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A B S T R A C T   

Lepeophtheirus salmonis and Caligus elongatus are two parasitic copepod species posing a significant threat to 
salmonid aquaculture. Consequently, several gene expression studies are executed each year to gain new 
knowledge and treatment strategies. Though, to enable accurate gene expression measurements by quantitative 
real time PCR, stable reference genes are needed. Previous studies have mainly focused on a few genes selected 
based on their function as housekeeping genes, as these are often stably expressed in various cells and tissues. In 
the present study, however, RNA-sequencing data from 127 L. salmonis samples from different life stages and 
diverse environmental conditions were used to identify new candidate reference genes displaying low variation. 
From this, six genes were selected, and the stability validated by qPCR on samples from different life stages. Since 
neither a genome nor comprehensive RNA sequencing data are available for C. elongatus, homologous genes to 
those identified for L. salmonis were identified within a C. elongatus transcriptome assembly and validated by 
qPCR in different life stages. Overall, the genes eukaryotic translation initiation factor 1A (EIF1A) and serine/ 
threonine-protein phosphatase 1 (PP1) displayed the highest stability in L. salmonis, while the combination of 
PP1 and ribosomal protein S13 (RPS13) was found to have the highest stability in C. elongatus. These genes are 
well-suited reference genes for qPCR applications which allow for accurate normalization of target genes.   

1. Introduction 

Lepeophtheirus salmonis and Caligus elongatus are fish parasites 
belonging to the order of Siphonostomatoida within the class of co-
pepods. Especially the former parasite poses a considerable economic 
and ecological problem in salmonid aquaculture (Costello, 2009). Even 
though their last common ancestor lived more than 80 million years ago 
(Kumar et al., 2017), both parasites share a rather similar way of life and 
have a similar habitus. Both undergo a life cycle consisting of eight life 
stages separated by molts; the shedding of old and production of new 
cuticle. The first life stages, nauplius I and II, are lecithotrophic and 
planktonic; while the copepodid stage is the infective stage which must 
find and attach to a host. From there on, when the lice are in their 
parasitic stage, the life cycles differ to some point. While L. salmonis has 
two chalimus stages followed by two pre-adult stages before the final 
molt to adult (Hamre et al., 2013), C. elongatus goes through four cha-
limus stages directly followed by the adult stage (Piasecki and Mack-
innon, 1995). 

Analyzing the ontogenetic expression patterns of genes can give a 

deep insight into gene function in sea lice. For example, genes upregu-
lated as soon as the copepodid settles on the fish might be involved in the 
interaction of parasite and host, food uptake or digestion, while genes 
that are strongly expressed exclusively in either the adult female or male 
can be involved in reproduction. Quantitative real-time PCR (qPCR) is a 
commonly used method to measure gene expression in cells, tissues, or 
whole organisms as sea lice. To obtain accurate results, reference genes 
are used to normalize the expression values of the genes of interest 
(Jacob et al., 2013). However, to meaningfully counterbalance potential 
differences in RNA or cDNA input in the qPCR reactions and other 
technical factors affecting a precise gene expression measurement, these 
reference genes must not be affected by the investigated biological 
factors (Kozera and Rapacz, 2013). 

In the early years of qPCR, typically only one reference gene was 
used for normalization, which was often a housekeeping gene like 
β-actin, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) or 18S 
rRNA. However, since there is always some natural variation in the 
transcript level of a given gene, it is recommended to use two or more 
genes involved in different cellular processes as reference genes (Bustin 
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et al., 2009). For most qPCR studies published on L. salmonis, the 
eukaryotic elongation factor 1 alpha (EF1α) is used as the only reference 
gene, as its developmental stability has been found acceptable (Frost and 
Nilsen, 2003). However, when that study was performed, the genetic 
information available for L. salmonis was limited. Therefore, only four 
candidate genes were tested as potential reference genes based on the 
use of these in other species. Today, in the age of next generation 
sequencing, much more data is available to make a more informed de-
cision on the expression stability of basically all genes of a given or-
ganism. For L. salmonis the complete genome is available, consisting of 
roughly 13000 genes (Skern-Mauritzen et al., 2021), and the expression 
of these genes has been measured using RNA-sequencing (RNA-Seq) in 
more than 400 samples of different salmon louse stages, tissues and 
environmental conditions (Short Read Archive, https://www.ncbi.nlm. 
nih.gov/sra, January 2023). Thus, there is a great potential of identi-
fying new and better reference gene candidates in such data sets. Un-
fortunately, this magnitude of genetic information is not available for 
C. elongatus, as neither the genome nor transcriptomes have been pub-
lished, and GenBank contains only 31 entries for this species as of 
January 2023. Therefore, we aimed to use the data obtained in 
L. salmonis to bring forward the research on C. elongatus. 

