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A B S T R A C T   

Lumpfish is now the single most important cleaner fish species to date and there is an extensive lumpfish 
translocation along the Norwegian coast. A reliable baseline information about the population genetic structure 
of lumpfish is a prerequisite for an optimal managing of the species to minimize possible genetic translocation 
and avoid possible hybridisation and introgression with local populations. The current study is a follow up of the 
study of Jónsdóttir et al. (2018) using expressed sequence tag-short tandem repeats (EST-STRs) markers. Samples 
(N = 291) were analysed from six sample locations along the Norwegian coastline from south to north, with 
additional 18 samples of first-generation (from wild fish) reared fish from a fish farm outside Tromsø (North 
Norway). Present findings show a lack of population differentiation among lumpfish sampling population along 
the Norwegian coast using EST-STRs, which is in accordance with the findings of Jónsdóttir et al. (2018) where 
genomic STRs (g-STRs) were analysed. Present findings indicate that should translocated lumpfish escape from 
salmon sea pens in Norway, this will probably have little impact on the genetic composition of the local lumpfish 
population.   

1. Introduction 

The biological control of sea lice in Atlantic salmon farming using 
cleaner fish has become a feasible alternative due to the increased 
occurrence of drug resistant lice, the reduced public acceptance of 
chemotherapeutic use in food production, and the urgent need for an 
effective and sustainable method of parasite control in Atlantic salmon 
aquaculture (Denholm et al., 2002; Boxaspen, 2006; Treasurer, 2018). 
Farmed cleaner fish are preferred due to better biosecurity through 
vaccination and screening programs, stocking at optimum times and 
sizes, and in reducing reliance on wild caught fish (Brooker et al., 2018). 
Cleaner fish are now used as a biological control for sea lice on farmed 
salmon in Europe and Canada (Imsland et al., 2014a, 2014b, 2014c; 
Imsland et al., 2021; Skiftesvik et al., 2014; Boyce et al., 2018; Powell 
et al., 2018). As lumpfish, Cyclopterus lumpus, tolerate lower 

temperatures than wrasse species, their implementation was boosted 
principally in the northern parts of Norway (Imsland et al., 2014a). In 
the beginning, the production of juveniles was solely based on wild- 
caught brood fish, where eggs were stripped, incubated, hatched, and 
reared to suitable size for transfer to commercial cages (Jonassen et al., 
2018). With the demand of lumpfish steadily increasing, this has 
resulted in gradually moving from wild caught broodfish towards 
intensive cultivation. Lumpfish production is currently utilizing tech-
nology and techniques used in halibut, wrasse and cod aquaculture, and 
a breeding program for lumpfish was established in 2017 (Imsland et al., 
2021). Although wild-caught broodfish still is predominant, nearly all 
juvenile lumpfish used in salmon sea-pens are from intensive aquacul-
ture production in Norway. In 2019, more than 42 million lumpfish were 
transferred to cages at commercial marine growth sites for salmonids, 
which constituted 70% of all cleaner fish used in Norway (Norwegian 
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Directorate of Fisheries., 2019). Lumpfish is now the single most 
important cleaner fish species to date. Given the intensive use of 
lumpfish along the coast of Norway it is imperative that their use is done 
with the aim of minimizing possible genetic translocation to avoid 
possible hybridisation and introgression with local populations. The 
prerequisite is to have reliable baseline information about the popula-
tion genetic structure of lumpfish. 

Previous studies on the genetic structure of lumpfish (Pampoulie 
et al., 2014; Garcia-Mayoral et al., 2016; Whittaker et al., 2018) reveal 
genetic difference on large geographic scale, but less or no genetic dif-
ference on small geographic scale, except for two lumpfish sub-
populations found West of Greenland. In accordance with those findings, 
Jónsdóttir et al. (2018) found no indication of significant spatial genetic 
structuring or positive correlation between geographic and genetic 
distance among wild lumpfish along the coast of Norway. In all four 
studies (Pampoulie et al., 2014; Garcia-Mayoral et al., 2016; Whittaker 
et al., 2018; Jónsdóttir et al., 2018) microsatellites called Short Tandem 
Repeats (STRs), also known as Simple-Sequence Repeats (SSRs) were 
used. Microsatellite markers are indeed divided into two types, namely, 
genomic STRs (g-STRs) and expressed sequence tag (EST) STRs, which 
originate from arbitrary genome sequencing and RNA transcriptome 
sequencing, respectively (Wu et al., 2020). Genomic microsatellites (g- 
STRs) are anonymous markers, whereas EST-STRs are functional mo-
lecular markers with the advantages of easier and more efficient 
development, lower cost and more interspecific transferability (Bouck 
and Vision, 2010; Wu et al., 2020). Recent research revealed that ESTs 
are a potentially rich source of STRs that reveal polymorphisms not only 
within the source taxon, but in related taxa, as well (Ellis et al., 2006). 
However, EST also have clear potential for use in basic evolutionary 
applications, such as population genetic analyses (Ellis et al., 2006). In 
plant studies EST and g-STRs have showed comparable results of pop-
ulation genetic structure in cases of strong genetic differentiation, and 
genomic STRs have performed slightly better that EST when differenti-
ation is moderate. However, EST had a higher power to detect weak 
genetic structure compared to g-STRs (Khimoun et al. 2016). The bio-
logical function of STR-containing EST unigenes in lumpfish has been 
assigned into three categories, namely biological process (BP), cellular 
components (CC) and molecular function (MF) (Maduna et al., 2020). 
Within the BP category, genes involved in cellular, metabolic and bio-
logical regulation comprised the largest portion, while in the CC cate-
gory the greatest number of genes were found to encode cellular 
components and cell parts. Likewise, many sequences in the MF category 
encode proteins with binding and enzymatic activity (Maduna et al., 
2020). 

EST may be valuable molecular markers for conservation genetic 
studies in taxa where the development of genomic STRs is impeded by 
low frequency (Khimoun et al., 2017). Beyond providing more statistical 
power in paired comparisons, EST also produce cleaner results for 
scoring as there are fewer null alleles and fewer stutter bands (Khimoun 
et al., 2017). As EST-STRs are found within transcribed genes, they may 
not follow neutral expectations and accordingly have higher probability 
of association to phenotypic effects or mutations, therefore, they may be 
particularly useful for looking at population differentiation related to 
local adaptation (Teacher et al., 2012; Postolache et al., 2014; the et al., 
2017). 

