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Treatment of infestation by the ectoparasite Lepeophtheirus salmonis relies on a small number of
chemotherapeutant treatments that currently meet with limited success. Drugs targeting chitin synthesis
have been largely successful against terrestrial parasites where the pathway is well characterised.
However, a comparable approach against salmon lice has been, until recently, less successful, likely
due to a poor understanding of the chitin synthesis pathway. Post-transcriptional silencing of genes by
RNA interference (RNAi) is a powerful method for evaluation of protein function in non-model organisms
and has been successfully applied to the salmon louse. In the present study, putative genes coding for
enzymes involved in L. salmonis chitin synthesis were characterised after knockdown by RNAi. Nauplii
I stage L. salmonis were exposed to double-stranded (ds) RNA specific for several putative non-
redundant points in the pathway: glutamine: fructose-6-phosphate aminotransferase (LsGFAT), UDP-N-
acetylglucosamine pyrophosphorylase (LsUAP), N-acetylglucosamine phosphate mutase (LsAGM), chitin syn-
thase 1 (LsCHS1), and chitin synthase 2 (LsCHS2). Additionally, we targeted three putative chitin deacety-
lases (LsCDA4557, 5169 and 5956) by knockdown. Successful knockdown was determined after moulting
to the copepodite stage by real-time quantitative PCR (RT-qPCR), while infectivity potential (the number
of attached chalimus II compared with the initial number of larvae in the system) was measured after
exposure to Atlantic salmon and subsequent development on their host. Compared with controls, infec-
tivity potential was not compromised in dsAGM, dsCHS2, dsCDA4557, or dsCDA5169 groups. In contrast,
there was a significant effect in the dsUAP-treated group. However, of most interest was the treatment
with dsGFAT, dsCHS1, dsCHS1+2, and dsCDA5956, which resulted in complete abrogation of infectivity,
despite apparent compensatory mechanisms in the chitin synthesis pathway as detected by qPCR.
There appeared to be a common phenotypic effect in these groups, characterised by significant aberra-
tions in appendage morphology and an inability to swim. Ultrastructurally, dsGFAT showed a signifi-
cantly distorted procuticle without distinct exo/endocuticle and intermittent electron dense (i.e.
chitin) inclusions, and together with dsUAP and dsCHS1, indicated delayed entry to the pre-moult phase.
� 2020 The Author(s). Published by Elsevier Ltd on behalf of Australian Society for Parasitology. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Several pathogens compromise the sustainability of global com-
mercial salmon aquaculture, including ectoparasitic copepods
(Family: Caligidae). One of the most notorious of these, Lepeoph-
theirus salmonis, is responsible for global economic losses to the
industry exceeding USD 1 billion annually (Brooker et al., 2018).
The parasite has a direct life cycle that involves eight developmen-
tal stages, each separated by a moult (Wootten et al., 1982;
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Boxaspen, 2006; Hamre et al., 2013). Pathology associated with
infection includes degradation of the epithelia, chronic wounds,
osmoregulatory distress, and predisposition to secondary bacterial
and viral infections (Wootten et al., 1982; Wagner et al., 2008).

In efforts to control L. salmonis infestations, antiparasitic phar-
maceutical treatments are often applied with varying success,
and with inevitable positive selection pressure on parasite popula-
tions to develop resistance (e.g., Carmichael et al. (2013)). Develop-
ment of resistance is magnified by the scarcity of available drugs
licenced for treatment of sea lice, with only five classes currently
employed on a commercial scale, and in many countries only 1-3
licenced for use at any given time (reviewed in Aaen et al.
(2015)). Furthermore, negative environmental effects of chemical
spillover are a legitimate concern for endemic non-target animals
such as amphipods and lobsters (reviewed in Urbina et al.
(2019)). To circumvent potential non-target animal effects, a new
drug, lufenuron (tradename IMVIXATM) has recently been licenced
in Chile, which is an in-feed treatment administered to smolts
prior to seawater entry. This benzoylphenyl urea (BPU) has been
used successfully for the prevention and treatment of terrestrial
ectoparasites for over 30 years (reviewed in Merzendorfer
(2013)). There are six chemical classes of chitin synthesis inhibitors
used for arthropod pest management, with BPUs the most com-
monly used (Liu et al., 2019). These drugs have been classified as
inhibitors of chitin biosynthesis through direct interaction with
chitin synthase 1 (CHS1) (Douris et al., 2016), and their success is
reflected in the number of different commercialised insecticides
that have been applied against many arthropod species (reviewed
in Merzendorfer (2013)). Despite their ubiquitous application, the
mode of action of BPUs in copepods has not been characterised
and appears to differ from that in terrestrial arthropods (Douris
et al., 2016; Michaud, D., Poley, J., Koop, B., Mueller, A., Marin, S.,
Fast, M., 2018. Transcriptomic signatures of post-moult ageing
and responses to lufenuron in copepodid sea lice (Caligus roger-
cresseyi), International Sea Lice Conference, 4–8 November, Peurto
Varas, Chile; Poley et al., 2018). A recent study demonstrated a
measurable effect of lufenuron on the transcriptome of larval L. sal-
monis (Poley et al., 2018), which was associated with abnormal
moulting as evidenced by electron microscopy, and eventual death
of the animal; however, in this study, transcripts essential in regu-
lation of moulting, including CHS1, were not differentially
expressed. More recently, the effects of various BPUs were investi-
gated on larval L. salmonis to try and discern the molecular mode of
action; however, there was minimal effect on the transcriptome
(Harðardóttir et al., 2019a).

The chitin synthesis pathway (CSP) appears to be complete in L.
salmonis, and recent studies have characterised key enzymes in the
pathway such as chitinases (Eichner et al., 2015b), Chitin synthase
1 (CHS1), Chitin synthase 2 (CHS2), UDP-N-acetylglucosamine
pyrophosphorylase (UAP), N-acetylglucosamine phosphate mutase
(AGM) and Glutamine: fructose-6-phosphate aminotransferase
(GFAT, (Harðardóttir et al., 2019b)). However, the importance of
these and other enzymes to overall fitness (and thus infectivity)
of L. salmonis is not known. Furthermore, as chitin synthesis is a
prime target of current and future anti-parasitic drugs, it is neces-
sary to fully characterise this pathway in L. salmonis.

GFAT is a rate-limiting cytoplasmic enzyme in the hexosamine
pathway, and its activity has been detected in almost every organ-
ism and tissue examined (Kato et al., 2002). Recently, a single copy
of GFAT from Lepeophtheirus salmonis salmonis (LsGFAT1) was
described which clustered closely with GFAT sequences of crus-
taceans and insects, forming a sister group to vertebrate GFATs
(Harðardóttir et al., 2019b). Expression analysis among develop-
mental stages indicates that expression of LsGFAT1 is contingent
on the instar age, with significant upregulation observed in later
stages of the moulting parasite, supporting the conserved function
of GFAT as a critical regulator of chitin production.

AGM was first characterised in the mosquito Anopheles aegypti
and contains three conserved sequence motifs that are conserved
from prokaryotes to mammals (Mio et al., 2000). A single copy of
AGM was recently characterised in L. salmonis with high sequence
homology to that of crustaceans and insects (Harðardóttir et al.,
2019b), which upon exposure to the BPU lufenuron was upregu-
lated in a dose-dependent manner in L. salmonis copepodites
(Poley et al., 2018).

UAP is an essential enzyme that catalyses formation of UDP-
GlcNAc (Merzendorfer and Zimoch, 2003), and is critical for sur-
vival in insects (Arakane et al., 2011). The importance of UAP in
chitin synthesis has been demonstrated where in both Locusta
migratoria and Bactrocera dorsalis, knockdown of UAP resulted in
reduced levels of chitin (Kato et al., 2006; Arakane et al., 2011;
Yang et al., 2015). There is only one UAP in L. salmonis, LsUAP1,
which was found to be maximally expressed towards the end of
the instar stage, before a moult (Harðardóttir et al., 2019b), similar
to observations in other arthropods (Liu et al., 2013). The func-
tional importance of LsUAP1 during chitin synthesis is not known.

Chitin synthase is the final enzyme that synthesises chitin from
UDP-GlcNAc. Recently, two chitin synthases were described in L.
salmonis (LsCHS1, LsCHS2), with LsCHS1 expressed in diverse tissues
including antenna, intestine and feet in different life stages, while
LsCHS2 is most highly expressed in the intestine of adult lice
(Harðardóttir et al., 2019b). Numerous studies have demonstrated
the critical function of chitin synthases in insects (Arakane et al.,
2004; Lee et al., 2017); however, it is unclear whether the two
chitin synthases in L. salmonis share functional roles or if they
are distinct, similar to insects (Doucet and Retnakaran, 2012).
The role of chitin synthases during exposure to CSIs in L. salmonis
is unclear.