In this study, the most suitable reference genes for L. salmonis were 
first identified based on RNA sequencing data, followed by the design 
and validation of qPCR assays for the selected genes. Further, ortho-
logues were identified in C. elongatus transcriptomic data, and their se-
quences were confirmed to allow the design of accurate qPCR assays. 
The stability of the genes was further evaluated to be used as reference 
genes analyzing gene expression in different C. elongatus life stages. 

2. Methods 

2.1. Animal husbandry and sampling 

For L. salmonis, animals from the lab strain LsGulen were cultivated 
as previously described (Hamre et al., 2009). For C. elongatus, a lab 
strain called CeSenja was used which had been brought into the lab from 
a salmon aquaculture facility in Senja in Northern Norway in February 
2019, originated on the offspring of six egg strings. The lice of this strain 
were kept on Atlantic salmon, analogous to the husbandry described for 
L. salmonis. The free-living stages of both lice strains were kept in a 
flow-through system, before infesting Atlantic salmon (Salmo salar). The 
salmon were kept in accordance with Norwegian animal experiment 
legislation, and were hand fed on a commercial diet and reared in sea 
water with a salinity of 34.5 ppt. The water temperature was around 9 ◦C 
(C. elongatus) and 10 ◦C (L. salmonis). 

Samples of the early life stages of both species (nauplius, copepodid, 
chalimus) contained several animals pooled together to yield enough 
RNA for later analysis, while preadult and adult stages were sampled 
individually. While L. salmonis samples were taken roughly during the 
predicted middle of each stage, parasitic stages of C. elongatus were 
sampled at the following daydegrees post infection (ddpi): parasitic 
copepodid at 18 ddpi, chalimus I at 60 ddpi, chalimus II at 94 ddpi, 
chalimus III at 138 ddpi, chalimus IV (male and female) at 182 ddpi, 
young adult female at 199 ddpi and adult male and female 379 ddpi. 

All sampled animals were put in RNAlater (Life Technologies), kept 
overnight at 4 ◦C and stored at − 20 ◦C until further processing. 

2.2. Candidate gene selection 

To identify potential reference genes in C. elongatus and new refer-
ence genes for L. salmonis, we used a selection of RNA-Seq derived data 
from L. salmonis generated in our lab in the last 10 years (Borchel et al., 
2021; Eichner et al., 2018; Heggland et al., 2020; Øvergård et al., 2022, 
unpublished data). Overall, data from 127 samples were included in the 
analysis (Supplementary Table 1), consisting of paired-end Illumina--
generated short-reads from all L. salmonis life stages and lice kept at 

different salinities. The data analysis was the same for all samples. In 
short, the reads were first mapped against the salmon louse genome 
(LSalAtl2s) using STAR aligner (Dobin et al., 2013) in the Galaxy web 
platform using the public server usegalaxy.no (Afgan et al., 2018). The 
counts of mapped reads for each gene were obtained using Featur-
eCounts (Liao et al., 2014). Inter-sample normalization was then per-
formed using DeSeq2 (Love et al., 2014), on a combined count table 
followed by a normalization of the obtained values by the gene length. 
For each gene, the mean, standard deviation, and coefficient of variation 
(CV, defined as standard deviation/mean) were calculated. The genes 
were then ranked according to their CV, assuming that genes with a low 
CV are well-suited candidate reference genes. 