The present study is a follow up study of the Jónsdóttir et al. (2018) 
study and is done to further examine the population structure of the 
Norwegian lumpfish using genotypic data derived from EST-STRs, 
which has shown to have higher power to detect weak genetic struc-
ture compared to g-STRs (Khimoun et al., 2017). If in fact, there is a 
genetic structure to be found within the population of lumpfish along the 
Norwegian coast, but too weak to be detected with g-STRs alone, we 
believe that EST-STRs would reveal the structure. To circumvent sam-
pling and temporal variation related issue between the present study 
and Jónsdóttir et al. (2018), the same samples used in the latter study 
were analysed in the present study. 

In the present study our aim is three-fold. Firstly, to develop EST- 
STRs genetic markers for lumpfish. Secondly, to use gen-linked 
markers that may be subject to selection to examine the population 
structure of lumpfish along the Norwegian coast. Thirdly, to compare 
the results using gen-linked markers to the results using markers not 
connected to transcribed genes. The results will provide baseline infor-
mation to assist in the design of sustainable lumpfish population man-
agement and aqua-farming policy development. In relation to the 
ongoing extensive lumpfish translocation along the Norwegian coast, 
our study is vital for assessing the risk this practice holds for the wild 
population and for devising provisions that aim to minimize negative 
impact and ensure the long-term viability of the species. 

2. Materials and methods 

2.1. Sampling areas and protocols 

The sampling area extended from Mandal (58◦N) in south Norway 
along the Norwegian cost up to 69◦N in the north (Fig. 1). A total of 291 
specimens were collected at six fishing grounds, with additional 18 
samples of first-generation reared fish from a fish farm (Troms Marin 
Yngel, Kvaløya, Tromsø, Table 1). All wild individuals were collected by 
a beach seine and a small tissue sample (fin clip) was collected from each 
fish and stored in 96% ethanol prior to DNA extraction. 

DNA was isolated from all samples using the DNeasy Blood and 
Tissue Kit following the manufacturer’s instructions (Qiagen). DNA 
quality and quantity were determined with an Epoch Microplate Spec-
trophotometer (BioTek) prior to genotyping. A total of seventeen EST 
microsatellite loci were genotyped (Clu_E03, Clu_E04, Clu_E10, Clu_E11, 
Clu_E12, Clu_E15, Clu_E20, Clu_E25, Clu_E29, Clu_E34, Clu_E35, Clu_E36, 
Clu_E37, Clu_E38, Clu_E42, Clu_E45, Clu_E47. Table 2). Primers were 
developed following the procedure outlined in Maduna et al. (2020). 
Five multiplexes PCR reactions were performed in a 10 μl volume con-
taining 1 μl DNA (1–30 ng/μl), 0.8 μl of dNTP (10 mM), 0.75 U Taq 
polymerase (New England Biolabs Ltd.), 1 μl of 10× Standard Buffer 
(New England Biolabs Ltd.), 0.08–0.3 μl of a 50:50 ratio of fluorescent 
dye labelled forward (100 μM) and reverse (100 μM) primer tagged on 
the 5′-end with a GTTTCTT PIG-tail to enhance PCR amplification 
(Brownstein et al., 1996). PCR reactions were performed on a Tetrad2 
Peltier thermal cycler (BioRad) as follows: initial denaturation step of 4 
min at 94 ◦C followed by 30 cycles of 30 s at 94 ◦C, 40 s at 58 ◦C and 40 s 
at 68 ◦C, and a final elongation step of 7 min at 68 ◦C. Samples were 
analysed on an ABI PRISM 3730 sequencer using the GeneScan-500 LIZ 
size standard and genotyped with GeneMapper v4.1 (Applied 

Fig. 1. Sampling location of lumpfish along the Norwegian coast. See Table 1 
for details. 
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Biosystems). 

2.2. Functional annotation of EST-STR-containing unigenes 

Respective EST-STR-containing unigenes were obtained from 
Maduna et al. (2020) and annotated using BLASTn search against the 
draft genome of the lumpfish [Entrez query: lumpfish (taxid:8103)] 
from the NCBI Genome database under BioProject PRJNA625538 
(accession number GCF_009769545.1, fCycLum1.pri), the Vertebrate 
Genomes Project (G10K Consortium) (Table 3). 

2.3. Statistical analyses 

The EST Microsatellite data set was checked in MICRO-CHECKER 
v.2.2.3 (Van Oosterhout et al., 2004) for scoring errors due to stutter-
ing and large allele drop out. LOSITAN (Beaumont and Nichols, 1996; 
Antao et al., 2008) was used to test for neutrality of all EST microsat-
ellite markers. Expected (Hexp) and observed (Hobs) heterozygosity for 
samples was estimated using GENETIX 4.02. (Belkhir et al., 2004). 
Allelic richness (Ar) was estimated using rarefaction methods to correct 

for unequal sample sizes implemented in ADZE 1.0 (Szpiech et al., 
2008). Ar represents expected number of distinct alleles in random 
sample for standardized sample size g, where g is the number of 
randomly drawn gene copies. Here g was set to maximum 36 reflecting 
the lowest sample size for the farmed fish (N = 18). It was not possible to 
estimate allelic richness for Austevoll which only have sample size of 6 
individuals. Further it was only possible to estimate Ar for g = 34 for the 
farmed fish because of missing data. Test for linkage disequilibrium was 
conducted in GENEPOP 4.7.0 (Rousset, 2008) using the log likelihood 
ratio statistics (G-test) with 10,000 dememorization, 100 batches and 
5000 iterations per batch. GENEPOP was also used for Hardy Weinberg 
probability test for each locus in each sample using the same number of 
dememorizations, batches and iterations as for linkage disequilibrium 
test. Significance of both the linkage disequilibrium and Hardy Wein-
berg test were corrected using Benjamini and Yekutieli (2001) correc-
tion for false discovery rate for multiple tests using p.adjust from 
package stats in R using false discovering rate (FDR) threshold of 0.05. 
Test for genotypic differences between samples were done by estimating 
pairwise FST (theta, Weir and Cockerham, 1984) value across loci and 
testing the significance of samples differences using Fisher’s exact test 
implemented in GENEPOP. P value for these tests were corrected using 
Benjamini and Yekutieli (2001) correction. A package diveRsity in R was 
used for estimating 95% confidence limits for FST. 