In addition to the production of chitin, arthropod biology is
equally dependent on the proper catabolism of chitin duringmoult-
ing (Doucet and Retnakaran, 2012). The extracellular matrix (ECM)
of an insect is heavily modified in various ways to give rise to the
desired physical andmechanical properties of the cuticle. This is lar-
gely achieved through chitinases and chitin deacetylases (CDAs).
The importance of chitinases in L. salmoniswas investigated recently
(Eichner et al., 2015b), with three distinct chitinases (LsCHI1, LsCHI2
and LsCHI4) belonging to the GH18 group of chitinases in the gen-
ome of L. salmonis. Expression patterns indicated divergent func-
tions during louse development, and knockdown of LsCHI2
resulted in reduced infection success. CDAs are secretedmetallopro-
teins which have an active role in the management and manipula-
tion of chitin by facilitating the N-deacetylation of chitin to form
chitosan, a polymer of b-1-4-linked D-glucosamine residues
(Cohen, 2010). One major difference between chitin and chitosan
involves their differing electrostatic properties which are thought
to have major effects on which chitin binding proteins (CBPs) will
bind to these polymers. There is little information on CDAs in L. sal-
monis, or the relative importance of the different variants.

Thus, the objectives of this study were to characterise the func-
tional importance of several enzymes that appear to be important
in the chitin synthesis pathway of L. salmonis by using RNA inter-
ference (RNAi) to knock down expression. By probing the chitin
synthesis pathway, we show that there are compensatory mecha-
nisms present in the putative CSP of L. salmonis that are successful
in rescuing the function of chitin synthesis.

2. Materials and methods

This study was completed in two separate experiments at the
Sea Lice Research Centre at the University of Bergen, Norway.
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The first experiment (Exp. 1) focused on the knockdown of
LsGFAT1, LsUAP1, LsCHS1, LsCHS2 and LsCHS1+2. The second exper-
iment (Exp. 2) was conducted to confirm some of the findings of
the first, and to expand the focus to include a greater breadth of
targets that might impact chitin formation and degradation by
knockdown of LsCHS1, LsCHS2, LsCHS1+2, LsAGM, LsCDA4557,
LsCDA5169, and LsCDA5956.

2.1. Sequence analysis of chitin deacetylases

Established and putative CDA protein sequences for L. salmonis,
Drosophila melanogaster, Tribolium castaneum, Anopheles gambaie,
Apis mellifera, Daphnia pulex, Daphnia magna, Bombyx mori, Euryte-
mora affinis, Tigriopus japonicus and Tigriopus californicus were
obtained from BLASTP or tBLASTn versus GenBank (Dixit et al.,
2008; Arakane et al., 2009; Muthukrishnan et al., 2012; Supple-
mentary Data S1). Sequences were assigned as putative and uti-
lised if the following criteria was met: E-value � 10�50 and
identity �50%. Amino acid sequences were submitted to MEGA X
(ver. 10.1.7; Kumar et al. (2018)), aligned using MUSCLE (default
parameters; MEGA X) and evolutionary history was inferred using
the Maximum Likelihood method and the Jones-Taylor-Thornton
matrix-based model (Jones et al., 1992). The bootstrap consensus
tree was inferred from 500 replicates (Felsentein, 1985) to repre-
sent the evolutionary history. The initial tree was obtained auto-
matically by applying Neighbour topology with superior log
likelihood value.

2.2. Culture of L. salmonis

A laboratory strain of L. salmonis was maintained on Atlantic
salmon (Salmo salar) in flow-through 1 � 1 m3 tanks (34.5 ppt
salinity, 10 �C) as previously described (Hamre et al., 2009). Salmon
were hand-fed a commercial diet daily (1% biomass). Lice were
carefully collected from salmon anaesthetized in methomidate
(5 mg/L) and benzocaine (60 g/L). Egg-string pairs were gently col-
lected from gravid female L. salmonis and placed into hatching
wells. Eggs, nauplii and copepodites were all held in water from
the same supply. All experimental procedures were approved by
the Animal Ethics Committee, Norwegian Food Safety Authority
(approval number 4538) at the University of Bergen.

2.3. Preparation of double-stranded (ds)RNA fragments

Knockdown targets were chosen based on their putative roles in
the chitin synthesis pathway (Kyoto Encyclopedia of Genes and
Genomes (KEGG): dme00520) and included apparent non-
redundant points (LsCHS1, LsCHS 2, LsGFAT, LsUAP and LsAGM), as
well as three putative chitin deacetylases (LsCDA4557, LsCDA5169,
and LsCDA5956). Orthologues in L. salmonis were identified using
Table 1
Chitin synthesis pathway enzymes in Lepeophtheirus salmonis that were targeted by RNA i
numbers.

Gene GenBank

Chitin Synthase 1 MH350851.1
Chitin Synthase 2 MH350852.1
Glutamine:fructose-6-phosphate aminotransferase HACA0100238
N-acetylglucosamine phosphate mutase HACA0102693
UDP-N-acetylglucosamine pyrophosphorylase HACA0102381
Chitinase 1 KM668222.1
Glucose-6-phosphate isomerase HACA0101792
Glucosamine-6-phosphate-N-acetyltransferase HACA0101674
Chitin Deacetylase 2a (CDA4557) JP311505.1
Chitin Deacetylase 2b (CDA5169) JP307148.1
Chitin Deacetylase 5 (CDA5956) JP311505.1
sequences obtained from LiceBase (www.licebase.org), and pri-
mers were designed using Primer3 (Rozen and Skaletsky, 2000)
and included the T7 promoter (TAATACGACTCACTATAGGG; Sup-
plementary Table S1). A negative control with no sequence similar-
ity to L. salmonis (CPY185, a cod trypsin gene) was also included.
Double stranded (ds)RNA was produced for these genes using a
MEGAscript� RNAi Kit (Ambion, USA) following the manufacturer’s
instructions. Concentrations were measured using a spectropho-
tometer (Nanodrop ND-1000, Thermo Fisher Scientific, USA) and
adjusted to 0.6 lg/ll.

2.4. RNAi

Egg string pairs were collected from gravid female L. salmonis
and placed in separate wells of a hatching chamber that was
bathed in continuous fresh saltwater (7–10 �C). Chambers were
inspected twice daily under a dissecting microscope (Olympus
SZX12, 0.5x Olympus objective) for evidence of hatching. The
moult from nauplii I to nauplii II has been shown to be the most
receptive to dsRNA treatment (Eichner et al., 2014). As soon as nau-
plii I were observed, larvae from all individual wells with nauplii I
were pooled and then ca. 20–100 nauplii were gently transferred
to microtube lids (Eppendorf) with 150 ll of seawater for dsRNA
treatment.

dsRNA fragments (ca. 1.5 lg; dsCPY, dsGFAT, dsUAP, dsCHS1,
dsCHS2, dsCHS1+2, dsAGM, dsCDA4557, dsCDA5169 and dsCDA5956;
Table 1) were added to each lid (n = 8–10 replicates) of the corre-
sponding treatment group, and incubated at 7–10 �C for 20 h. Lar-
vae were monitored for moulting from nauplii I to nauplii II,
evidenced by shedding of exuviae. Once the presence of nauplii II
was confirmed, the dsRNA incubation was terminated. The larvae
were carefully washed in fresh seawater and transferred back to
the hatching wells in pools corresponding to each treatment until
moult to copepodites (ca. 4–5 days post-transfer). After moulting
to the infective copepodite stage (determined by a change in mor-
phology), lice were either used for an infection trial (three fish per
treatment, n = 80–100 larvae on each fish), or transferred to RNA-
later (Ambion, USA) and stored at �20 �C for subsequent validation
of knockdown by real-time quantitative PCR (RT-qPCR, n = 2–6
pools per treatment, n = 30–100 larvae in each pool).

