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river lamprey (L. fluviatilis, Linnaeus 1758) that is anadro-
mous and adopts a parasitic-hematophagous life style at the 
adult stage [4]. These two species cannot be discriminated 
at the larval stage and adults can be distinguished mainly by 
the larger body size of L. fluviatilis. They can hybridize and 
their genetic differentiation is low in most sympatric areas, 
hence they are also considered as partially reproductively 
isolated ecotypes [4–7]. As a result, we will thereafter use 
the term ecotype rather than species. In rivers where the two 
ecotypes co-occur the monitoring of early stages is difficult 
given the impossibility to identify the larvae, also called 
ammocoetes, at the ecotype level.

The objectives of the present study were to (i) identify 
potential genetic markers that allow the distinction between 
L. planeri and L. fluviatilis and (ii) develop a simple quanti-
tative PCR (qPCR) protocol to identify both species at early 
life stages when they cannot be identified with morphology. 
We also included in our selection procedure of markers the 
criterion of a lack of amplification of sea lamprey (Petromy-
zon marinus) DNA so that the marker(s) could also be used 
to discriminate ammocoetes of this species.

Introduction

The monitoring of biodiversity is largely based on morpho-
logical identification of species. However, some closely 
related species cannot always be visually discriminated 
especially at early life stages [1, 2]. As a result, molecular 
markers are increasingly used for species identification [3].

Lampreys are jawless vertebrates (agnathans) that gen-
erally occur as pairs of closely related species that repro-
duce in the same rivers but show very distinct adult life 
history strategies. In Europe, such a pair is represented by 
the brook lamprey (Lampetra planeri, Bloch 1784) that 
is non-parasitic and freshwater resident and the European 
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Background: The European River lamprey Lampetra fluviatilis and the brook lamprey L. planeri are two closely related spe-
cies that are also considered as partially reproductively isolated ecotypes. At the larval stage, they cannot be distinguished 
morphologically or genetically by mitochondrial DNA. We aimed at developing a molecular tool to identify early life stages 
of L. fluviatilis and L. planeri.
Methods and results: We first identified Single Nucleotide Polymorphism (SNP) markers with distinct alleles between L. 
fluviatilis and L. planeri based on RADseq data from 186 individuals collected in France. Then, we developed a quantitative 
PCR protocol to genotype a species-specific SNP, which was tested on 270 samples including larvae and adults from both 
species and 17 sites from Western Europe. Results were consistent with morphological identification in all cases except for 
samples from the Rhône drainage and the Loch Lomond in Scotland.
Conclusions: This marker allows the identification of larval stages of L. fluviatilis, L. planeri as well as hybrids. The two 
cases where the marker was not diagnostic might be explained by an isolated and distinct L. planeri lineage in the Rhône 
drainage, and high levels of admixture among L. fluviatilis, L. planeri and the lake-parasitic form in Loch Lomond.
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Materials and methods

We used restriction-site associated DNA (RADseq) data 
from [6] to identify SNP markers with fixed allelic differ-
ences between L. planeri and L. fluviatilis. We focused on 
data of 186 Lampetra individuals (91 L. fluviatilis and 95 L. 
planeri) sampled in four populations (Oir, Risle, Béthune 
and Aa) where both ecotypes co-occur with a high level of 
gene flow between them [6, 7]. We chose to build a refer-
ence genome to anchor the RAD sequences on large con-
tigs to have more flexibility to design primers and probes 
for selected SNPs compared to raw RAD sequences that 
were relatively short (84 bp). We used ABySS 2.0, an 
assembly program based on Bruijn graph [8], to assemble 
whole genome-shotgun Illumina sequences of a L. planeri 
male that was collected in Oir river (available on NCBI 
Sequence Read Archive, Accession num :SRX6842554)[9]. 
After genome assembly, we aligned the 186 samples to the 
L. planeri genome with BWA-mem to use the Reference-
based mode on Stacks 1.45. We used pstacks to call vari-
able positions under the bounded SNP model, setting the 
upper sequencing error rate to 1% and a minimum sequenc-
ing depth to 5X per stack. Homologous loci across samples 
were merged based on their genomic position within scaf-
folds using cstacks to construct a catalogue of loci. Individ-
ual stacks were then matched against the catalogue of loci 
with sstacks to determine genotypes. Finally, we exported 
individual genotypes in VCF format using the population 
program with the option --write-random-snp as this option 
restricts data analysis to one random SNP per locus to limit 
the impact of linkage disequilibrium. After that, we applied 
filters with VCFtools [10] to exclude loci displaying more 
than 20% of missing genotypes in at least one ecotype.