To assess the potential numbers of genetic clusters a Bayesian cluster 
analysis was performed in STRUCTURE (Pritchard et al., 2000). 
STRUCTURE was used for only EST-STR data on the one hand, and for 
combined EST-STR and g-STR data on the other hand. STRUCTURE was 
run for 10 independent runs of 200,000 iterations for burn-in and 
1,000,000 iterations after for K = 1 to 10 with 10 repeats. STRUCTURE 
model assumed an admixed model with correlated allele frequencies. 
Because relatively no/weak signal of structure was detected, the 
LOCPRIOR model was applied that utilises sampling locations as prior 
information to assist the clustering and assessed informativeness of the 
sampling location prior with the rlocprior (Hubisz et al., 2009). To 

Table 1 
Sampling locations for lumpfish along the Norwegian coast and from F1 farmed 
fish.  

Sample location N L Latitude Longitude 

Mandal 50 33.8 ± 7.2 N 57.99 E 7.48 
Hardangerfjord 42 12.9 ± 9.6 N 59.75 E 5.55 
Austevoll 6 29.6 ± 7.0 N 60.10 E 5.19 
Averøy (Håholmen) 50 40.2 ± 5.7 N 63.01 E 7.23 
Ekkilsøy 50 34.0 ± 5.9 N 63.07 E 7.33 
Hekkingen 93 41.3 ± 3.6 N 69.37 E 17.48 
F1 farmed fish (Kraknes) 18 23.2 ± 1,2 N 69.76 E 19.05 

N = sample size, L = average size (cm) ± standard deviation (SD) of sampled 
fish. 

Table 2 
Multiplex composition, repeat motifs of alleles, primer dye and concentrations (μM), allele range and numbers, observed (Hobs) and expected heterozygosity (Hexp) and 
sequences of primers. A 5’ GTTTCTT tail was added to all the reverse primers.  

Locus Repeat 
motif 

Fluorescent 
dye/label 

Concentration 
(μM) 

Allele 
range 

No 
Alleles 

Hobs Hexp Forward sequence Reverse sequence 

Multiplex 
1          

Clu-E03 CTTT FAM 1,0 128–204 18 0.73 0.75 AGATACTTAGCAATACTCACACG CAAAATTCCACTTGAACAGAA 
Clu-E10 GGAA PET 3,0 128–200 18 0.79 0.8 GAGAGAAGAACATCCACGAT CTCCTTGCATTCTTGTTTTT 

Clu-E12 
(CG)n 
(CA)n NED 1,5 100–110 6 0.52 0.54 TTGAAAATCCCTGAAAGTACA GCAACCATGAGTGATTATTGT 

Clu-E34 ACA NED 2,0 138–171 12 0.65 0.64 TTAAACATACCGACAGTAGCC CGGATTTAGTCATGAAACGTA 
Multiplex 

2          
Clu-E04 GT FAM 1,0 156–172 8 0.7 0.69 TTCTCAATGGTAAGAGCATGT GACCTCAGCCAGATTACTGT 
Clu-E36 AC PET 2,0 145–197 22 0.93 0.92 CCCCTACAGAGTGATGAGC GCTGGAAACATGTATAAGTACG 

Clu-E47 
(AAC)n 
(AGC)n VIC 0,8 111–126 6 0.61 0.59 GAAGCAGAGGTCCAGTCTAC CAAATCTGACAGCCCATC 

Multiplex 
3          

Clu-E11 CCG PET 2,0 244–265 7 0.49 0.62 TCCATGTCGTGTTAATTTCTT AAATGAATGGCGGTGGAG 
Clu-E15 TGT FAM 1,5 123–160 6 0.14 0.15 ACGACCTCGTCTTGAGTCTTA TGACGAATATTTTCAGTGCAT 

Clu-E25 
(GGA)n 
(AGA)n PET 2,0 108–186 21 0.76 0.81 CAGGACGTACATGAGGAGATA AGCTTCACGTTCAGAGCTT 

Multiplex 
4          

Clu-E20 TTACA PET 1,5 147–162 4 0.06 0.06 TGTTGTATTTCCTTCTGTTCC GATAAAAGCGTCAGCTAAATG 
Clu-E37 CAA VIC 1,0 133–154 8 0.66 0.7 CATGCTTTGCTAGTTTGTTTT GAAAGAAAATCAGGAATGGTC 
Clu-E42 GTAG NED 1,5 164–168 2 0.02 0.04 TAGTTGGAATTCTTGCTTCAA CCTACCTACCTACCTACCTACG 
Clu-E45 AC FAM 0,5 235–255 11 0.71 0.72 TGATCAAGCACACTAAAGACTG TACTTAGGGCCTAGGCTACAT 
Multiplex 

5          
Clu-E29 TAT PET 2,0 194–215 8 0.68 0.69 CACAACGTTTCTGTCAGCTAT TCATGACCATGTGGTCTTATT 
Clu-E35 GT NED 2,0 146–150 3 0.46 0.5 CAAAAATAGCAGCGTTAAAGA TTACTCAACTCGCCTAAAAGA 
Mean     9.82      
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determine the number of populations results from STRUCTURE runs 
were scrutinized in STRUCTURESELECTOR web server to estimate the 
most likely number of populations (K) using the Puechmaille method 
(Puechmaille, 2016). Data was then visualized using the CLUMPAK 
server (Kopelman et al., 2015). 

The R package ADEGENET v.2.1.3 (R core team, 2014; Jombart, 
2008) was used to perform DAPC on clusters pre-defined by sampling 
location using the dapc() function. For DAPCs without spatial prior in-
formation, we inferred the number of discrete genetic clusters using the 
find.clusters() function in ADEGENET, which runs successive K-means 
clustering with an increasing number of clusters (k). Ten independent 
runs of the find.clusters function was performed with the diffNgroup op-
tion selected to identify the sharp changes in fit of models with different 
number of clusters based on the Bayesian information criterion (BIC) 
score. Then, selection of optimal k was done by applying the BIC score as 
recommended by Jombart et al. (2010). For all DAPC analyses, we 
determined the number of principal components to retain using the 
cross-validation approach implemented by the function xvalDapc() with 
100 repetition in ADEGENET. 