2.5. Fish infection

To assess infectivity after knockdown, larvae were collected
from each treatment to conduct a challenge experiment. Atlantic
salmon (S. salar) were held in single aquaria (40 L) with constant
flow through (10 �C) such that each fish was completely isolated
from others (Hamre and Nilsen, 2011; Eichner et al., 2014,
2015a). For each of the 10 dsRNA fragments, three fish were
infected with 80–100 copepodites per fish. Briefly, the water flow
nterference, showing the GenBank and Ensembl accession numbers as well as the EC

Ensembl EC

EMLSAG00000002853 EC 2.4.1.16
EMLSAG00000007308 EC 2.4.1.16

8.1 EMLSAG00000000683 EC 2.6.1.16
0.1 EMLSAG00000004055 EC 5.4.2.3
9.1 EMLSAG00000010580 EC 2.7.7.23

EMLSAG00000008812 EC 3.2.1.14
0.1 EMLSAG00000008931 EC 5.3.1.9

9.1 EMLSAG00000012864 EC 2.3.1.4
EMLSAG00000004557 EC 3.5.1.41
EMLSAG00000005169 EC 3.5.1.41
EMLSAG00000005956 EC 3.5.1.41

http://www.licebase.org
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was temporarily reduced to each tank and copepodites were
added. For the next 2 h, a 180 lm filter was placed under the out-
flow of the tank to collect larvae that did not attach.

Development of the infections was followed until chalimus II
(13 days p.i. (Exp. 1); and 21 days p.i. (Exp. 2)). Fish were individ-
ually euthanized as previously described (Hamre and Nilsen, 2011)
and louse numbers were quantified.

2.6. RNA extraction and first strand synthesis

RNA was extracted from copepodites using a modified phenol–
chloroform procedure. Briefly, larvae were isolated from RNAlater
with a 100 lm filter. They were transferred to TRIzol� (Thermo
Fisher ScientificTM, Burlington, Ontario, Canada) reagent and homo-
genised with 1.4 mm zirconium oxide beads for 30 min at 50 hz
(Tissue-lyser, Qiagen). Samples were incubated at 55 �C with
10 ll of proteinase K for 30 min, and then centrifuged for 3 min
at 10,000g. The supernatant was removed, added to 200 ll of chlo-
roform and incubated at room temperature for 10 min prior to cen-
trifugation at 12,000g and 4 �C for 15 min. The aqueous phase was
removed and mixed with equal volumes of 70% ethanol prior to
being transferred to a RNeasy mini column (Qiagen) for RNA isola-
tion following the manufacturer’s instructions and as described
previously (Eichner et al., 2014). An optional on-column DNase
digestion was included (DNase-free kit, Qiagen). High quality puri-
fied total RNA was eluted in 15 ll of ultra-pure water and quanti-
fied using a Nanodrop 2000 Spectrophotometer (Thermofisher),
and then assessed using ExperionTM RNA StdSens Chips (Bio-Rad
Laboratories, Hercules, CA, USA) prior to storage at �80 �C until
further use. Poor quality RNA samples were excluded from down-
stream cDNA synthesis (RQI < 7).

cDNA synthesis was completed using a High Affinity cDNA syn-
thesis kit (Exp. 1; Applied Biosystems, Carlsbad, USA), or the Affin-
ity Script cDNA Kit for qPCR (Exp. 2; Agilent Technologies, Texas,
USA) with 1 lg of input RNA in 20 ll reactions following the man-
ufacturer’s instructions and stored at �20 �C until further use.
Potential genomic contamination in samples was excluded by
preparing cDNA reactions (pools of 10 samples) without reverse
transcriptase (noRT controls).

2.7. RT-qPCR

RT-qPCR was performed to validate knockdown using SsoAd-
vancedTM SYBR� Green Supermix (Bio-Rad Laboratories Inc, Califor-
nia, USA) according to the manufacturer’s instructions in 11 ll
reaction volumes. Efficiencies of all primer pairs were determined
by performing four-fold eight-point serial dilutions of a cDNA pool
created from equal volumes of cDNA from all samples. The speci-
ficity of reactions was determined using melting point analysis,
with all primer pairs producing a single peak.

Amplification was performed on a CFX Connect Real-Time Sys-
tem (Exp. 1; Bio-Rad Laboratories Inc, California, USA) using the
following profile: 95 �C for 30 s, 40 cycles of 95 �C for 5 s, 60 �C
for 15 s, and followed by a melt curve of 65–95 �C (in 0.5 �C incre-
ments) with a 5 s hold at each increment, or using an Applied
Biosystems 7500 Fast Real-Time PCR System (Exp. 2; Applied
Biosystems, Carlsbad, USA) with the following thermal regime:
50.0 �C for 2 min, 95.0 �C for 2 min, 95.0 �C of 15 s, 60.0 �C for
1 min for 40 cycles and 95.0 �C for 15 s, followed by a melt curve
from 60.0 �C to 95 �C (in 0.15 �C per second increments).

All target genes (Table 2) were normalised to elongation factor
1a using the following equations 1–4. Normalised relative quanti-
ties (NRQs) were exported to R-Studio (R V3.6.0) for downstream
analysis, including correlational analysis, hierarchical clustering
and statistical analysis of fold-change differences among groups
on a log2 scale. Statistical differences in expression profiles were
determined with a one-way ANOVA followed by a post-hoc Tukey’s
honest significant difference (HSD) test, with a P-value cut-off of
<0.05.

RT-qPCR results were analysed with the following equations:

Efficiency ¼ 10
�1

Slope std curve ð1Þ

DCq ¼ CqExpermental gene � CqReference gene ð2Þ

Relative Quantity ¼ Efficiency�DCq ð3Þ

Normalized RQ ¼ RQExperimental

Geometric mean of RQControl
ð4Þ

Statistically significant expression differences were detected in
GraphPad (V8.2) using a one-way ANOVA followed by a post-hoc
Tukey’s HSD, with the significance level set at P < 0.05 for all
comparisons.

2.7.1. Exploratory qPCR
In addition to validating knockdown of the dsRNA targets and

genes involved in the CSP, we assessed transcript abundance of
enzymes involved in three alternative pathways (N-glycosylation,
GI anchor biosynthesis, and O-GlcNAcylation) to determine the
impact of the dsRNA treatments. Transcripts of interest from the
three pathways associated with common substrates within the
CSP were identified and then curated for the D. melanogaster path-
way. Full-length coding sequences from D. melanogaster were then
used in a BLASTn search within the Ensembl metazoa database
against L. salmonis. Primers were designed for the sequences iden-
tified in L. salmonis (Table 2) for the GPI biosynthesis pathway:
Phosphatidylinositol glycan anchor biosynthesis class A isoform B
(LsPIGA), Phosphatidylinositol glycan anchor biosynthesis class L
isoform C (LsPIGL) and Post-GPI attachment to proteins 1
(LsPGAP1); N-glycosylation pathway: Dolichol-phosphate manno-
syltransferase (LsDPM1), Mannosyl alpha-1,6-glycoprotein beta-
1,2-N-acetylglucosaminyltransferase isoform B (LsMGAT2), Glu-
cosidase 2 alpha subunit isoform B (LsGANAB) and UDP-N-
acetylglucosaminyltransferase subunit 13 (LsALG13); and the Pro-
tein O-GlcNAcylation pathway: Glycoprotein-N-acetylgalactosa
mine 3-beta-galactosyltransferase (LsC1GALT1), Polypeptide N-acet
ylgalactosaminyltransferase (LsGALNT), Glucosaminyl (N-acetyl)
transferase 1 (LsGCNT1) and Protein O-GlcNAc transferase (LsOGT).

2.8. Electron microscopy

Planktonic dsRNA-treated copepodites (dsGFAT, dsCHS1, and
dsUAP) and negative controls (dsCPY185) were collected and fixed
in Karnovsky’s fixative for 48 h at room temperature and then
stored at 4 �C until further processing. Samples were removed from
Karnovsky’s fixative and washed in sodium phosphate buffer
(0.2 M; pH 7.2–7.4) twice for 10 min. Lice were then incubated
in buffered 1% osmium tetroxide for 1 h at room temperature. After
osmification, samples were embedded in low melting point agar-
ose. Following solidification, agar was cut into small cubes. Dehy-
dration in increasing concentrations of ethanol at room
temperature progressed from 50% to 100% final ethanol concentra-
tion. Each dehydration step lasted 24 h, and each concentration
was changed twice. Following dehydration, samples were treated
twice with propylene oxide for 1 h at room temperature. Spurr’s
resin was mixed with propylene oxide in ratio of 1:1 and 1:2. Infil-
tration took place at room temperature for 24 h for each step. Infil-
tration with 100% Spurr’s resin was carried out under vacuum at
room temperature. Finally, samples were embedded in flat bot-



Table 2
Quantitative PCR primers used in this study.