Five new candidate reference genes were chosen, based on CV and 
normalized count numbers (NCNs). The two highest ranking genes with 
the lowest CV had rather low NCNs. Therefore, the next three genes were 
selected based on a low CV and higher NCNs. These were the gene with 
the lowest CV among genes with an NCN ≥1000 and two genes with the 
lowest CV among genes with an NCN ≥10000. Additionally, we included 
three previously established reference genes, EF1α1 (Frost and Nilsen, 
2003), 40S ribosomal protein S13 (RPS13) (Frost and Nilsen, 2003), and 
ADP/ATP carrier protein 3 (ADT3) (Eichner et al., 2015). This gave a 
total of eight genes selected for further analysis in L. salmonis. 

To find reference genes for C. elongatus, we searched for orthologues 
to the chosen L. salmonis genes in a de-novo-transcriptome assembled 
from adult female RNA-Seq data (in prep.). Primers were designed based 
on sequences predicted from the transcriptome, PCR products generated 
and sequenced using GoTaq G2 DNA Polymerase (Promega) and Big Dye 
3.1 (ThermoFisher Scientific), respectively. Additionally, β-tubulin was 
included as it has been used as a reference gene in Caligus rogercresseyi 
(Gallardo-Escárate et al., 2014). This gave a total of nine genes selected 
for further analysis in C. elongatus. 

2.3. RNA isolation, cDNA synthesis & qPCR 

For L. salmonis, total RNA was isolated using Trizol reagent (Sigma 
Aldrich) according to the manufacturer’s protocol. The RNA (1 μg) was 
DNase-treated with DNase I (Invitrogen), according to the manufac-
turer’s protocol. For C. elongatus, total RNA was isolated by combining 
Trizol reagent with RNeasy (Qiagen) RNA isolation kits, as previously 
described (Harasimczuk et al., 2018), including an on-column DNase 
treatment. 

The RNA purity and quantity were determined using a Nanodrop 
spectrophotometer, where the 260/280 and 260/230 ratios were be-
tween 1.9 and 2.2, with few lower-concentrated samples outside this 
range for the 260/230 ratio. 

Equal amounts of DNase-treated RNA (182 ng for L. salmonis, 100 ng 
for C. elongatus) were then reverse transcribed using the AffinityScript 
cDNA synthesis kit (Agilent) according to the supplier’s recommenda-
tion and diluted 1:10 before storage at − 20 ◦C until use. 

The qPCR was run on QuantStudio 3 Real-Time PCR machines 
(Applied Biosystems), using 1x PowerUP SYBR Green Master Mixes 
(ThermoFisher Scientific), 500 nM forward and reverse primers 
(Table 1) and 2 μl diluted cDNA in 10 μl reactions (3.6 ng RNA- 
equivalents for L. salmonis, 2 ng for C. elongatus). The thermocycling 
parameters were as follows: initiation, 50 ◦C, 2 min; holding, 95 ◦C, 2 
min; 40 cycles of 95 ◦C, 15 s & 60 ◦C, 1 min, followed by a concluding 
melting curve. All measurements were done in technical duplicates. 
Standard curves with a minimum of five points (1:5) were made for each 
assay to calculate PCR efficiencies, given by the equation E% = (101/slope 

– 1) x 100 (Ginzinger, 2002). Efficiencies of the new assays were be-
tween 94% and 109% (Supplementary Table 2). Every plate run, con-
tained non template controls to check for contamination. 

For L. salmonis, five of the used primer pairs had one primer placed 
on an exon-junction, two other primer pairs spanned an intron (RPS13 
and ADT3) of 66 bp and 53 bp size, respectively. One gene (EIF1A) was 
annotated with only one exon, therefore the primers were placed within 
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this exon. For C. elongatus, the deliberate positioning of the primers on 
exon junctions was impossible as genomic sequence information was 
missing. However, our analysis of a PCR reaction on genomic DNA 
revealed, that the ADT3 primer was spanning an intron of 53 bp. 

For the intron-spanning primers, melting curves were analyzed for 
double peaks to check for genomic DNA contamination, which was not 
observed. Additionally, -RT controls performed in C. elongatus did not 
show signs of contamination with genomic DNA. 

