation with further studies is needed. Anuran species which travel long
distances from hibernacula to spring breeding ponds could be acting as vectors of Bsal (B. bufo, R.
temporaria) and may have led to its spread to eight further sites from the two original sites. Humans and
waterbirds may also play a role in the spread of Bsal to sites of new contamination which are widely spread

and contain barriers to amphibian movement.
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Further studies of this nature alongside experimental studies to validate these hypotheses are essential in
understanding the transmission of Bsal and its impact on the amphibian species exposed to it. Future
studies with a larger spatial scale, potentially including sites of infection in Germany, Belgium and Spain,
and a larger temporal scale, will aid in capturing the impact of Bsal on wild amphibian communities. Once
the transmission of Bsal is understood, new sites of contamination could be predicted and measures can

be taken to slow the spread and prevent further mass mortality events.
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Appendix

APPENDIX 1 — NUMBER OF READS ASSIGNED TO EACH CLASS FOR THE VERTEBRATE PRIMER AFTER THE POSITIVE CONTROL
STAGE IN THE FILTERING PROCESS (TABLE 1).

Class Reads
Actinopteri 253073
Amphibia 498344
Aves 191519
Mammalia 404665
No Assignment 17734

APPENDIX 2 - NUMBER OF READS ASSIGNED TO EACH PHYLUM FOR THE AMPHIBIAN PRIMER AFTER THE POSITIVE CONTROL
STAGE IN THE FILTERING PROCESS (TABLE 1).

Phylum Reads
Arthropoda 132996
Chordata 8940
Mollusca 25
Platyhelminthes 3123
Porifera 120
Proteobacteria 6
Rotifera 142932
Saccharibacteria 83
Streptophyta 1596
No Assignment 232100

APPENDIX 3 — STUDIES DETAILING THE DETECTION OF AMPHIBIAN GENERA FOUND IN THE NETHERLANDS BY THE 125-V5

PRIMER.
Genera Detected by
Bufo Harper et al., 2020a; Harper et al., 2020b; Peixoto et al., 2020; Svenningsen et al.,
2022
Lissotriton Brys et al., 2020; Harper et al., 2020a; Peixoto et al., 2020; Svenningsen et al., 2022
Pelobates Peixoto et al., 2020
Pelophylax Kumari et al., 2019; Harper et al., 2020b
Rana Kumari et al., 2019; Harper et al., 2020b; Svenningsen et al., 2022
Salamandra Peixoto et al., 2020
Tritutus Brys et al., 2020; Harper et al., 2020a; Svenningsen et al., 2022
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