Gene Sequence (50-30) Efficiency Product Size (base pairs) NCBI/Ensembl Accession number Source

LsEF1a F GGTCGACAGACGTACTGGTAAATCC 91.8 229 EF490880.1 Herein
R TGCGGCCTTGGTGGTGGTTC

LsGFAT1 F AATAGTTGCTGCTCGTCGTG 91.5 210 EMLSAG00000000683 Herein
R TCAGAGGCAGAGTCCATTCG

LsCDA4557 F GACAGATCGACTTCGGAGCA 98.0 112 EMLSAG00000004457 Herein
R TCTGCCGAGAGTCGGAAATAC

LsCDA5169 F CTGGTTGCCACATGGTTTCC 93.6 103 EMLSAG00000005169 Herein
R GCCCTGTTGGTCTCGAAATG

LsCDA5956 F ATCAAGGACATTCGTGGTGGA 94.8 124 EMLSAG00000005956 Herein
R GAGCCTTGGATTTGGTGTAGTG

LsCHS1 F AGCCTGGACCGTACCTGTAT 95.5 120 EMLSAG00000002853 Herein
R TTTAGGCGGTCCTTGATGCG

LsCHS2 F GCGTATCTTATGCAGCGGTCT 92.3 91 EMLSAG00000007308 Herein
R GAAGGCATCCATCTTCGCCG

LsAGM F ACGATCCTTTGTTCGGCCTTC 92.3 93 EMLSAG00000004055 Herein
R TCATACGCCAGTTGATCCGC

LsCHI1 F TCCATTCATTTGTACACATGTGGCTTA 102.7 86 EMLSAG00000008812 Sandlund et al., 2016
R CATTGTAAGGGTCAAGGAGTCGAAT

LsUAP1 F GGAGACACTGTTGGAGCGAT 111.2 228 EMLSAG00000010580 Poley et al., 2018
R ATTGGCACCTCTGTCCTTCC

LsGPI F TTGACTCTGCTGGCATTCCT 100.7 194 EMLSAG00000008931 Poley et al., 2018
R TCACCAGGGGACTCGTGTAA

LsAGM F TGATGGAGCGAACGGAGTTG 110 101 EMLSAG00000004055 Poley et al., 2018
R CCTGGGTTCCGTCGTTGTAA

LsGNA F TTTTGGAAGGTTCCGAGGAG 110.8 166 EMLSAG00000012864 Poley et al., 2018
R AAAAAGCCCCGCTCATCATC

LsPIGA F GAGACTCGCCCTTGTCTCTG 96.4 167 EMLSAG00000002370 Herein
R CTTTAAGGCGGGGACGAAGT

LsPIGL F CAAATCTCACACGCGACCAC 94.7 196 EMLSAG00000010703 Herein
R AGTTCTTCACTCCAACGGGC

LsPGAP1 F CCTGGTATATGGGTGTCGGC 99.5 205 EMLSAG00000006071 Herein
R AGCGGGTTGTTTGTTCCTCA

LsDPM1 F GTGGTCATTATGGACGCGGA 98.9 226 EMLSAG00000006048 Herein
R GACGGAAGGAGCCTGTCAAA

LsMGAT2 F TCACTGGTGGTGGAAAGCAA 92.6 165 EMLSAG00000010952 Herein
R TCACAGTAAGGACACACCCG

LsGANAB F CCTTTGGGGGAAACACGGAC 99.6 220 HACA01027825.1 Herein
R ATGAAAGGAACGGCAGCGTAT

LsALG13 F ACTCAGTTCGACGCCTTGAT 99.1 196 EMLSAG00000011846 Herein
R CTGCCTCTTCAATGTCGGGTA

LsGCNT1 F ATGCTCCCTCTAATGTGGGC 97.6 189 EMLSAG00000008816 Herein
R TGGGACATTTATCCACGAACC

LsGALNT F ACCCGAAAGAGGGGGTCTTA 93.3 218 EMLSAG00000011685 Herein
R GACGACCCTCATCTTGAGCC

LsC1GALT1 F TGCCAGCAGTCAAACTCGAT 92.6 118 EMLSAG00000004038 Herein
R GCTTTGAGGAACCAATCCGC

LsOGT F TCACGTCAATGCTTCAGATCG 93.0 164 EMLSAG00000004737 Herein
R AGCAAACCTTTTTGCCACCAA
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tomed capsules and polymerized overnight in an oven at 60 �C.
Cured blocks of samples were cut using an ultramicrotome
(Reichert-Jung Ultracut E, Vienna, Austria). Thick sections
(500 lm) were stained with 1% toluidine blue solution. Thin sec-
tions (80 nm) were stained with uranyl acetate and Sato lead stain.
Sections were viewed at 80 kV with an electron microscope (Hita-
chi TEM 7500, Nissei-Sangyo, Rexdale, Ontario). Images were taken
with an AMT HR 40 digital camera (Advanced Microscopy Tech-
niques, Danvers, MA, USA).

2.9. Light microscopy

Prior to being embedded in plastic, samples were fixed in Kar-
novsky’s fixative, and then processed in PBS and a graded ethanol
series. The samples were then treated with Technovit/ethanol
(50/50) for 4 h (Technovit 7100, Heraeus Kulzer Technique, Ger-
many) followed by overnight treatment with Technovit and hard-
ener. Sections (2 lm) were cut using a Leica RM 2165 microtome,
and then stained with toluidine blue (1% in 2% borax) for 1 min and
mounted with Mountex (Histolab Products).
3. Results

3.1. Phenotypic aberrations in dsRNA-treated L. salmonis copepodites

After lice had moulted to copepodites and prior to subsequent
manipulation, lice in each treatment were observed for irregular
behaviour in hatching wells. Lice treated with dsCPY185 (dsCPY;
negative control) were evenly distributed throughout the water
column and displayed normal phototactic and swimming beha-
viours, and there was no evidence of irregular morphology com-
pared with untreated controls (Supplementary Movie S1).
Similarly, lice treated with dsUAP, dsAGM, and dsCHS2 were
observed throughout the water column and maintained positive
phototactic behaviour with no irregular phenotypes observed (data
not shown).

Lice treated with dsCHS1 were not evenly distributed through-
out the water column, with non-motile individuals remaining at
the bottom of the hatching wells (Supplementary Movie S2). Upon
observation at 4X magnification, the lice appeared unable to main-
tain proper buoyancy, with their dorsal side flush with the bottom
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of the well. Furthermore, dsCHS1-treated lice appeared to be
unable to properly fold their swimming legs underneath their pos-
terior segment as seen in the controls (Fig. 1). Their swimming legs
were outstretched at an approximate 45� angle. Additionally, in
this group, many individuals appeared to have a swollen
cephalothorax, although this was not quantified.

Lice treated with the combination of dsCHS1 and dsCHS2
appeared to be unable to maintain buoyancy and were observed
lying on the bottoms of the incubation wells with severely compro-
mised swimming ability (Supplementary Movie S3). Similarly,
upon 4X magnification, a majority of individuals had dorsal sides
flush with the bottom of the well, unfolded swimming legs and
swollen cephalothoraxes (Fig. 1).

Lice treated with dsGFAT exhibited a complete inability to swim
and were lying on the bottoms of the hatching wells (Supplemen-
tary Movie S4). At 4X magnification we observed significant phe-
notypic irregularities in these animals, including irregularly
shaped secondary antennae and a shortened, bloated cephalotho-
rax (Fig. 1).

Lice treated with dsCDA4557 and dsCDA5169 did not differ
from controls in their swimming patterns or morphologies (data
not shown). In contrast, the dsCDA5956-treated group appeared
to have the most prominent phenotype. This phenotype closely
resembled that of dsCHS1, where swimming legs were out-
stretched and mobility was non-existent, and any movements
were limited to a ‘twitch-like’ behaviour that did not produce
directional movement in the water (Supplementary Movie S5,
Fig. 1).