The relative importance of geographical distance (isolation-by-dis-
tance) and genetic distance assessed as FST (1-FST)− 1 was examined using 
the Mantel test (Mantel, 1967) implemented in library ape v5.4–1 in R 
(Paradis and Schliep, 2019), setting the number of permutations to 999. 
Pairwise geographic distances between sampling sites were calculated 
following the coastline (range of distances between 63 and 1850 km). 

3. Results 

3.1. Genetic diversity 

Test for scoring errors of the microsatellite markers in MICRO- 
CHECKER indicated that one locus, Clu_E38, had scoring error and 
lack of heterozygotes, thus this locus was removed before further ana-
lyses. Test for loci under selection using LOSITAN indicated that one 
locus, Clu_E11, might be under selection, however we kept this locus in 
all calculations. All EST microsatellite markers were highly polymorphic 
with number of alleles ranging from 2 for Clu_E42 to 22 for Clu_E36, and 
with mean number of alleles over all markers of 10.0 (Table 2). 
Observed (Hobs) and expected heterozygosity (Hexp) was generally high 
but variable with lowest heterozygosity of 0.02 for loci Clu_E42 and 
highest of 0.93 for loci Clu_E36 (Table 2). For all samples mean number 
of alleles ranged from 3.81 in Austevoll, which has very low sample size, 
to 8.63 for Hekkingen (Table 4). Observed and expected heterozygosity 

was even over all samples, where both observed and expected hetero-
zygosity was lower for g-STR dataset, and there was significant differ-
ence in mean observed and expected heterozygosity between g-STR and 
EST-STR datasets (TukeyHDS test in R). Allelic richness (Ar) was also 
even over samples ranging from 4.71 for the farmed fish to 5.81 for 
Hardangerfjord (Table 4). 

Test for linkage disequilibrium over all samples was significant in 7 
tests of 120 (5.8%), no test was significant after correction of P values for 
multiple tests. Test for HWE for each population and loci were never 
significant after correction of P values for multiple tests. Based on these 
results all samples and loci were used for further analyses of genetic 
structure. 

3.2. Genetic structure 

Samples genotypic differentiation estimated as pairwise FST between 
samples over all loci was low but significant for few samples mostly 
involving the F1 farmed sample. The F1 farmed samples were signifi-
cantly different from all wild samples (Table 5). Only in one case were 
wild samples significantly different as the samples from Mandal and 
Hekkingen were significantly different (Table 5). 

Test for population structure using both location of samples 
(LOCPRIOR model) and not using the location of samples, show that 
there is no population structure in lumpfish along the Norwegian coast 
(Fig. 2). The Puechmaille method implemented in STRUCTUR-
ESELECTOR estimated that the most likely number of populations were 
two. All estimators MedMed K, MedMean K, MaxMed K and MaxMean K 
showed K = 2 as most likely. However, the structure graph showed that 
all individuals had ~0.5% probability of belonging to the two clusters. 
When there is no population structure typically the proportion of the 
sample assigned to each population is roughly symmetric (~ 1/K in each 
population), and most individuals will be fairly admixed. By using me-
dian value of Ln(Pr Data) (Pritchard et al., 2000) the k for which Pr(K =
k) is 1 had the highest probability whereas K = 2 to 10 had zero prob-
ability. Same results were obtained when using combined data for EST- 
STR and g-STR. Discriminant analysis of principal components (DAPC) 
were used, at first we determined the number of clusters de novo using 
function find.clusters() which determined that 5 clusters were most 
likely for the EST-STR and 8 for the g-STR data. However, when 70 PC 
and 6 discriminant factors were retained for DAPC, all samples largely 
overlapped indicating no population structure (Fig. 3). Similar results 
were obtained for g-STR data set (Jónsdóttir et al., 2018) where 80 PC 
and 6 discriminant factors were retained (Fig. 3). In accordance with low 

Table 3 
Annotation of EST-STR-containing unigenes.  

Loci GenBank 
Acc. 

BLASTn Hit 

Chromosome 
GenBank Acc. 

Chromosome Unigene position (bp) Candidate gene or closest genes to the EST-STR 

Clu_E03 MW962126 NC_046977.1 12 3,904,711–3,905,398 kynurenine–oxoglutarate transaminase 1; n-lysine methyltransferase kmt5a-a 
Clu_E04 MW962119 NC_046974.1 9 12,978,235–12,978,992 inositol polyphosphate-5-phosphatase a 
Clu_E10 MW962127 NC_046988.1 23 15,442,442–15,442,608 cugbp elav-like family member 2 isoform x1; scm-like with four mbt domains 

protein 2 isoform x1 
Clu_E11 MW962113 NC_046987.1 22 13,434,951–13,435,533 fanconi anemia group m protein; heme-binding protein soul3 
Clu_E12 MW962114 NC_046967.1 2 8,598,459–8,599,209 e3 ubiquitin-protein ligase midline-1-like 
Clu_E15 MW962120 NC_046987.1 22 21,422,626–21,423,031 sphingosine-1-phosphate phosphatase 1; wd repeat-containing protein 89 
Clu_E20 MW962128 NC_046972.1 7 3,742,381–3,742,792 slit-robo rho gtpase-activating protein 
Clu_E25 MW962115 NC_046969.1 4 27,622,803–27,623,503 scl-interrupting locus protein homolog 
Clu_E29 MW962121 NC_046968.1 3 9,330,611–9,331,067 bromodomain adjacent‑zinc finger domain protein 2b 
Clu_E34 MW962117 NC_046973.1 8 2,740,031–2,740,392 myosin phosphatase rho-interacting protein-like; retinoic acid-induced protein 1 
Clu_E35 MW962122 NC_046972.1 7 19,080,325–19,080,950 zinc finger protein 568-like 
Clu_E36 MW962123 NC_046986.1 21 21,109,040–21,109,332 ceramide kinase-like protein 
Clu_E37 MW962124 NC_046967.1 2 4,430,568–4,431,110 transmembrane protein 182-like; actin-related protein 3 
Clu_E42 MW962125 NC_046979.1 14 1,795,125–1,795,580 solute carrier family 22 member 5-like isoform x1; interferon regulatory factor 1b 
Clu_E45 MW962118 NC_046981.1 16 11,015,486–11,015,872 low quality protein: run and sh3 domain-containing protein 1; histone-lysine n- 

methyltransferase ash1l-like isoform x1 
Clu_E47 MW962116 NC_046969.1 4 25,395,315–25,395,631 sun domain-containing ossification factor isoform x3; sun domain-containing 

ossification factor isoform x2  
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values of differentiation observed using above statistical tests, there was 
no correlation between geographical and genetic distance (R2 = 0.0015, 
P = 0.89) and thus no indication of Isolation-by-distance. (Fig. 4). 