2.4. Analysis 

Overall, we followed the suggestions for identification of reference 
genes in longitudinal studies (Sundaram et al., 2019) including analysis 
of CV, raw expression profiles and use of NormFinder (Andersen et al., 
2004), which takes differences between groups into account. Several 
additional algorithms were used to analyze the stability of the potential 
reference genes, collected in the tool RefFinder (Xie et al., 2012). This 
tool combines the methods Genorm (Vandesompele et al., 2002), Best-
Keeper (Pfaffl et al., 2004), NormFinder (Andersen et al., 2004), and a 
delta ct based method (Silver et al., 2006). 

3. Results 

3.1. Reference genes for L. salmonis 

Potential reference genes for L. salmonis were selected based on CV 
and normalized counts from RNA-Seq data as described in the methods 
part (Table 2). The novel genes had lower CVs (8–20%) than the 
established reference genes (25–37%). 

To validate the suitability of the eight candidate reference genes, 
qPCR was performed on samples from different L. salmonis life stages. 
The obtained quantification cycle (cq)-values were in general relatively 
stable for all genes (Fig. 1A), where EF1A, RPS13 and ADT3 showed the 
highest expression with the lowest measured cq-values, while MTMR2 
and NELFD displayed the lowest expression. As also seen in the tran-
scriptomic data, the CV of the linearized cq values (2-Cq) was rather high 
for the three established reference genes (28.5–29.8%) and lower for the 
new candidate genes (22.9–27.2%), except for NELFD which had the 
highest CV (38.1%). The lowest CV was observed for EIF1A (22.6%) and 
MTMR2 (24.1%). Raw expression profiles showed a rather stable 
expression for all genes throughout the life stages (Fig. 1 B). A grouped 
Normfinder analysis (Fig. 1C) found highest stability of EIF1a and PP1, 
which were also best to be combined. The established reference genes 

EF1A and especially ADT3 were determined to be least stable. Also the 
algorithms employed by RefFinder suggested that ADT3 was least stable, 
while PP1 and EIF1A ranked among the most stable genes (Supple-
mentary Table 3). 

3.2. Reference genes for C. elongatus 

After identifying C. elongatus homologs for all the candidate refer-
ence genes within the transcriptome assembly, PCR fragments were 
sequenced to verify their identity. The sequences are deposited in 
Genbank (PP1: OQ560354, ADT3: OQ560355, EF1A: OQ560356, 
RPS13: OQ560357, MTMR2: OQ560358, NELFD: OQ560359, Tubulin: 
OQ560360, EIF1A: OQ560361). 

qPCR was further performed on different C. elongatus life stages 
(Fig. 2A). They showed variation coefficients in a similar range as 
observed in L. salmonis. The lowest variation was found for PP1 (24.2%) 
< Tub < TMR2 < EIF1A < RPS13 < B52 < ADT3 < NELFD < EF1A 
(43.3%). 

Life stage had a statistically significant effect on all genes (ANOVA), 
however the differences varied in their strength (Fig. 2). While ADT3 
and EF1A showed rather strong differences between stages, expression 
levels of the novel reference genes were generally more stable. 

When running a Normfinder analysis, considering the different life 
stages as groups, the most stable reference gene was again determined to 
be EIF1A, whereas the best combination of two genes was PP1 and 
RPS13 (Fig. 2C). Also the RefFinder analyses found EIF1A to be highly 
stable, while the stability ranking for PP1 and RPS13 varied between 
different algorithms (Supplementary Table 3). 

To apply the candidate reference genes, the expression of myosin 
(OQ560363) and a trypsin gene (OQ560362) were measured in the 
different C. elongatus life stages and normalized against all candidate 
reference genes (Fig. 3). Overall, the expression patterns obtained by 
normalization with the different reference genes were similar, but spe-
cific differences were present. The expression of myosin, a protein 
generally highly abundant in muscle cells, started on a rather high level 
after hatching as nauplius 1, before dropping in the attached stages and 
later increasing again. However, normalizing to different reference 

Table 1 
Primers used in qPCR.  