3.2. Infectivity potential of dsRNA-treated L. salmonis copepodites

To determine the effect of RNAi treatment on infectivity of L.
salmonis larvae, Atlantic salmon were exposed to dsRNA-treated
copepodites (ca. 80–100 per fish). During the exposure protocol,
the outflow for each tank was diverted through a 180 lm mesh fil-
ter to collect unattached larvae. We then calculated the number of
lice still remaining in the system for each treatment which was
used to determine infection success (Ninf ) using the formula:

Ninf ¼ ah
bh� ch

� �
� 100% ð5Þ

where,

ah ¼ number of chalimus II

bh ¼ number of copepodites used for challenge

ch ¼ number of copepodites collected after 2 h

We observed a substantial loss of larvae from tanks (i.e., larvae
were flushed from the tank or were unable to attach to the fish),
irrespective of the treatment. However, compared with the dsCPY
control (28.0 ± 13.4), there were significantly more lice lost in
the dsCHS1 (67.0 ± 22.5), dsCHS1 + 2 (56.7 ± 29.0), dsGFAT (95.3
± 8.1), and dsCDA5956 (68.0 ± 22.1) treatments (Fig. 2). The infec-
tivity potential was calculated as the proportion of chalimus II
found attached to fish that remained in the system during the
infection challenge (i.e., that were not flushed from the system
within 2 h). The negative control group (dsCPY) had an infectivity
potential of 29.7 ± 7.3%. Comparatively, dsUAP-, dsAGM-, dsCHS2-,
dsCDA4557- and dsCDA5169-treated lice were not significantly
different with 26.1 ± 8.7%, 26.0 ± 9.8%, 22.0 ± 1.7%, and
26.0 ± 1.7%, respectively (Fig. 2). In contrast, dsUAP-, dsCHS1-,
dsCHS1+2-, dsGFAT-, and dsCDA5956-treated lice had significantly
compromised infectivity potential with 12.7 ± 3.1%, 0%, 0.17 ± 0.4
1%, 0%, and 0%, respectively (Fig. 2).
3.3. Microscopy of dsRNA-treated L. salmonis

Scanning electron microscopy was performed on a subset of
planktonic copepodites from Exp. 1, dsGFAT, dsCHS1, dsUAP and
dsCPY, to examine knockdown impacts on ultrastructure of integu-
ment and underlying epithelium. Control (dsCPY) copepodids
exhibited an electron dense epicuticle and a procuticle with clear
demarcation of the more external exocuticle from the more inter-
nal endocuticle (Fig. 3A). The exocuticle/endocuticle, as described
previously (Bron et al., 2000a,b; Poley et al., 2018), form overlying
lamina of electron dense chitin microfibrils. Control copepodites
also showed the presence of an ecdysial membrane and early signs
of exuvial cleft formation, suggesting they had entered the early
stages of proecdysis or pre-moult (i.e. D0-D1). Mitochondria, endo-
plasmic reticulum (ER) and other organelles were observed
directly below the epithelial border with the extracellular matrix
(EM), also suggestive of maintained cuticulogenesis.

Similar to dsCPY, organised overlying laminar chitin within the
procuticle was evident in both dsUAP (Fig. 3B) and dsCHS1
(Fig. 3C). However, in dsGFAT (Fig. 3D) the procuticle was distorted
and the exo- and endocuticle were difficult to distinguish, with dis-
organised inclusion of electron dense, likely chitinous, material.
The dsCHS1- and dsGFAT-treated animals did not exhibit a clear
ecdysial membrane or early formation of the exuvial cleft as in
dsCPY, but appeared more similar in nature compared with the
dsUAP, which showed an electron dense apical membrane with
the presence of ecdysial droplets and formation of electron dense
vesicles, which in some cases appeared to fuse with the apical
membrane (Zhao et al., 2019).

Light microscopy revealed structural differences among the dif-
ferent treatment groups compared with controls (Fig. 4). The dsCPY
controls were characterised by intense staining and internal struc-
tures including bands of striated muscle. dsGFAT-treated lice
appeared to have less chitin in their exoskeleton compared with
dsCPY or dsCHS1, as indicated by very light toluidine blue staining,
with the interior of the louse also staining very lightly with pockets
of empty space. Furthermore, there was evidence of old cuticle
without the new cuticle present in the dsGFAT group and their
new cuticle was much less pronounced than that of dsCPY controls
or dsCHS1-treated lice. The cuticle of thickened malformed appen-
dages observed macroscopically in dsCHS1 and dsGFAT (Fig. 1)
were characterised by foci of light blue staining (Fig. 4B, C).

3.4. Sequence analysis of CDAs

Maximum likelihood analysis was completed for various
arthropod and copepod putative CDAs using MEGA X with 500
bootstrap replicates. LsCDA4557 contains three conserved
domains; a chitin-binding perithrophin-A domain (CBD), a low-
density lipoprotein receptor class A domain (LDLa) and a CDA cat-
alytic domain, which are characteristic of group I CDAs (CDA1s and
CDA2s; Fig. 5A). After phylogenetic reconstruction LsCDA4557 clus-
tered closest to other copepod sequences (TjCDA2, TcalCDA2,
EaCDA2 and LsCDA5169) and together formed a sister clade to
CDA2s identified in arthropods (Fig. 5A). Sequence analysis
revealed that LsCDA5169 contains only LDLa and CDA domains
and is missing a CBD characteristic of group I CDAs. However,
the current sequence available for putative LsCDA5169
(JP307148.1) from the Transcriptome Shotgun Assembly (TSA)
database of NCBI appears to be a partial sequence and thus may
be the reason for the absence of a CBD. LsCDA5956 clustered
strongly with copepod CDA5s, TjCDA5 and putative TcalCDA5
(group 4; Fig. 5), which together formed a sister group to other
CDA5s from Insecta and Branchiopoda. Similar to LsCDA5169,
LsCDA5956 (JP311505.1) is also a partial sequence and is
missing a CBD and linker region characteristic of CDA5s. Thus,



Fig. 1. Knockdown of Lepeophtheirus salmonis chitin synthesis pathway enzymes showing quantitative PCR verification of gene expression together with a representative
image of the associated phenotype compared with that of the double-stranded cod trypsin (dsCPY) controls for reference. An asterisk (*) indicates a significant difference in
expression between control (ctr) and treated (trt) L. salmonis normalised relative quantities.

Fig. 2. Infectivity potential of double stranded RNA-treated Lepeophtheirus salmonis. The left Y-axis represents the number of lice collected from the effluent water during a
2 h period after infection challenge (blue bars), or chalimus II counted per fish at 13 or 21 days p.i. (Experiment 1 or Experiment 2, respectively; grey bars), while the right Y-
axis represents the infectivity potential (Ninf) as described in section 3. Knockdown groups from Experiment 1 are indicated by an asterisk (*). Replicated results from double
stranded control, Chitin synthase 1, Chitin synthase 2, and Chitin synthase 1 + 2 treatments are shown from Experiment 2 as there was no significant difference between these
data from Experiment 1 and Experiment 2 (data not shown). One-way ANOVA with a post-hoc Tukey’s honest significant difference test was completed to determine
differences between treatments. Significant differences within groups over treatments are denoted by lowercase letters (P < 0.05).
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using phylogenetic reconstruction, LsCDA4557 has been identified
as LsCDA2 due to significant clustering with other CDA2s and the
presence of all three domains required for CDA group I classifica-
tion. they LsCDA5169 and LsCDA5956 are missing the 50 CBD pre-
sent for the CDA groups to which clustered, which is likely to be
the result of incomplete sequences. Based on current phylogenetic



Fig. 3. Electron microscopy of Lepeophtheirus salmonis copepodites. (A) double-stranded cod trypsin (dsCPY)-treated lice at 60,000� magnification. (B) dsUDP-N-
acetylglucosamine pyrophosphorylase (dsUAP)-treated lice at 10,000� magnification. (C) dsChitin synthase 1 (dsCHS1)-treated lice at 10,000� magnification. (D) dsGlutamine:
fructose-6-phosphate aminotransferase (dsGFAT)-treated lice at 40,000� magnification. Scale bar represents 500 nm. E, new epicuticle; endo, endocuticle; exo, exocuticle; V,
vesicles; M, mitochondrion; Ep, epithelium; electron-dense band (apical membrane) separating cuticle and Ep (AM; black arrow heads), electron-dense foci (white stars).
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reconstruction, LsCDA5169 and LsCDA5956 can be putatively
assigned as LsCDA2b and LsCDA5, respectively.

3.5. Knockdown validation and exploratory RT-qPCR

To confirm success of the RNAi treatment, pools (n = 2–8) of
treated larvae (n = 20–100 larvae per pool) from the seven different
treatments were assessed for transcript abundance. In addition to
validating knockdown of target genes (chitin synthase 1 (LsCHS1),
chitin synthase 2 (LsCHS2), UDP acetylhexosamine pyrophosphorylase
(LsUAP1), phosphoacetylglucosamine mutase (LsAGM), glutamine
fructose-6-phosphate aminotransferase (LsGFAT1), and chitin
deacetylases (LsCDA), we assessed the transcript abundance of three
genes in the putative chitin synthesis pathway: chitinase 1 (LsCHI1),
glucose-6-phosphate isomerase (LsGPI), and glucosamine-6-phos
phate-N-acetyltransferase (LsGNA).