4. Discussion 

The high conserved microsatellites that have recently been devel-
oped from expressed sequence tags (EST) in lumpfish were used in the 

present study to attain a better understanding of population structure of 
lumpfish along the coast of Norway, especially because of its role as a 
lice-eating cleaner fish in salmon aquaculture. In accordance with pre-
vious results (Jónsdóttir et al., 2018) using anonymous microsatellites 
(g-STRs), the present findings, using EST-STRs, show a lack of popula-
tion divergence among lumpfish along the Norwegian coast ranging 
from Mandal in the south (58◦N) to Hekkingen (69◦N) in the north 
(Fig. 1). The exact same specimens of lumpfish were used in both 

Table 4 
Genetic variation for lumpfish samples, showing results for both g-STRs (Jónsdóttir et al., 2018) and EST-STRs (present study).  

Population G-STRs (Jónsdóttir et al., 2018) EST-STRs (This study) G-STRs+EST-STRs 

Na Hobs Hexp Ar FIS Na Hobs Hexp Ar FIS  Na Hobs Hexp Ar FIS  

Mandal 8.0 0.53 0.51 5.7 
±

1.1 

− 0.02 6.88 0.595 0.583 5.51 
± 0.81 

− 0.01  7.4 0.56 0.55 5.55 ± 0.63 − 0.016  

Hardangerfjord 6.6 0.46 0.49 5.2 
±

1.1 

0.06 7.19 0.554 0.581 5.81 
± 0.92 

0.06  6.9 0.51 0.54 5.55 ± 0.68 0.063  

Austevoll 5.3 0.48 0.42 NA − 0.06 3.81 0.51 0.534 NA 0.134  3.6 0.50 0.48 NA 0.054  

Averøy 
(Håholmen) 

7.5 0.53 0.54 5.7 
±

1.1 

0.02 7.38 0.543 0.57 5.67 
± 0.87 

0.057  7.4 0.54 0.55 5.66 ± 0.68 0.039  

Ekkilsøy 6.9 0.5 0.51 5.2 
±

0.9 

0.03 7.06 0.538 0.557 5.60 
± 0.86 

0.044  7.0 0.52 0.54 5.42 ± 0.62 0.038  

Hekkingen 8.6 0.51 0.50 5.4 
±

1.1 

− 0.02 8.63 0.559 0.574 5.67 
± 0.82 

0.031  8.6 0.54 0.54 5.54 ± 0.64 0.011  

F1 Farmed fish 4.7 0.48 0.49 4.7 
±

0.7* 

0.02 4.75 0.555 0.525 4.71 
±

0.74* 

− 0.03  4.7 0.52 0.50 4.69 ± 0.51* − 0.007   

Average number of alleles (Na), observed (Hobs) and expected (Hexp) heterozygosity, allelic richness (Ar) based on rarefaction method using a minimum sample size (i.e. 
number of alleles) of 36, FIS, the within-population inbreeding coefficient. 

* Sample size (i.e. number of alleles) of 34 for F1 farmed fish used for calculation of allelic richness because of missing data. 

Table 5 
FST, P values (GENEPOP, Weir and Cockerham, 1984) and 95% CI (diveRsity í R) for EST-STR data (current study) and g-STR (Jónsdóttir et al., 2018, for comparison). 
95% CI show differences between samples for both markers. P values were adjusted for multiple tests.   

EST-STR g-STR 

Samples Pairwise tests FST Lower 95% CI Upper 
95% CI 

P FST Lower 95% CI Upper 
95% CI 

P 

Mandal vs. Hardangerfjord − 0.0007 − 0.0078 0.0094 1 0.0007 − 0.0073 0.0098 0.5602 
Mandal vs. Austevoll − 0.0046 − 0.0384 0.0568 1 0.0047 − 0.0296 0.0616 1 
Mandal vs. Averøy (Håholmen) 0.0041 − 0.0036 0.0144 0.3738 0.001 − 0.0062 0.01 0.8629 
Mandal vs. Ekkilsøy 0.0005 − 0.0062 0.0091 0.7042 0.0039 − 0.0034 0.0138 0.0052 
Mandal vs. Hekkingen 0.002 − 0.0031 0.009 0.0331 − 0.0004 − 0.0054 0.0062 1 
Mandal vs. F1 Farmed fish 0.0147 5e-04 0.0349 0.0001 0.0186 0.0029 0.0396 0.0004 
Hardangerfjord vs. Austevoll − 0.0157 − 0.0501 0.0477 1 − 0.0076 − 0.0414 0.0461 1 
Hardangerfjord vs. Averøy (H.) 0.0013 − 0.0051 0.0133 1 0.0044 − 0.0051 0.016 0.2282 
Hardangerfjord vs. Ekkilsøy − 0.0013 − 0.0091 0.0092 1 − 0.0003 − 0.0091 0.0104 1 
Hardangerfjord vs. Hekkingen 0.0025 − 0.0053 0.0129 1 0.0016 − 0.0045 0.0098 0.1661 
Hardangerfjord vs. F1 Farmed f. 0.0216 0.0046 0.0444 0.0015 0.0185 0.0013 0.04 0.0013 
Austevoll vs. Averøy (H.) 0.0066 − 0.0294 0.0682 1 0.0115 − 0.0216 0.0617 1 
Austevoll vs. Ekkilsøy − 0.0073 − 0.0431 0.0573 1 0.0133 − 0.0226 0.0634 1 
Austevoll vs. Hekkingen − 0.0037 − 0.0384 0.0624 1 0.0086 − 0.0227 0.0558 1 
Austevoll vs. F1 Farmed fish 0.0172 − 0.0266 0.0973 0.0332 0.0047 − 0.0365 0.0632 1 
Averøy (H.) vs. Ekkilsøy 0.002 − 0.006 0.0123 1 0.0014 − 0.0058 0.011 0.1470 
Averøy (H.) vs. Hekkingen 0.0076 1e-04 0.0175 1 0.0017 − 0.0042 0.0098 1 
Averøy (H.) vs. F1 Farmed fish 0.0314 0.011 0.0571 0.0000 0.0204 0.0032 0.0421 0.0013 
Ekkilsøy vs. Hekkingen 0.0019 − 0.004 0.0098 1 0.0000 − 0.0053 0.0065 0.6242 
Ekkilsøy vs. F1 Farmed fish 0.0191 0.0028 0.0412 0.0002 0.0185 0.0003 0.0438 0.0007 
Hekkingen vs. F1 Farmed fish 0.0149 9e-04 0.0332 0.0002 0.0133 − 0.0011 0.0331 0.0022 