Gen FW RV 

Lepeophtheirus salmonis 
EF1A GGTCGACAGACGTACTGGTAAATCC TGCGGCCTTGGTGGTGGTTC 

EIF1A CCCTCTTCGCCAAAAGTGAC CAGACGAGGCTCGCAACTTA 

ADT3 CTGGAGAGGGAATTTGGCTAACGTG GACCCTGGACACCGTCAGACTTCA 

RPS13 GCCGGTGTTTAACAATCATCAA GGGCTTCGAGTCCTTGTATGC 

B52 CAGATAAGGATGCTATGGGTTGG ATGTGCGCGACAGATGAGAT 

PP1 GATGAATGCAAACGGCGATA CGTCTGTAGGTCAGGGCTCA 

NELFD ACGGATAATTGGAGCCATCG GAAGCTACCGGGAACCTTATG 

MTMR2 GCATTTCAATATCAAGTCAATGAAGG GAAGCCCCTGACGACGATAC 

Caligus elongatus 
EF1A GACGTACCGGCAAGTCCAC GGAGGGAAGTCGGAGAAGG 

EIF1A GGAAAGGAGGCAAGAATCGC TCCCCAGCATCTTTGTCACT 

ADT3 AACTCACGCTTTCCGTCCTT AGAGCGTCTTCAAGACTGCC 

RPS13 GATCCTCCGCATCCTCAAGG ACGGCCTTCTTGATGAGGTG 

B52 TGAAGATTCAAATCACACACCCG ATCTGGCGGCAGAATGATCC 

PP1 GGGAAGCCACCGTACTCAAA CCAGCCCATCTTGTTGGAGT 

NELFD CTGTAACCGCCGAATAACATGG CTCTTACGGTGGCGAATATGGA 

MTMR2 GACTTTGTCTTCTGCTTGAGCC TTCCTCACCATCATTCTGGACC 

Tub GGGAACGCTCCTCATTTCCA GACGGTGTCAGAGACCTTGG 

Trypsin ACGATCTCTTCTCCGACAGC ACGTCAAAGTTGGTTCCGTG 

Myosin AGAAGCGACTCCAGGTTGAA CCAAGCGCTTCGTATCTTCC  

Table 2 
Selected candidate reference genes from L. salmonis.  

Symbol Gene id Gene name Average 
normalized 
counts 

Variation 
coefficient 

ADT3 EMLSAG00000008594 ADP/ATP 
carrier protein 
3 

23833 37% 

RPS13 EMLSAG00000007940 40S ribosomal 
protein S13 

43351 33% 

EF1α EMLSAG00000004106 eukaryotic 
translation 
elongation 
factor 1 alpha 
1 

88735 25% 

EIF1A EMLSAG00000000100 eukaryotic 
translation 
initiation 
factor 1A 

10887 20% 

B52 EMLSAG00000007146 Serine- 
arginine 
protein 55 B52 

12745 19% 

PP1 EMLSAG00000010494 serine/ 
threonine- 
protein 
phosphatase 1 

1833 11% 

NELFD EMLSAG00000005404 Negative 
elongation 
factor D 

491 8% 

MTMR2 EMLSAG00000012255 Myotubularin- 
related protein 
2 

778 8%  
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genes, resulted in some cases in a changed order of which stage had the 
highest expression (for example compare EF1A and NELFD). The 
expression of trypsin, a digestive enzyme, increased steadily with age. 
However, the numerical values of relative expression varied between 
reference genes also for this target gene. 

4. Discussion 

Stable reference genes are essential for accurate gene expression 
quantification by qPCR. Often, potential reference genes are selected 
based on their previous evaluation and/or use in other species, and only 
a handful of genes are often analyzed during the selection process (e.g. 
Frost and Nilsen, 2003; Jorgensen et al., 2006; Mahanty et al., 2017; 