The genetic differentiation between the two ecotypes was 
estimated for each SNP [11]. The significance of FST val-
ues and 95% confidence intervals were computed in R with 
bootstrap methods implemented in the diveRsity package 
[12].

We used Geneious Prime (7.1.9) to design primers and 
probes for the 5 loci that showed the highest FST between 
ecotypes. For the primer design, we used default settings 
except that we did not allow any mismatch in the binding 
regions. The amplification of these primer pairs was first 
checked on Agarose gels (2%) and P. marinus samples were 
included to select markers that do not amplify DNA from 
this species.

The qPCR amplifications for the chosen marker were 
performed in a total volume of 20 µl including 10 µl Takyon 
master mix (Takyon, USA), 2.5 µl of sample DNA, 0.6 µl 
of each primer (10 µM), 0.4 µl of each probe (10 µM) 
and 5.5 µl of DNase/RNase-free water. The PCR program 
was run with a CFX96 Touch Real-Time PCR Detection 

System™ (Bio-Rad), under the following thermal condi-
tions: 95 °C for 3 min followed by 40 cycles of 95 °C for 
10s and 64 °C for 40s. To check the efficiency of our method 
we tested this marker on 270 samples including larvae and 
adults from both L. fluviatilis and L. planeri collected in 
France, United Kingdom and Ireland (Table 1; Fig. 1). Each 
96-well qPCR plate included one PCR negative control 
(water), one sea lamprey DNA sample, and 6 positive con-
trols (2 L. planeri, 2 L. fluviatilis and 2 hybrid larvae from 
experimental crosses).

Results & discussion

The assembly of the L. planeri genome consisted in 6.33 mil-
lion contigs ≥ 500 base pairs (bp) in length with a N50 size 
of 1708 bp (see Table S1 for detailed statistics). The larg-
est contig had a length of 23 847 bp and the total length of 
the genome was 509 171 438 bp. The individual genotype 
calling in Stacks produced a raw VCF file containing 355 
715 SNPs from which we retained 26 920 SNPs after filter-
ing. The mean sequencing depth per locus per individual 
was higher than 5× and the mean genotype missing rate was 
1.3% (s.d. = 2.6%) per individual and 1.4% (s.d. = 1.8%) 
per locus.

From the five selected loci with a FST higher than 0.95 
(Figure S1), only one marker fulfilled the criteria of ampli-
fication in both L. planeri and L. fluviatilis and no amplifi-
cation in P. marinus. As a result, the lack of amplification 
of this marker in a given sample in presence of a positive 
neutral marker (e.g. the mitochondrial cytochrome oxi-
dase I (coI) region (e.g. Pma)[13]) allows the discrimina-
tion of P. marinus and Lampetra samples. This marker was 
named diagLpf, the amplified sequence length is 83 bp 
and includes a SNP in position 47 (C allele in L. planeri 
and A in L. fluviatilis). The forward primer sequence is: 
CACACCTGCAGGGATGATGT, the reverse one is: 
CGTAGCACGAGACGATTGTG and the probe sequence 
is: GCCGC[C/A]GCCTAATTACTGGA. The diagLpf 
marker and the four other selected SNPs were distributed in 
different contigs of the L. planeri and P. marinus genomes, 
except for diagLpf and one marker (SNP 04) that were 
found on the same contig of the P. marinus genome (see 
details in Table S2).