Successful knockdown was inferred if there was a significant
downregulation in expression of the target gene in the treatment
group compared with the dsCPY185 control. We detected success-
ful knockdown in all treatments (Fig. 1). However, as expected,
there were varying degrees of knockdown, with some targets only
achieving 2.1-fold reduction compared with controls, while others
achieved 16.1-fold reduction.

By quantifying expression of all targets in each treatment group,
we observed several apparent compensatory mechanisms (Fig. 6).
For example, there was significant upregulation of LsCHS1 in the
dsUAP-treated group (P < 0.0001; Figs. 6, 7A), while the opposite
was true in the dsCHS1-treated group with LsUAP1 significantly
upregulated (P < 0.0001; Figs. 6A, 7B). Knockdown of LsUAP1 had
a negative effect on infectivity potential (Fig. 2), but this phenotype
was not as drastic as was observed in the LsCHS1 knockdown
group. The dsUAP treatment only resulted in a 2.1-fold reduction
in expression compared with controls (Fig. 1), therefore in addition
to significant upregulation of LsCHS1, it is possible that residual
protein was sufficient, resulting in a normal phenotype.

Expression of LsCHI1 was perturbed by knockdown of LsCHS1+2
or LsCHS2, with significant reductions in expression after dsCHS1+2
and dsCHS2 treatment (P < 0.001 and P < 0.0001, respectively;
Figs. 6, 7). Correlational analysis revealed an inverse relationship
in expression of LsCHI1 with that of LsGFAT1, LsCHS1, and all three
LsCDAs (Fig. 6C).

Knockdown of LsCDAs also resulted in perturbation of expres-
sion of enzymes in the L. salmonis CSP (Figs. 6, 7). Of the three CDAs
targeted in this study, L. salmonis appeared to be most sensitive to
knockdown of LsCDA5956, resulting in severe phenotypic malfor-
mations and abrogation of infectivity (Fig. 2). Additionally, LsGFAT1
and LsCHS2 expression were significantly reduced in dsCDA5956-
treated larvae. Furthermore, expression of LsCHS1, LsGFAT1 and
LsCHI1 were negatively correlated with LsCDA5956 (P < 0.00001;
Fig. 7).

Neither the expression of LsGNA or LsGPI was significantly per-
turbed by any treatment, however, there were significant negative
correlations in expression between LsGNA and LsGFAT1, LsCHS1,
and LsCDA5956 (P < 0.0001; Fig. 6).



Fig. 4. Toluidine blue-stained sections of Lepeophtheirus salmonis copepodites viewed at 200� magnification. (A) double-stranded cod trypsin (dsCPY)-treated lice. (b)
dsChitin synthase 1 (dsCHS1)-treated lice. (c) dsGlutamine: fructose-6-phosphate aminotransferase (dsGFAT)-treated lice. Scale bar represents 100 mm. c, cuticle; pockets of
empty space within the exoskeleton are denoted by a star. Light-blue staining foci in appendages are circled.

L. Braden et al. / International Journal for Parasitology 50 (2020) 873–889 881



Fig. 5. Description of Lepeophtheirus salmonis CDAs. (A) Phylogenetic tree of putative Chitin Deacetylases (CDAs) from L. salmonis, Drosophila melanogaster, Tribolium
castaneum, Apis mellifera, Daphnia pulex, Daphnia magna, Tigriopus japonicus and Anopheles gambiae constructed using MEGA X (v.10.1.7). A bootstrap analysis of 500 replicates
was completed and values greater than 50% are displayed in the cladogram. L. salmonis CDAs are indicated in red. (B) Expression profiles of CDAs over developmental stages
showing similar profiles between LsCDA4557 and LsCDA5169 expression, both clustering with Group 1 CDAs. Data obtained at licebase.org. Counts are in fragments per
kilobase million (FKPM). (C) Expression profiles in counts per million (CPM) of L. salmonis CDAs showing the involvement of LsCDA4557, LsCDA5169 and LsCDA5956 during
moulting over time.
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Fig. 6. Heatmap of log2-transformed expression for double stranded RNA treatments within the chitin synthesis pathway (A), or the chitin degradation pathway of
Lepeophtheirus salmonis (B). Correlation matrix for all sample-gene combinations (C), showing Pearson’s r correlation as positive (blue) or negative (red). Only significant
correlations are shown (P < 0.05).
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Transcripts within the N-glycosylation, GPI anchor biosynthesis
and protein O-GlcNAcylation pathways were profiled to determine
the potential impact of the dsRNA treatments on other essential
molecular pathways. We observed significant differential expres-
sion in treated groups compared with dsCPY controls (Supplemen-
tary Fig. S1). For example, treatment with dsCHS1 resulted in
significant upregulation of LsOGT (P = 0.0002), LsPGAP1
(P = 0.0004), LsPIGA (P = 0.0014) and LsPIGL (P = 0.004), while
LsC1GALT1 was significantly downregulated (P < 0.0001). Treat-
ment with dsCHS2 resulted in downregulation of LsGANAB
(P = 0.0008), LsMGAT2 (P = 0.0031), LsC1GALT1 (P = 0.0149) and
LsPIGL (P < 0.0001). The combination of dsCHS1 + 2 significantly
upregulated LsOGT (P = 0.0003) and LsPGAP1 (P = 0.0177), while
LsPIGL (P = 0.0188) was downregulated. LsC1GALT1 (P < 0.0001)
and LsOGT (P < 0.0001) were upregulated while LsPIGL
(P < 0.0001) was downregulated after dsGFAT treatment. Finally,
treatment with dsUAP resulted in significant upregulation of LsOGT
(P < 0.0001) and LsPGAP1 (P = 0.004) while LsPIGL (P < 0.0001) was
downregulated. LsGCNT1, LsDPM1, LsALG13 and LsGALNT were not
impacted by any of the dsRNA treatments.
4. Discussion

Similar to all other chitinous arthropods, salmon lice (L. salmo-
nis) must periodically shed an exoskeleton in order to develop. This
process is contingent upon a functional CSP, whereby old or new
chitin molecules are incorporated into a new chitinous membrane.
Despite the obvious importance of this pathway for physiology and
fitness, very little is known about the molecular pathways involved
in the CSP of L. salmonis.

Our observations suggest there are three points at which chitin
synthesis in L. salmonis is sensitive to perturbations (Fig. 8). Firstly,
glutamine:fructose-6-phosphate aminotransferase (LsGFAT1),



Fig. 7. Boxplots showing gene expression (log2-transformed NRQs) of enzymes involved in the chitin synthesis pathway of Lepeophtheirus salmonis following double stranded
RNA treatment of: (A) LsUAP1, (B) LsCHS1, (C) LsCHS1+2 and (D) LsGFAT. Orange bars represent expression of the respective gene in the negative control (dsCPY), while the blue
bars represent expression in the corresponding treatment group. One-way ANOVA with a post-hoc Tukey’s honest significant difference test was used to detect significant
differences in expression between the control and treatment groups (*P < 0.01, **P < 0.001, ***P < 0.0001).
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whereby knockdown results in suppression of LsCHS1 expression
and upregulation of LsCHI1 expression that is accompanied by sev-
ere phenotypic aberration, inability to swim and significantly
reduced infectivity potential. Secondly, chitin synthase 1 (LsCHS1),
whereby gene expression knockdown results in upregulation of
upstream LsUAP1 and suppression of LsCHI1 expression which
impacts the normal physiology of swimming appendages and sub-
sequent abrogation of infectivity. And lastly, a chitin deacetylase
(LsCDA5956; LsCDA5), whereby gene expression knockdown has
an inhibitory effect on both LsGFAT1 expression and LsCHS2 expres-
sion, as well as suppressing expression of another CDA (LsCDA4557;
LsCDA2), and similarly disrupts normal physiology of the swim-
ming appendages with a severe negative impact on proper swim-
ming abilities compared with controls, and renders copepods
unable to attach to the host. Although UDP-N-acetylglucosamine
pyrophosphorylase knockdown did have a negative effect on infec-
tivity, we are unable to draw conclusions about whether this point
in the pathway is a sensitive one, due to the fact that knockdown
was minimal (2.1-fold reduction) and the overall phenotype
appeared consistent with the control, thus the role of LsUAP1 as a
critical point in the pathway requires further study.