Fig. 1. Reference gene stability in whole body L. salmonis samples from different life stages (N = 3, total of 33 samples). A) Cq values of the different candidate 
reference genes in different life stages. Boxes give 25th and 75th percentile and median, whiskers indicate 90th and 10th percentiles. Dots represent values outside 
these percentiles. Genes are ordered by their linearized coefficient of variation (CV, value underneath gene name). B) Raw expression levels (2-ΔCq). Dots represent 
means ± SD. The nauplius 1 stage is used as calibrator. C) Stability values as determined by Normfinder analysis. The most stable combination of genes is marked 
dark grey. Lower stability values indicate more stable genes.; nau = nauplius, cop = copepodid, ch = chalimus, pad = preadult, ad = adult, ma = male, fe = female; 
for gene names see Table 2. 
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Olsvik et al., 2005; Wang et al., 2018). Therefore, more suitable refer-
ence genes are likely to be found by an extended analysis, as performed 
in the present study looking at extensive RNA-seq datasets created from 
a variety of L. salmonis samples. By this approach, we could identify new 
reference genes showing a more stable expression pattern than previ-
ously used reference genes in L. salmonis. A similar RNA-Seq-based 
approach has also been proven useful– though with fewer samples – to 

determine reference genes in e.g. apple (Zhou et al., 2017), Arabidopsis 
(dos Santos et al., 2020) and pregnant women (Chim et al., 2017). 

Another study compared the stability of reference genes identified by 
an RNA-Seq pipeline and conventional reference genes (Sampathkumar 
et al., 2022). There it was found that RNA-Seq-based reference genes not 
necessarily perform better than conventional reference genes. The 
conventional reference genes yielded even better stability values. In our 

Fig. 2. Reference gene stability in C. elongatus samples from different life stages (N = 3, total of 36 samples). A) Cq values of the different candidate reference genes in 
different life stages. Boxes give 25th and 75th percentile and median, whiskers indicate 90th and 10th percentiles. Dots represent values outside these percentiles. 
Genes are ordered by their linearized coefficient of variation (CV, value underneath gene name). B) Raw expression levels (2-ΔCq). Dots represent means ± SD. The 
nauplius 1 stage is used as calibrator. C) Stability values as determined by Normfinder analysis. The most stable combination of genes is marked dark grey. Lower 
stability values indicate more stable genes.; nau = nauplius, cop = copepodid, ch = chalimus, ad = adult, ma = male, fe = female, y = young; for gene names 
see Table 2. 
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experiments the results were mixed. According to Normfinder, both in 
C. elongatus and L. salmonis, a novel reference gene was most stable, 
however for both species some of the conventional genes were also 
among the top ranks. In the case of C. elongatus the combination of a 
novel (PP1) and a conventional (RPS13) reference gene was even 
determined to be most stable. For this project, the use of RNA-Seq data 
was reasonable, as these data had already been generated and could be 
used without further costs. 

Employing an RNA-seq approach, we identified five new L. salmonis 
reference genes which are generally adequate for normalization of qPCR 
results. This has been especially validated for measurements throughout 
the life cycle of the salmon louse. These genes are most likely stable also 
under various environmental conditions, as the selection process was 
based on RNA Seq data from lice in different salinity and with and 
without a host. However, the suitability of a given reference genes 
should be evaluated for every new condition in question. E.g., in a study 
where L. salmonis were subjected to oxidative stress due to the knock 
down (KD) of a heme peroxidase, EF1α and ADT3 varied greatly be-
tween normal and KD copepodids (Øvergård et al., 2017). Therefore, it 
is helpful to have a selection of new potential reference genes at hand 
when qPCR is applied to new experimental setups. For analysis of 

expression during the L. salmonis life cycle the combination of EIF1A and 
PP1 was found to be most stable. 

When applying the putative reference genes to investigate the 
expression of the two C. elongatus target genes, myosin and trypsin, the 
expression patterns observed mirrored the biological functions of the 
measured genes. Myosin is needed for muscle contraction (Geeves and 
Holmes, 1999); therefore, it is reasonable that it is less expressed in the 
sessile stages compared to the free-living and mobile stages where the 
lice is more dependent on a higher muscle power to move and attach to 
the host. Trypsin is among other physiological processes involved in 
digestion (Kvamme et al., 2005); therefore, it might be less needed in 
lecithotrophic free-living stages but its expression increases when 
attached to a host that provides nutrients to be digested. 