Numbers in bold indicate statistically significant tests. 
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studies, but it should be pointed out that since the 100 specimens 
collected within Averøy area (analysed as one sample site in Jónsdóttir 
et al., 2018) were collected from two sampling sites several kilometres 
apart, 50 specimen each, the samples were analysed as two sampling 
sites (Averøy Håholmen and Ekkilsøy) in the present study (Table 1). 

Only few studies directly compare relative performances of EST-STRs 
and genetic STRs to detect genetic differentiation in populations. As 
EST-STRs are located in coding regions, the higher stability of their 
flanking regions might reduce the frequency of null alleles, thus pro-
ducing cleaner results for scoring (Leigh et al., 2003; Rungis et al., 2004) 
and fewer stutter bands (Leigh et al., 2003; Woodhead et al., 2003; 
Eujayl et al., 2004; Pashley et al., 2006), making them ideal for genetic 
studies in which genotypic errors should be strictly avoided, e.g. in fine- 
scale population genetic studies. (Kim et al., 2008). Despite these ad-
vantages, however, EST are not without their drawbacks (Ellis and 
Burke, 2007). Because of higher conservation of DNA sequences in 
coding compared to noncoding sequences, EST have generally less 
allelic variability than g-STRs, potentially leading to differences in es-
timates of population genetic parameters such as genetic differentiation 
(Khimoun er al., 2017). Despite less variability of EST-STR alleles, these 
markers still reveal sufficient levels of variation for the vast majority of 
population genetic applications (Ellis and Burke, 2007). Khimoun et al. 
(2017) argue that the higher allelic variability of g-STRs may provide 
them an advantage over EST-STRs in cases of moderate genetic differ-
entiation, however, both EST-STRs and g-STRs showed to have equiva-
lent ability to detect strong genetic differentiation. Moreover, EST-STRs 
might perform better than g-STRs to infer population structure in cases 
of weak genetic differentiation, thus making it interesting to employ 
EST-STR analysis on the lumpfish samples of Norway. Moreover, Post-
olache et al. (2014) argue that EST-STRs generally display lower poly-
morphism compared to g-STRs and lower frequency of null alleles, but 
higher genetic differentiations among populations. Other studies report 
either lower performances (Coulibaly et al., 2005) of EST-STRs 
compared with g-STRs or equivalent performances (Woodhead et al., 
2005; Yatabe et al., 2007; Kim et al., 2008). 

A comparison of genetic variability between EST-STRs (this study) 
and g-STRs (Jónsdóttir et al., 2018), using the same lumpfish samples, 
shows that the average number of alleles (Na) was lower in EST-STRs 
than in g-STRs in three samples (Mandal, Austevoll and Averøy), the 
allelic richness (Ar) was lower in Mandal and Averøy, however, the EST- 
STRs heterozygosity was higher in all samples (Table 4). 

Population genetic structure of lumpfish in coastal areas using g- 
STRs has previously been investigated around Iceland by Pampoulie 
et al. (2014) and along West Greenland by Garcia-Mayoral et al. (2016) 
showing contrasting results. Pampoulie et al. (2014) investigated the 
population structure of lumpfish on both large and small geographic 
scale and found no population divergence among lumpfish collected at 
several locations around Iceland, whereas a significant genetic diver-
gence on large geographic scale in the North Atlantic was revealed. In a 
more recent study, Garcia-Mayoral et al. (2016) investigated the popu-
lation structure of lumpfish along the West Greenland coast using g-STRs 
and found significant structuring with isolation by distance in the West 
Greenland samples, moreover, two major subpopulations, north and 
south, were suggested. Whittaker et al. (2018) investigated the genetic 
(using g-STRs) and phenotypic differentiation of lumpfish across the 
North Atlantic and found five genetically distinct groups located in the 
West Atlantic (USA and Canada), Mid Atlantic (Iceland), East Atlantic 
(Faroe Islands, Ireland, Scotland, Norway and Denmark), English 
Channel (England) and Baltic Sea (Sweden). Significant phenotypic 
differences were also found, with Baltic lumpfish growing more slowly, 
attaining a higher condition factor and maturing at a smaller size than 
North Atlantic lumpfish. In contrast Jónsdóttir et al. (2018) found no 
indication (using g-STRs) of significant spatial genetic structuring or of 
positive correlation between geographic and genetic distance among 
lumpfish sampled along the Norwegian coast, a conclusion supported by 
the present study using EST-STRs. Even though one statistical test (FST, 
P-values, Table 5) showed genetic differentiation (in the present study) 
between two sample sites (Mandal and Hekkingen), the FST was low and 
the results was not supported by other statistical tests, such as Bayesian 
cluster analysis conducted in STRUCTURE (Fig. 2) and discriminant 
analysis of principal components (DAPC, Fig. 3), thus, it is concluded 
that even though there might be weak genetic difference, it is not sta-
tistically significant. The indication of genetic difference using EST-STRs 
when genetic structure of a species is weak is in accordance with the 
findings of Khimoun et al. (2017). The results of studies using both g- 
STRs (Jónsdóttir et al., 2018) and EST-STRs (present study) in lumpfish 
suggest that translocated individuals that escape from aquaculture in 
Norway will apparently have a similar STR-allele distribution as the 
local fish. However, as the authors pointed out (Jónsdóttir et al., 2018), 
lower number of g-STRs alleles per loci observed in farmed fish (F1 
generation) compared to their wild counterparts might suggest either a 
bias due to low sample size (18 samples) or a possible selection affecting 

Fig. 2. Bayesian cluster analysis conducted in STRUCTURE (Pritchard et al., 2000). Shown are clustering for K = 1 to 3 for seven samples of lumpfish collected in 
costal Norway. Within each plot, vertical bars represent individuals while colours indicate the different clusters detected. K = 1 was the most likely number of 
populations. 
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the farmed fish. Indeed, lower number of alleles per loci for farmed fish 
compared to wild fish was also observed in the present study using EST- 
STRs (Table 4). Individuals bred for their desirable characteristics differ 
from their origin in adaptive traits and the authors therefore suggested 
that the potential effects of escapes should be investigated further using 
not only neutral but also selective markers. 