Biosynthesis of chitin occurs either by degradation of cuticle-
derived N-acetylglucosamine (GlcNAc) achieved by chitinases, by
enzymatic synthesis of new chitin which is primarily regulated
by glucosamine:fructose-6-phosphate aminotransferase (GFAT;
Kato et al. (2002)), or through degradation by chitin deacetylases
(Arakane et al., 2009). GFAT is a cytoplasmic enzyme and its activ-
ity has been detected in almost every organism and tissue investi-
gated (Kato et al., 2006). In insects, control of GFAT expression is a
key step in UDP-N-acetylglucosamine synthesis which is critical
during moulting but is also important for synthesis of highly glyco-
sylated proteins such as salivary gland glue proteins. High
sequence homology of GFAT across phyla indicates conservation
in function, which is exemplified by the sensitivity of GFAT expres-
sion to UDP-GlcNAc, the final product of the hexosamine pathway.
This enzyme has recently been described in L. salmonis with high
homology to other insects, including a GAT2 motif at the N-
terminus (Harðardóttir et al., 2019b). We report a significant phe-
notypic aberration after knockdown of LsGFAT1, including a com-
plete abrogation of infectivity potential. Interestingly, in dsGFAT-
treated animals, there was a compensatory effect observed in the
pathway with downregulation of the downstream enzyme LsCHS1
and upregulation of the chitin degradative enzyme LsCHI1. Sensi-
tivity of GFAT to feedback inhibition has been described (Kato
et al., 2002). However, these efforts were not sufficient to rescue
the pathway and resulting lice were severely compromised. Thus,
this enzyme represents a critical point in regulation of chitin syn-
thesis of L. salmonis, similar to reports in other arthropods (Huang
et al., 2007). Interestingly, this latter study found GFAT knockdown
severely inhibited blood feeding and egg production in the Ixodid



Fig. 8. Chitin synthesis pathway of Lepeophtheirus salmonis showing effects of double stranded RNA treatments on gene expression of other enzymes in the pathway. Only
those treatments that resulted in phenotype aberrations following RNA interference (RNAi) are indicated. Points of the pathway that are within grey shaded areas are
assumed to be less sensitive to perturbations as evidenced by a normal phenotype after RNAi. Adapted from Poley et al. (2018).
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tick Haemaphysalis longicornis. These authors speculate that GFAT
may also function to glycosylate salivary gland proteins involved
in the host-parasite interaction (Huang et al., 2007). Unfortunately,
the current study did not assess the effects of GFAT knockdown on
adult L. salmonis; however, based on their similarities to ticks, it is
certainly possible that LsGFAT1 also functions during feeding. More
experiments need to be conducted to confirm this hypothesis.

Similar to dsGFAT-treated animals, we observed extreme phe-
notypic malformations after treatment with dsCHS1. The majority
of lice exhibited swollen cephalothorax and secondary antenna in
addition to an inability to properly fold swimming legs under the
posterior segment, representing a potential joint malformation as
seen in knockdown studies involving T. castaneum (Arakane et al.,
2004). Interestingly, dsCHS2 did not result in an aberrant pheno-
type and infectivity was similar to controls – only when dsCHS2
was co-administered with dsCHS1 was there an effect. Thus, simi-
lar to insects, LsCHS2 does not appear to be required for successful
moulting and cannot rescue the CSP in dsCHS1 individuals
(Arakane et al., 2005). These results confirm earlier descriptions
of the divergent functions and localization patterns of LsCHS1
and LsCHS2 (e.g., cuticle versus intestine, respectively
(Harðardóttir et al., 2019b)). Moreover, there is evidence of
stage-specific roles of different variants of CHS1 during moulting
as shown for the red flour beetle T. castaneum (Arakane et al.,
2005). Although we were unable to target different sequence vari-
ants of LsCHS1 as they have not yet been identified, it is possible
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that the dsCHS1 fragment targeted a variant that only effects a
specific time during moult or developmental stage (i.e., copepodite
versus pre-adult), or conversely, this treatment could have been
targeting an exon common between different variants. Recently
CHS1 has been proposed as the mode of action for BPUs in terres-
trial arthropods, where researchers discovered a I1042M mutation
in the chitin synthase 1 gene of Plutella xylostella which confers
resistance to BPUs. After utilising CRISPR-Cas9 to introduce this
mutation into the orthologous D. melanogaster CHS1 (kkv) gene,
the homozygous lines were found to have acquired BPU resistance
(Douris et al., 2016). In contrast, there is no quantifiable impact of
BPU exposure (lufenuron) on expression of CHS1 transcripts in
either L. salmonis or Caligus rogercresseyi (an ectoparasitic copepod
in the southern hemisphere) (Michaud, D., Poley, J., Koop, B., Muel-
ler, A., Marin, S., Fast, M., 2018. Transcriptomic signatures of post-
moult ageing and responses to lufenuron in copepodid sea lice
(Caligus rogercresseyi), International Sea Lice Conference, 4–7
November, Peurto Varas, Chile; Poley et al., 2018). This may sug-
gest: (i) BPUs operate at a posttranscriptional level, eliciting no rel-
evant response on CHS transcripts; (ii) methods utilised (whole
animal pooled extractions) might lack resolution to detect impacts
at the transcriptional level; or (iii) BPUs might impact the copepod
CSP differently compared with terrestrial arthropods. Thus, fur-
thering our understanding of the copepod CSP will have profound
impacts on the sustainability of the salmonid aquaculture industry
as currently BPUs are the only chemical class to which resistance
has not yet been reported in L. salmonis (Aaen et al., 2015), thus
interactions involving the CSP will be crucial in screening for drug
resistance and developing novel treatment strategies.

Interestingly, we observed a significant inverse relationship
between expression of LsCHS1 and LsUAP1. UDP acetylhexosamine
pyrophosphorylase (UAP) is essential for production of UDP-
GlcNAc, the building block of chitin, as well as for glycosylation
of proteins, sphingolipids and secondary metabolites (Liu et al.,
2013). We demonstrated successful but limited knockdown of
LsUAP1 which was accompanied by a significant induction of
LsCHS1 and downregulation of LsCHI1. However, these apparent
compensatory mechanisms were not sufficient to prevent a reduc-
tion in infectivity in this group. Importantly, this decrease was only
observed post-attachment as there was no difference in the num-
ber of dsUAP-treated lice flushed from the tanks during the infec-
tion challenge compared with controls. Only after attachment and/
or moulting to chalimus was there a significant reduction in
numbers.

A similar inverse relationship in expression was observed after
dsCHS1 or dsCHS1+2 treatment, where there was upregulation of
LsUAP1. In these two treatments, animals were severely compro-
mised, with an inability to maintain buoyancy compared with con-
trols, a lack of phototactic response and almost complete
abrogation of infectivity. Interestingly, expression of the enzyme
LsCHI1 was downregulated in response to dsUAP and dsCHS1/
dsCHS1+2, indicating that in these animals, there was an attempt
to reduce degradation of chitin and maintain the current layer of
cuticle. Furthermore, correlational analysis indicated an inverse
regulation between LsCHI1 and LsGFAT1 or LsCHS1. This observa-
tion strengthens the proposed pathway, with LsGFAT1 and LsCHS1
as key enzymes in the synthesis pathway that are sensitive to per-
turbations in up- or downstream enzymes. For example, when
LsGFAT1 is reduced, our data suggests the pathway compensates
and utilises a new substrate by increasing chitin degradation in
order to maintain homeostasis in the pathway (Fig. 8). In a similar
fashion, when LsCHS1 is reduced, the system attempts to generate
more substrate by upregulating LsUAP1, while suppressing expres-
sion of chitin degradation in order to maintain cuticular chitin.
Interestingly, downregulation of LsUAP1 did not inhibit CDA
expression. This suggests that there are different utilisation path-
ways for chitobiose and chitosan, the degradative products of chiti-
nase and CDAs, respectively.

