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ABSTRACT

The Pyrenean desman (Galemys pyrenaicus) is a small endangered semi-aquatic mammal endemic to
the Pyrenean Mountains and to the northern half of the Iberian Peninsula whose ecology and biology
are still poorly known. The aim of this study was to identify Pyrenean desman faeces and to analyze its
diet from this material using next-generation sequencing methods. We amplified and sequenced a small
DNA minibarcode (133 bp) of the COI gene in twenty-four putative faeces samples of Pyrenean desman
and successfully identified the species in 16 samples. Other identified species were mammals, birds and
amphibians, evidencing the potential application of our methods to a larger panel of taxa.

In the Pyrenean desman faeces, we were able to identify nineteen prey species with a positive match
(more than 98% of identity with a reference sequence) and eleven putative prey species with lower iden-
tity scores (90-96%). The nineteen species belonged to four orders and eleven families among which
Trichoptera and Hydropsychidae were the most frequent, respectively. Future improvements could be
obtained by extending the reference DNA sequence collection to reach precise identifications over the
Desman’s range and by increasing the sampling to gain a better knowledge of the local diet of this endan-
gered species. Such information is of great importance to propose the best management measures for its

conservation.

© 2015 Deutsche Gesellschaft fiir Sdugetierkunde. Published by Elsevier GmbH. All rights reserved.

Introduction

The Pyrenean desman (Galemys pyrenaicus) is a small semi-
aquatic mammal endemic to the Pyrenean Mountains and to the
northern half of the Iberian Peninsula. It is endangered and is cur-
rently considered as vulnerable in the IUCN Red List (Fernandes
etal.2008)and is legally protected in the four countries encompass-
ingits distribution area (Andorra, France, Portugal and Spain). It has
been suffering from habitat loss and fragmentation for decades,
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inevitably impacting its distribution (Nores et al. 2007; Némoz and
Bertrand 2008; Gisbert and Garcia-Perea 2014; Charbonnel 2015).
The biology and ecology of this species are still poorly known,
notably because of its elusive behaviour and its primarily noctur-
nal activity (Stone 1987; Bertrand 1994). Its distribution area is not
evendefinitively established. However, this information is essential
in order to develop the best management strategies for the species
(Némoz and Bertrand, 2008).

The nature of trophic interactions is a fundamental topic in ecol-
ogy and has aroused the attention of biologists for decades. Diet
analyses provide key data for understanding animal ecology, evo-
lution and conservation (Shehzad et al. 2012). This knowledge is
particularly important when a species is as endangered and elu-
sive in nature as the Pyrenean desman. This species lives in cold
and well-oxygenated flowing waters of mountain rivers and is
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well adapted to the aquatic life. The Pyrenean desman is char-
acterized by large webbed hindfeet, a double layered fur, a long
tail and a mobile prehensile snout, which make it a specialist in
finding and feeding on the larvae of benthonic macroinvertebrates
(Palmeirim and Hoffmann 1983; Richard 1986). The diet of the
Pyrenean desman has been previously studied either by examining
digestive tracts of trapped animals or by analyzing faeces sam-
ples (Castién and Gosalbez 1995; Santamarina and Guitian 1988;
Santamarina 1993; Trutat 1891; Richard and Vallette Vialard 1969;
Fernandez-salvador et al. 1998; Bertrand 1994; Puisségur 1935).
While these methods have provided some useful information, they
are not without flaws. Firstly, the taxonomic resolution based on
these approaches cannot exceed the family rank (Bertrand 1994).
Secondly, as the Pyrenean desman is a vulnerable species, trapping
and killing animals is not appropriate and analyzing faeces is time-
consuming and greatly relies on the experience of the identifier.
Indeed, some mistakes can easily occur when identifying the host
species especially when faeces are not fresh or have been in contact
with water. A recent reliable and non-invasive molecular method
was developed to easily distinguish faeces of the Pyrenean desman
(Gillet et al. 2015) but the scope of targeted species was limited
to other semi aquatic and ecologically related vertebrate species
namely the white-throated dipper Cinclus cinclus and the water
shrew Neomys fodiens. Therefore, it seems appropriate to propose a
more precise and universal method that could clearly identify the
Pyrenean desman and its prey, at a finer taxonomic resolution than
the family rank.