In the present study the same sampling material was analysed using 
functional genetic markers (EST-STRs) giving similar results as found for 
non-functional genetic markers (g-STRs), where low/no genetic struc-
ture was found for lumpfish along the Norwegian coast using STRs. 
Based solely on the results for both g-STRs and EST-STRs analyses, the 
former advise of non-negative genetic effect of translocation of farmed 
juvenile lumpfish along the Norwegian coast is, therefore, still valid, 

given that wild lumpfish are used for juvenile production to prevent 
possible inbreeding, however, cautionary approach is always recom-
mended. In contrast, translocation of lumpfish between countries can 
represent a potential threat to local populations as studies have shown 
genetic structuring of lumpfish across the North Atlantic (Whittaker 
et al., 2018). For example, over 85% of all lumpfish deployed in Scotland 
during 2017 originated from eggs imported from Iceland and Norway, 
and none came from local sources (Treasurer, 2018). In Ireland, 70% of 
lumpfish deployed during 2015–2016 were derived from eggs imported 
from Iceland and Norway (Bolton-Warberg et al., 2018), while in the 
Faroe Islands nearly all lumpfish used during 2014–2016 were of Ice-
landic origin (Johannesen et al., 2018; Steinarsson and Árnason, 2018). 
Whether escapes have a genetic impact on local lumpfish populations 

Fig. 3. Discriminant analysis of principal components (DAPC) for a) g-STR (Jónsdóttir et al., 2018) and b) EST-STR (this study) for all lumpfish samples. The number 
of PCs retained was determine by cross validation in DAPC. Each dot represent individual with centroid denoting the mean of the samples (colour) and ellipses are 
drawn around 2/3 of the points and represent the distribution of the points. 
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will depend on the number of escapees, their reproductive success, and 
the extent of genetic differentiation between local and introduced fish, 
but none of these parameters are currently known (Powell et al., 2018; 
Whittaker et al., 2018). 

Lumpfish may undertake long annual distance migrations from 
spawning areas to winter grounds and vice versa (Schopka, 1974). In 
fact, tagging data revealed extensive movements during this time with 
the majority of tagged lumpfish exhibiting a displacement distance 
(shortest distance between tagging and recapture location) up to 350 
km, however one individual was recaptured 587 km from its tagging 
location. Holst (1993) investigated the geographic distribution of 
lumpfish in the Norwegian Sea and found that lumpfish is widely 
distributed throughout the Norwegian Sea, with the largest concentra-
tions occurring in the areas close to the polar front i.e. north of 72◦N. 
This wide distribution might indicate large population mixing that can 
counteract genetic structuring of local stocks. In general, based on the 
results of no observed genetic structure in the wild lumpfish population 
along the Norwegian coast using both g-STRs and EST-STRs (Jónsdóttir 
et al., 2018; present study), current farming practises, including wide-
spread transport of juveniles along the Norwegian coast will probably 
not have a negative impact on the wild stock of lumpfish. This is an 
important finding in regard to the species’ use in aquaculture, as recent 
studies on two other cleaning fish species, ballan and corkwing wrasse 
(Gonzales et al., 2016; Quintela et al., 2016; Seljestad et al., 2020), 
commonly used in Norwegian aquaculture (Skiftesvik et al., 2014; Anon, 
2016), have revealed genetic divergence among wild populations 
questioning the sustainability of the current practise (capture and long- 
distance translocation) of these wrasse species. Seljestad et al. (2020) 
pointed out that the management of wrasse in Scandinavia is currently 
facing two major challenges, both linked to their extensive use as cleaner 
fish to delouse farmed salmon in sea-cages. These challenges include the 
sustainable harvest of wild populations to provide wrasse as cleaner fish 
for the aquaculture industry, and the potential aquaculture-driven 
inadvertent translocation of wrasse from southern Norway and Swe-
den to western and middle Norway. Studies of other species of wrasse 
subjected to the same aquaculture-driven harvest and translocation re-
gimes have also indicated escapes and potential hybridization between 
translocated individuals and local populations (Jansson et al., 2017; 
Faust et al., 2018). In contrast the management situation for lumpfish is 
very different as all lumpfish used in salmon sea-cages are from intensive 
aquaculture production. Secondly, both current study and our previous 
study (Jónsdóttir et al., 2018) have not revealed a genetic structure of 
the species along the Norwegian coast using g-STRs and EST-STRs, 

indicating low negative effect of translocation of lumpfish in Norway. 
It should though be kept in mind that other genetic markers (e.g. SNP) 
might add to our knowledge and understanding of the genetic structure 
of lumpfish in the Norwegian waters, and therefore it is always neces-
sary to take precautions in translocation of animals. 