The analyzed target genes were strongly regulated between stages, 
with cq value differences of 8 and 13 for myosin and trypsin, respec-
tively. Therefore, even small differences in the expression of the used 
reference genes had a big impact on the calculated fold changes. E.g., 
this can be seen as an expression of trypsin in adult female lice about 
10000 times as high as in nauplius 1 when measured with NELFD (ΔΔ cq 
= − 13.3), while it is only about 4000 times higher when measured with 
EF1A (ΔΔ cq = − 12.0). Here the fold change varied strongly due to the 

Fig. 3. Relative expression (average 2-ΔΔCq ± SD, N = 3) of A) myosin and B) trypsin in samples of the different stages of C. elongatus. The reference genes 
investigated in this study were used as endogenous control. The reference gene used is shown in the header of each diagram. In every gene’s last panel, the expression 
level calculated by using a combination of two reference genes recommended by the grouped Normfinder algorithm is shown. The stage with the lowest gene 
expression (chalimus 1 and nauplius 1 respectively) was chosen as a calibrator and set to 1. 
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low expression levels in the calibrator stage being sensitive to small 
changes in the delta cq values. Using an average of PP1 and RPS13 
resulted in a fold change of about 7200 between nauplius 1 and adult 
female, corresponding to around the average of the fold change of all 
reference genes used, and also gave an intermediate expression pattern. 
Generally, it is recommended to use more than one reference gene for 
qPCR normalization purposes, and the choice of reference gene combi-
nations should be well reasoned (Bustin et al., 2009). For example, the 
combination of coregulated genes might be detrimental, as these could 
be inadequate to counterbalance differences in cDNA concentration. For 
L. salmonis, EIF1A1 and PP1 were determined as the best combination of 
stable genes. While EIF1A is part of translation (Passmore et al., 2007), 
PP1 dephosphorylates proteins (Bollen et al., 2010), arguing that a 
combination of these genes is reasonable. For C. elongatus the combi-
nation of PP1 and RPS13 was recommended by the Normfinder algo-
rithm, which also seems reasonable as RPS13 is a ribosomal protein 
while PP1 is a phosphatase, without known interaction of both proteins. 

For C. elongatus, we could not revert to a vast diversity and magni-
tude of genetic information as for L. salmonis. Therefore, the same 
candidate reference genes as chosen for L. salmonis were evaluated in 
C. elongatus in addition to β-tubulin. Overall, this seemed to be an 
appropriate strategy, as the genes were also found to be rather stable in 
the different C. elongatus life stages with the most stable genes identified 
as EIF1A, β-tubulin and PP1. This indicates that the stability of especially 
EIF1A as well as PP1 might be conserved in both sea louse species, 
suggesting that they might also be good candidates for reference genes 
in other sea lice or potentially copepods in general. EIF1A was even 
found to be the most stable gene by several algorithms. At the same time, 
our findings call for carefulness when analyzing gene expression data 
during sea louse development and most likely animal development in 
general. Even though the novel reference genes are most likely among 
the most stable genes, the raw cq values showed some statistically sig-
nificant variation between life stages for each gene. Similar challenges 
were observed during the identification of reference genes for the early 
murine development of spinal cord and cerebellum (Sundaram et al., 
2019). In that article a general workflow for the identification of 
reference genes in longitudinal studies was suggested, consisting of an 
analysis of the CV and raw expression profiles with a final NormFinder 
analysis considering the different groups. Overall, we followed this 
workflow, which suggests removing genes with CV over 50% from the 
NormFinder analysis. As all candidate genes from this study had a lower 
CV, this step was unnecessary, which also highlights the good selection 
of candidate genes based on RNA-Seq data. Based on this, the combi-
nation of PP1 and RPS13 is recommended for studies on C. elongatus 
ontogeny. 

5. Conclusion 

In the present work, we have identified novel reference genes for the 
two sea louse species L. salmonis and C. elongatus. The genes found to be 
stably expressed between life stages in L. salmonis, were also stable in 
C. elongatus. This work facilitates the implementation of new reference 
genes in L. salmonis, where they might complement the already estab-
lished reference genes. Additionally, we have contributed the first 
nuclear-encoded mRNA sequences from C. elongatus to GenBank and 
identified reference genes that can be used in this species. As its eco-
nomic importance is on the rise, the availability of reference genes for 
qPCR assays is of high importance. 
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