More recently, several diets based on faeces of a broad panel
of mammal species encompassing herbivores, bats, carnivores,
and rodents among others, have been successfully analyzed with
molecular techniques using DNA barcoding (Soininen et al. 2009;
Zeale et al. 2011; Galan et al. 2012; Shehzad et al. 2012; Latinne
et al. 2014). The different prey species and plant taxa contained in
the faeces are identified by amplifying small and highly variable
DNA fragments with universal primers and by using them as bar-
codes. Among the different DNA regions that have been used for this
purpose, the mitochondrial cytochrome oxydase 1 (COI) has been
widely used, notably in invertebrate studies (Meusnier et al. 2008;
Lees et al. 2010; Virgilio et al. 2010). In addition, the international
project Barcode of Life (www.barcoding.si.edu) aims to generate a
complete species identification catalogue for all animal kingdom
organisms based on the COI gene.

As invertebrates, and particularly macroinvertebrates’ ben-
thonic larvae, represent the majority of the diet of the Pyrenean
desman, the aim of our study was to use a small COI minibarcode
of 133 bp in order to assess the performance of a DNA barcoding
technique, using next-generation sequencing, to (1) identify Pyre-
nean desman faeces, as this will greatly help future studies on this
species, especially on its distribution and (2) to analyze its diet at a
taxonomic resolution finer than the family rank.

Material and methods

Twenty-four putative faecal samples of Pyrenean desman were
collected in different French Pyrenean localities (Table 1) and pre-
served in ethanol. DNA from faeces was extracted using the Stool
Mini Kit (Qiagen Inc., Hilden, Germany), following the manufac-
turer’s instructions.

In this study, we performed an lon Torrent PGM sequenc-
ing (Life Technologies) following the tagging and multiplexing
method developed by (Galan et al. 2012). A 133 bp minibar-
code was amplified for each sample using a modified forward
primer LepF1 (Hebert et al. 2004): 5-CCATCTCATCCCTGCGTGT-
CTCCGACTCAGNNNNNNNATTCHACDAAYCAYAA RGAYATYGG-3/,
and a modified reverse primer EPT-long-univR (Hajibabaei

Table 1
French localities and departments of the 24 faecal samples used in this study.
Sample Locality Department
1 Saurat Ariége
2 Saurat Ariége
3 Aulus-Les-Bains Ariége
4 Aulus-Les-Bains Ariége
5 Gourbit Ariége
6 Gourbit Ariége
7 Nescus Ariége
8 Saint-Paul de Jarrat Ariége
9 Le Bosc Ariége
10 Le Bosc Ariége
11 Aleu Ariége
12 Sentenac de Sérou Ariége
13 Sentenac de Sérou Ariége
14 Boussenac Ariége
15 Beille Ariége
16 Beille Ariége
17 Beille Ariége
18 Prats-de-Mollo-La-Preste Pyrénées-Orientales
19 Audressein Ariége
20 Saint-Michel Pyrénées-Atlantiques
21 Agnos Pyrénées-Atlantiques
22 Montségur Ariége
23 Ansignan Pyrénées-Orientales
24 Tramezaigues Hautes-Pyrénées

et al. 2011): 5'-CCTCTCTATGGGCAGTCGGTGATNNNNNNNACTAT-
AAAARAAAATYTDAYAAA DGCRTG-3'. The 5’ parts of the primers
were modified by the addition of individual-specific MIDs (Mul-
tiplex IDentifiers NNNNNNN), consisting in a short 7 bp sequence
and adaptors required for the emPCR and the Ion Torrent sequenc-
ing. By using combinations of different forward and reverse MIDs
sequences, several hundred samples can be multiplexed on the
same sequencing run, and the sequences can be recognized after
sequencing where all the PCR products from the different sam-
ples are mixed together. In this study, the 24 faecal samples were
multiplexed with samples from other projects. PCR amplification
was performed twice for each faecal sample and following the pro-
cedure detailed in Galan et al. (2012). Briefly, PCRs were carried
out in a 10 pl reaction volume using 5 .l of 2x QIAGEN Multiplex
Kit (Qiagen, Hilden, Germany), 0.5 .M of each primer, and 1 .l of
DNA extract. The PCR conditions consisted in an initial denaturation
step at 95°C for 15 min, followed by 40 cycles of denaturation at
94 °C for 305, annealing at 45 °C for 45 s, and extension at 72 °C for
30s, followed by a final extension step at 72°C for 10 min. After
PCR pooling (4 .l per strong PCR amplification products and 7 .l
per lighter ones) and size selection by gel excision, the amplicon
libraries were sequenced by the company Genes Diffusion (Douai,
France) on a lon Torrent PGM system using a Ion 316 Chip version
2 (LifeTechnologies).