Discriminant analysis of principal components and pairwise FST es-
timates indicate genetic differentiation between farmed F1 fish and the 
wild samples from the Norwegian coast. Possibly, this differentiation 
exhibited by the farmed strain is due to random genetic drift of allele 
frequencies in the hatcheries. This has been well documented in other 
species (Danzmann et al., 1989; Coughlan et al., 1998; Sanchez et al., 
2012). However, some element of domestication or hatchery/husbandry 
(deliberate or inadvertent) selection may have led also to changes in the 
genetic composition of farmed strains compared with source pop-
ulations (Lorenzen et al., 2012). Cultured fish are being released on a 
very large scale, both accidentally and intentionally (McGinnity et al., 
2003; Lorenzen et al., 2012; Glover et al., 2017). Such interactions may 
be problematic or positive (Lorenzen et al., 2012). Problematic in-
teractions include displacement of wild fish through ecological in-
teractions, reductions in fitness and genetic diversity of populations 
subject to interbreeding between cultured and wild fish (Van Poorten 
et al., 2011; Glover et al., 2017). Positive interactions include increases 
in total population abundance that can support fisheries or counteract 
ecological and genetic risks in endangered populations (Hilderbrand, 
2002; Lorenzen et al., 2012). The risk of loss of diversity is greatest when 
fish of cultured origin contribute substantially to the mixed population, 
but have a much lower effective population size than the wild popula-
tion. This situation can arise relatively easily because high fecundity of 
fish combined with high survival of early life stages in culture makes it 
possible to produce very large numbers of offspring from very few 
parents. This may be helped by factorial mating designs that can in-
crease effective population size to about twice the census size (Lorenzen 
et al., 2012). Current production of lumpfish as cleanerfish is often based 
on a few parents (Jónsdóttir et al., 2018; Jonassen et al., 2018; Imsland 
et al., 2021), but based on current findings and published knowledge on 
this topic we strongly advise for genetic monitoring of hatchery pop-
ulations of lumpfish by increasing the number of effective breeders 
whenever possible. 

5. Conclusion 

Present findings show a lack of population divergence among 
lumpfish along the Norwegian coast using EST-STRs. Based on these 
results, should translocated offspring of wild lumpfish individuals 
escape from salmon sea pens in Norway, this will probably have little 
impact on the genetic composition of the local lumpfish population. 
Present data indicate low number of parental fish being used in aqua-
culture production of lumpfish and it is advised to increase the numbers 
of parental fish. 
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Ó.D.B. Jónsdóttir et al.                                                                                                                                                                                                                        



Aquaculture 555 (2022) 738230

9

attributed to the funding bodies. 

References 

Anon, 2016. Orientering om regulering av fisket etter leppefisk (orientation on the 
regulation of wrasse fisheries in Norway). In: Norwegian Directorate of Fisheries, 
Bergen, Norway, nr. 19/2016, p. 13 (in Norwegian).  

Antao, T., Lopes, A., Lopes, R.J., Beja-Pereira, A., Luikart, G., 2008. LOSITAN: a 
workbench to detect molecular adaptation based on a Fst-outlier method. BMC 
Bioinform. 9, 1–5. 

Beaumont, M.A., Nichols, R.A., 1996. Evaluating loci for use in the genetic analysis of 
population structure. Proc. R. Soc. B Biol. Sci. 263, 1619–1626. 

Belkhir, K., Borsa, P., Chikhi, L., Raufaste, N., Bonhomme, F., 2004. Genetix 4.05, logiciel 
sous Windows TM pour la génétique des populations. Laboratoire Génome, 
Populations, Interactions, CNRS UMR 5000, Université de Montpellier II, 
Montpellier.  

Benjamini, Y., Yekutieli, D., 2001. The control of the false discovery rate in multiple 
testing under dependency. Ann. Stat. 29, 1165–1188. 

Bolton-Warberg, M., O’Sullivan, S.M., Power, A.M., Moore, A.I., Wilson, L., Sproll, F., 
Fitzpatrick, R., 2018. Cleaner fish use in Ireland. In: Treasurer, J.W. (Ed.), Cleaner 
Fish Biology and Aquaculture Applications. 5M Publishing Ltd., Sheffield, 
pp. 386–413. 

Bouck, A., Vision, T., 2010. The molecular ecologist’s guide to expressed sequence tags. 
Mol. Ecol. 16, 907–924. 

Boxaspen, K., 2006. A review of the biology and genetics of sea lice. ICES J. Sea Res. 63, 
1304–1316. 

Boyce, D., Ang, K.P., Prickett, R., 2018. Cunner and lumpfish as cleaner fish species in 
Canada. In: Treasurer, J.W. (Ed.), Cleaner Fish Biology and Aquaculture 
Applications. 5M Publishing Ltd., Sheffield, pp. 444–467. 

Brooker, A.J., Papadopoulou, A., Gutierrez, C., Rey, S., Davie, A., Migaud, H., 2018. 
Sustainable production and use of cleaner fish for the biological control of sea lice: 
recent advances and current challenges. Vet. Rec. 183, 383. 

Brownstein, M.J., Carpten, J.D., Smith, J.R., 1996. Modulation of non-templated 
nucleotide addition by Taq DNA polymerase: primer modifications that facilitate 
genotyping. Biotechniques 20, 1004–1010. 

Coughlan, J.P., Imsland, A.K., Galvin, P.T., FitzGerald, R.D., Nævdal, G., Cross, T.F., 
1998. Microsatellite DNA variation in wild populations and farmed strains of turbot 
Scophthalmus maximus from Ireland and Norway. J. Fish Biol. 52, 916–922. 

Coulibaly, I., Gharbi, K., Danzmann, R.G., Yao, J., Rexroad, C.E., 2005. Characterization 
and comparison of microsatellites derived from repeat-enriched libraries and 
expressed sequence tags. Anim. Genet. 36, 309–315. 

Danzmann, R.G., Ferguson, M.M., Allendorf, F.W., 1989. Genetic variability and 
components of fitness in hatchery strains of rainbow trout. J. Fish Biol. 35, 313–319. 

Denholm, I., Devine, G.J., Horsberg, T.E., Sevatdal, S., Fallang, A., Nolan, D.V., 
Powell, R., 2002. Analysis and management of resistance to chemotherapeutants in 
salmon lice Lepeophtheirus salmonis (Krøyer) (Copepoda: Caligidae). Pest Manag. Sci. 
58, 528–536. 

Ellis, J.R., Burke, J.M., 2007. EST-SSRs as a resource for population genetic analyses. 
Heredity 99, 125–132. 

Ellis, J.R., Pashley, C.H., Burke, J.M., McCauley, D.E., 2006. High genetic diversity in a 
rare and endangered sunflower as compared to a common congener. Mol. Ecol. 15, 
2345–2355. 

Eujayl, I., Sledge, M.K., Wang, L., May, G.D., Chekhovskiy, K., Zwonitzer, J.C., Mian, M., 
2004. Medicago truncatula EST-SSRs reveal cross-species genetic markers for 
Medicago spp. Theor. Appl. Genet. 108, 414–422. 

Faust, E., Halvorsen, K.T., Andersen, P., Knutsen, H., André, C., 2018. Cleaner fish escape 
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