CDAs have been categorised into five different groups based on
conserved domains and general function. Group I (CDA1 and CDA2)
and group II (CDA3) CDAs are identified by the presence of three
conserved domains; a chitin-binding perithrophin-A domain
(CBD), a low-density lipoprotein receptor class A domain (LDLa)
and a CDA catalytic domain. Group III (CDA4) and Group IV
(CDA5) CDAs lack the LDLa domain, with the latter group differing
due to a large Ser/Thr/Pro/Gln-rich linker between these two
domains. Lastly, Group V CDAs only contain a CDA domain and
include CDA9s and T. castaneum-specific TcCDAs 6, 7 and 8 (Dixit
et al., 2008; Muthukrishnan et al., 2012). The multiple variants of
CDAs can be found throughout nearly all tissues of chitin-
producing organisms and play an essential role in the reutilization
of chitin (Zhao et al., 2010). In insects such as D. melanogaster and
T. castaneum, CDAs play pivotal roles in development of the per-
itrophic membrane, femoral-tibial joint formation, tracheal tubes,
elytrons and overall development (Arakane et al., 2005, 2009;
Luschnig et al., 2006; Wang et al., 2006; Muthukrishnan et al.,
2012). We did not observe a major impact on L. salmonis develop-
ment, survival or infectivity after knockdown of putative L. salmo-
nis CDA2s (LsCDA4557 and LsCDA5169, 7- and 16.1-fold reduction,
respectively). These results are in agreement with previous exper-
iments assessing the impact of CDA2 knockdowns in T. castaneum
which found there was no inhibition of moulting for any life stage
when specifically suppressing expression of either TcCDA2a or
TcCDA2b. However, dsTcCDA2a adults did suffer from impaired
locomotion, evidenced by their inability to utilise the femoral-
tibial joints, where they could not bend nor unbend the established
leg position (Arakane et al., 2005). This phenotype is hypothesised
to be the result of disruption in the ratio of chitin to chitosan in the
joints produced by the hydrolyzation reaction of CDAs (Arakane
et al., 2005; Dixit et al., 2008). Additionally, exon-specific
dsTcCDA2a/b treated individuals had a reduction in egg-hatch rates
but recovered from the parental RNAi effect 1–2 weeks later and
larvae successfully moulted to the second instar. Based on phylo-
genetic reconstruction, LsCDA4557 and LsCDA5169 both belong to
the CDA2 clade. Both CDAs clustered closely with other copepod
putative CDA2s and together formed a sister group to insect CDA2s,
which suggested these two putative CDA2s would behaviour sim-
ilarly to TcCDA2s. Thus, we have demonstrated that putative
LsCDA2s act similarly to CDA2s in insects such that moulting is
not disrupted, however we were unable to confirm the presence
of any aberrant phenotype in L. salmonis. LsCDA4557 can confi-
dently be annotated as an LsCDA2 due to presence of all three
domains typical to CDA2s; LsCDA5169, however, lacks a CBD
domain. Therefore, it is probable the current sequence for
LsCDA5169 is missing an appreciable portion of the 50 end. Further
investigation into the sequence of LsCDA5169 and number of vari-
ants of CDA2s present in L. salmonis is necessary to identify this
group in its entirety.

CDA5s are the only other group to have two isoforms identified
in arthropods (Arakane et al., 2005, 2009; Dixit et al., 2008;
Muthukrishnan et al., 2012) and, similar to CDA2s, their diverse
role is expected to be essential as their isoforms have been identi-
fied and are highly conserved with those identified in T. castaneum.
CDA5s are primarily expressed in the cuticle throughout the body
and at all life stages, with the exception of TcCDA5b whose tran-
scripts were also detected in larval midguts (Arakane et al.,
2009). However, expression knockdown of CDA5s does not result
in any adverse consequences when investigated within T. casta-
neum. LsCDA5956 has been putatively assigned as a group IV
CDA5 based on our phylogenetic analysis, and interestingly pro-
duced a severe phenotype in L. salmonis which resembles that of
the TcCDA2a isoform knockdown (Arakane et al., 2005), where
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dsCDA5956-treated copepodites were unable to properly utilise
their swimming appendages and the cephalothorax and secondary
antennae were swollen. Exploratory qPCR revealed dsCDA5956-
treated lice also had significantly reduced transcript levels of
LsCHS2 and, more importantly, LsGFAT1. Thus, it is probable that
the negative phenotype was the result of reduced expression of
both LsCDA5956 and LsGFAT1.

Phylogenetic placement of LsCDA5956 has proved difficult, sim-
ilar to LsCDA5169. Only a CDA domain is present in this transcript
and yet it clusters with other group IV CDAs. Furthermore,
LsCDA5956 appears to be a partial sequence and as such is signifi-
cantly shorter than arthropod CDA5s (�400 amino acids, (Dixit
et al., 2008; Muthukrishnan et al., 2012)). Furthermore, other crus-
taceans including D. magna, D. pulex and E. affinis (Branchiopoda
and Calanoida) did have both domains present, representing the
conservation of both domains in Crustacea and Copepoda. Con-
versely, the complete coding region for T. japonicus CDA5
(KX427157.1) did not have a CBD present. Recent insights into
the evolutionary history of Copepoda suggests Branchiopoda spe-
cies are more closely related to Insecta than Copepoda, while
within Copepoda, Siphonostomatoida (L. salmonis) and Harpacti-
coida (T. japonicus and T. californicus) are more closely related to
each other than Calanoida (Eyun, 2017). Thus, as CDA information
is currently limited for copepods, it is difficult to surmise whether
certain linages have lost their chitin-binding perithrophin-A
domain, or whether it is the result of incomplete sequence annota-
tion. Based on the data currently available, LsCDA5956 should be
annotated as a putative LsCDA5 and expression knockdown has
demonstrated the potential for CDA5 to have an essential role in
successful development and infectivity within a copepod species.

We observed a negative correlation in expression of LsCHI1 to
all three CDAs, providing additional support to our suggestion that
there are different utilisation pathways for chitobiose and chi-
tosan. We hypothesise this is primarily driven through a balance
between the ratio of chitin to chitobiose and/or chitosan within a
given tissue as downstream substrates of chitobiose and chitosan
(GlcN and GlcNAc, respectively) are acetylated and/or deacetylated
(EC 3.5.1.33/EC 2.3.13) into one another (Fig. 8; Dixit et al. (2008)).
Thus, phenotypes associated solely with either chitinases or CDAs
would be expected to be a direct result of the chitobiose/chitosan
to chitin ratio. However, further work is required to elucidate this
relationship.

Quantification of gene expression from transcripts within the N-
glycosylation, GPI anchor biosynthesis and protein O-
GlcNAcylation pathways were analysed to determine the impact
dsRNA treatments may have had on other essential molecular
pathways or whether chitin synthesis was prioritised. Overall the
transcripts which appeared generally sensitive to perturbations
of the CSP were O-GlcNAc Transferase which catalyses the addition
of a N-acetylglucosamine through an O-glycosidic linkage,
glycoprotein-N-acetylgalactosamine 3-beta-galactosyltransferase
which generates a common precursor for many extended mucin-
type O-glycan structures (Zeidan and Hart, 2010), and phos-
phatidylinositol glycan anchor biosynthesis class L isoform C, which
catalyses the second step of GPI biosynthesis (Kinoshita and
Norimitsu, 2000). Thus, RNAi of various transcripts along the CSP
of L. salmonis appears to also impact alternate pathways associated
with common substrates. Importantly, knockdown of LsCHS1
appeared to have a pathway-specific effect on GPI biosynthesis.
As UDP-GlcNAc is a common substrate for both chitin and GPI syn-
thesis (Kinoshita and Norimitsu, 2000), reducing LsCHS1 would
likely make this substrate more available by decreasing synthesis
of chitin and/or by increasing production via compensatory upreg-
ulation of LsUAP1 (Fig. 8). Upregulation of GPI-GlcNAc transferases
(LsPIGL and LsPIGA) in the pathway certainly suggests GPI biosyn-
thesis activation; however, the contribution of this pathway as a
compensatory mechanism to the CSP pathway will need to be fur-
ther investigated to better understand any associations with the
CSP. Interestingly, the GPI biosynthesis pathway is a therapeutic
target against medically important parasites including Try-
panosoma brucei (Ferguson et al., 1999).

In conclusion this is, to our knowledge, the first functional
description of CDAs and identification of critical enzymes (LsGFAT1,
LsCHS1, LsCDA5956) within the CSP of copepods. LsCDA4557 and
LsCDA5169 are both putative CDA2s and did not result in any
adverse phenotypes despite significant expression reduction.
Knockdown of LsCDA5956, a putative CDA5, resulted in compro-
mised swimming appendages which appeared to remain locked
in an established position, swollen cephalothorax and secondary
antenna, and complete elimination of infectivity potential. Further-
more, knockdown of LsGFAT1 and LsCHS1 resulted in similar abnor-
mal phenotypes lacking successful development and infectivity,
while LsUAP1 knockdown had only a minor effect on infectivity.
The complexity and potential for compensatory mechanisms
within the chitin synthesis pathway cannot be overemphasised.
Elucidation of the chitin synthesis and degradation pathway of L.
salmonis will be essential for the sustainability of the salmonid
aquaculture industry, as currently the only chemotherapeutics
with no described resistance in lice are BPUs. Furthermore, identi-
fication of the difference in the mode of action of BPUs between
Insecta and Copepoda (e.g., as LsCHS1 and CrCHS1 are not differen-
tially expressed in response to BPUs) will be crucial for resistance
screening and management strategies, and a clear understanding
of the CSP in copepods will generate multiple targets for novel
therapeutic discoveries.
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