The sequences were sorted by using the SESAME barcode soft-
ware (SEquence Sorter & AMplicon Explorer) (Piry et al. 2012).
These sequences were compared with published sequences avail-
able in the BOLD database (Ratnasingham and Hebert 2007).
Sequences that had a unique best-hit with an identity score greater
or equal to 98% were considered to be positive matches. Identifi-
cation results are expressed as the number of positive samples for
each taxon (order, family and species ranks) and the matching score
of species with the database.

Results

All 24 faecal samples were successfully amplified and a total
of 301,369 reads were obtained among which 229,557 were cor-
rectly assigned to the 24 samples. Sixteen samples (165,660 reads
(70%)) belonged to the Pyrenean desman with 96,314 reads (58%)
assigned to the desman itself and 69,346 reads (42%) assigned to
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Prey order, family and species identified with positive matches (>98%) in the 16 faeces of Galemys pyrenaicus collected in the French Pyrenees with their respective number

of positive samples (in brackets for orders and families).

Order Family Species Number of positive samples
Diptera Simulidae (1) Simulium argyreatum 1
(2) Tipulidae (1) Tipula maxima 1
Ephemeroptera Baetidae Baetis muticus 1
(gp) p (6) Baetis rhodani 6
Heptageniidae (6) Rhithrogena sp 6
Leuctridae Leuctra aurita 1
3) Leuctra pseudocylindrica 2
Plecoptera Nemouridae Protonemura intricata 1
(11) 3) Protonemura meyeri 2
Perlidae Dinocras cephalotes 2
(6) Perla marginata 5
Annitella thuringica 1
. Hydropsyche dinarica 7
gde)rop sychidae Hydropsyche instabilis 2
Trichoptera Hydropsyche siltalai 2
(16) Hydropsyche tenuis 2
Limnephilidae (1) Potamophylax cingulatus 1
Odontoceridae (2) Odontocerum albicorne 2
Philopotamidae (1) Philopotamus montanus 1

Table 3

Additional putative prey order, family and species identified with non-positive matches (< 98%) in the 16 faeces of Galemys pyrenaicus collected in the French Pyrenees with

their respective number of positive samples (in brackets for orders and families) and matching score of species with the database.

Order Family Species Number of positive samples Percentage of identity
Amphipoda (8) Gammaridae (8) Gammarus fossarum 8 90%
Coleoptera (1) Carabidae (1) Bembidion articulatum 1 92%
Diptera (1) Thaumaleidae (1) Androprosopa gillespiae 1 92%
Baetidae (5) Baetis alpinus 5 94-95%
Ephemeroptera Ephemerellidae (5) Ephemerella mucronata 5 90%
(12) Heptageniidae Ecdyonurus venosus 3 96%
(7) Epeorus sylvicola 4 91-92%
Nemouridae Nemoura uncinata 2 96%
Plecoptera (5) Protonemura auberti 3 91-92%
(14) Notonemouridae (2) Halticoperla tara 2 91%
Perlodidae (10) Perlodes microcephalus 10 90-91%

its prey. The remaining 8 samples were assigned to other host
species: three samples belonged to the water shrew Neomys fodi-
ens (22,268 reads) and the other were respectively assigned to a
species of Rattus (17,257 reads), the edible dormouse Glis glis (9170
reads), Daubenton’s bat Myotis daubentonii (7499 reads), the com-
mon blackbird Turdus merula (3531 reads) and the fire salamander
Salamandra salamandra (4172 reads).

The proportion of items obtained twice in the PCR duplicates for
the same DNA extract was computed as the percentage of repeat-
ability. Repeatability of the results reached 100% when only host
species were considered, 86% when only prey species were consid-
ered and 89% when all species were considered.

The diet analysis of the 16 Pyrenean desman faeces led to the
identification of 19 species (17,684 reads with a score >98%) and
11 additional putative species (51,662 reads with a score of 90 to
96%).