The genotypes of adult samples were consistent with 
morphological identification in most cases (Table 1). How-
ever, in some populations certain individuals were heterozy-
gous, which suggests hybridization between L. planeri and 
L. fluviatilis. Such genetic admixture between ecotypes has 
been previously documented e.g. in the Oir population and 
in some UK populations [7, 14, 15]. The diagLpf marker 
was not diagnostic in two cases: (i) the Loch Lomond 
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population where three Lampetra ecotypes (anadromous-
parasitic, lake-parasitic and non-parasitic) coexist and are 
genetically admixed ([5, 14–16]) and (ii) populations of 

the Rhône drainage where L. fluviatilis is not present [17]. 
The case of Rhône populations is particularly interesting as 
these L. planeri populations are known to have a low level 

Table 1 Location, stage (adult or ammocete), number (n) and genotype of the samples at the diagnostic locus (p = L. planeri allele, f = L. fluviatilis 
allele). The number of genotypes (and their frequency) is given for each phenotype and population. The populations are numbered to allow their 
identification in Fig. 1
Country Region Population Stage Phenotype n pp pf ff
France Atlantic coast Dordogne (1) Adult L. fluviatilis 6 0(0) 0(0) 6(1)
France Atlantic coast Loire (2) Adult L. fluviatilis 6 0(0) 0(0) 6(1)
France Brittany Blavet (3) Amm. - 6 6(1) 0(0) 0(0)
France Brittany Moulin du rocher 

(4)
Amm. - 6 6(1) 0(0) 0(0)

France Brittany Rance (5) Amm. - 6 6(1) 0(0) 0(0)
France Brittany Scorff (6) Amm. - 6 6(1) 0(0) 0(0)
France Normandy Bresle (7) Adult L. fluviatilis 6 0(0) 0(0) 6(1)
France Normandy Oir (8) Amm. - 40 7(0.17) 10(0.25) 23(0.58)

Adult L. fluviatilis 54 0(0) 17(0.31) 37(0.69)
L. planeri 79 55(0.7) 24(0.30) 0(0)

France Normandy Risle (9) Adult L. fluviatilis 6 0(0) 0(0) 6(1)
France Upper Rhine Fischbaechel (10) Adult L. planeri 6 6(1) 0(0) 0(0)
France Upper Rhône Callonne (11) Amm. - 5 0(0) 0(0) 5(1)
France Upper Rhône Furans (12) Amm. - 8 0(0) 0(0) 8(1)
France Upper Rhône Veyle (13) Amm. - 8 0(0) 0(0) 8(1)
France Upper Rhône Devorah (14) Amm. - 6 0(0) 0(0) 6(1)
Ireland - Shannon (15) Adult L. planeri 6 6(1) 0(0) 0(0)
England Dorset Frome (16) Amm. - 12 11(0.92) 1(0.08) 0(0)
Scotland - loch Lomond (17) Adult Anadromous- parasitic 5 0(0) 0(0) 5(1)

Adult Lake-parasitic 5 0(0) 0(0) 5(1)
Adult Non-parasitic 5 0(0) 2(0.4) 3(0.6)

Fig. 1 Maps with the location of samples (numbers refer to populations described in Table 1). Open dots indicate sites where the marker success-
fully discriminates L. planeri and L. fluviatilis and black dots highlight sites where the marker is not discriminant
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pdf).
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of genetic diversity and are extremely differentiated from 
populations in other drainages from France based on mic-
rosatellite data [17]. Surprisingly, all samples appeared to 
be fixed for the L. fluviatilis allele. Thus, it is possible that 
those populations represent a distinct lineage of L. planeri 
compared to other populations from France, which could be 
explained by the glacial history of the Rhône drainage that 
flows into the Mediterranean Sea. Accordingly, such dis-
tinct lineages between populations from Mediterranean and 
Atlantic drainages in relation to glacial phylogeographic 
history, has already been observed in several fish species 
[17–19].

We have developed a new tool that could be used by 
scientists and managers to monitor lamprey populations at 
an early life stage when morphological identification is not 
possible[20]. This marker allows the distinction of (i) the 
genera Petromyzon and Lampetra and (ii) L. fluviatilis and 
L. planeri. Interestingly, it could be used to identify hybrids 
between both ecotypes, but more markers will be required 
to discriminate the type of hybrid (i.e. F1, F2 or backcross). 
In addition, the diagLpf marker is not diagnostic in popula-
tions where more than two ecotypes are found (e.g. Loch 
Lomond) and more surprisingly, in the Rhône drainage. In 
the future, it could be interesting to further test this marker 
throughout the distribution range of L. planeri and L. flu-
viatilis, as well as its potential cross-amplification in other 
lamprey paired-species.
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