The 19 validated species belonged to four orders (Diptera,
Ephemeroptera, Plecoptera and Trichoptera) and 11 families (two
for Diptera and Ephemeroptera each, three for Plecoptera and four
for Trichoptera). The number of positive samples for orders, fami-
lies and species are displayed in Table 2. The most frequent order
was Trichoptera (16 positive samples), which included the most
frequent family and species, Hydropsychidae (13 positive samples)
and Hydropsyche dinarica (7 positive samples) respectively.

The 11 putative species belonged to five orders (Amphipoda,
Coleoptera, Diptera, Ephemeroptera and Plecoptera) and 9 fam-
ilies (one for Amphipoda, Coleoptera and Diptera, three for

Ephemeroptera and three for Plecoptera) (Table 3). The most
frequent orders were Plecoptera (14 postive samples) and
Ephemeroptera (12 positive samples), the most frequent family
was Perlodidae (Plecoptera) (10 positive samples) and the most fre-
quent species was Perlodes microcephalus (Perlodidae) (10 positive
samples).

Discussion

The amplification of a COI minibarcode successfully provided
the identification of both the Pyrenean desman and its prey species
in 16 faecal samples. As no predator-specific blocking probe was
used in this study, these results confirm the relevance of using this
genetic marker with the NGS sequencing method in diet assess-
ments (Pifiol et al. 2014). Interestingly, in addition to the Pyrenean
desman and its prey, the COI fragment used in this study also led to
the identification of other host species including one bird and one
amphibian. This demonstrates the potential of the primers used in
this study to amplify a larger panel of host species from faecal sam-
ples than previously reported (Gillet et al. 2015). These results also
show the difficulty of identifying Pyrenean desman faeces in the
field by morphological criteria and the risk of confusion with fae-
ces from other species living in the same habitat, as was previously
reported (Gillet et al. 2015).

This study also allowed us to unambiguously identify 19 prey
species of the Pyrenean desman, with an additional 11 putative
species displaying identity scores varying from 90 to 96%. This is
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the first study to give information on the diet of the Pyrenean des-
man at the species level. The 19 validated species belonged to four
orders and eleven families of invertebrates which are consistent
with the results of previous studies (Santamarina and Guitian 1988;
Santamarina 1993; Bertrand 1993, 1994; Castién and Gosalbez
1995). The most frequent family and species were Hydropsychidae
and Hydropsyche dinarica respectively. Even though our sampling is
smaller, this result confirms previous findings concerning the pre-
eminence of Hydropsychidae in the diet of the Pyrenean desman
(Santamarina and Guitian 1988; Santamarina 1993; Bertrand 1993,
1994). The other most frequent species, Baetis rhodani, Rhithrogena
sp. and Perla marginata, as well as the majority of the macroinver-
tebrate larvae species identified in this study are also rheophile,
therefore confirming the specialized diet of the Pyrenean desman
as previously suggested (Bertrand 1994; Santamarina and Guitian
1988; Santamarina 1993).

Even though a positive match could not be reached for the addi-
tional putative species, there is a fair chance that a majority of them
could be part of the diet of the Pyrenean desman, especially Baetis
alpinus, Ecdyonurus venosus, Nemoura uncinata and Perlodes micro-
cephalus which are common species in the French Pyrenees (http://
www.opie-benthos.fr/). The presence of Coleoptera and Gammari-
dae (Amphipoda)is not surprising as they were previously reported
in the diet of the Pyrenean desman (Santamarina 1993; Bertrand
1994),

Conclusion

In this study, a diet analysis from putative faecal samples of the
Pyrenean desman using DNA barcoding with the lon Torrent PGM
sequencing method provided high-resolution identification of both
the Pyrenean desman and its prey as well as other host species
belonging to different classes. These results therefore potentially
extend the methods used in this study to a broader panel of taxa.

Out of 16 Pyrenean desman faecal samples we were able to iden-
tify 19 species with a positive match (>98% match with database),
and 11 additional putative species with lower matching scores
(90-96%). More precise identifications should be obtained for these
species in the future after building a reference collection of inver-
tebrate species collected in the French Pyrenees. The sequencing
of these species could really improve the study of the diet of the
Pyrenean desman and the distribution of its main prey at the scale
of the whole Pyrenees chain.

As half of the identified species were found only once in our sam-
ples, the study of a larger number of faeces could provide a much
broader list of prey of the Pyrenean desman. This would also allow
studying potential changes of the diet in time and space which
could greatly improve the future conservation of this endangered
species.
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