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Abstract:

Temperature is a major factor that modulates tiveldpment and reactivity of the immune system.
Only limited knowledge exists regarding the immusgstem of the catadromous European eel,
Anguilla anguilla, especially during the oceanic early life histstgges. Thus, a new molecular
toolbox was developed, involving tissue specifiaratterisation of 3 housekeeping genes, 9 genes
from the innate and 3 genes from the adaptive inemaystem of this species. The spatial pattern of
immune genes reflected their function, e.g. compl@ncomponent3 was mainly produced in liver
andil10 in the head kidney. Subsequently, the ontogerlg@fmmune system was studied in

larvae reared from hatch to first-feeding at f@mperatures, spanning their thermal tolerance
range (16, 18, 20, and 22°C). Expression of someg€3 andigm) declined post hatch, whilst
expression of most other geneh¢2, tir2, il14, irf3, irf7) increased with larval age. At the optimal
temperature, 18°C, this pattern of immune-geneesgion revealed an immunocompromised phase
between hatch (0 dph) and teeth-development (8 dte) expression of two of the studied genes
(mhc2, lysc) was temperature dependent, leading to increagddArievels at 22°C. Additionally,

at the lower end of the thermal spectrum (16°C) umencompetency appeared reduced, whilst
close to the upper thermal limit (22°C) larvae shdwigns of thermal stress. Thus, protection
against pathogens is probably impaired at temperatlose to the critical thermal maximum
(CTmay, impacting survival and productivity in hatcherignd natural recruitment.

Key words (3-6):
Fish Larvae; Innate Immunitynguilla anguilla; Early Life History, Gene Expression;

Aquaculture; Climate change

1. Introduction:

With more than 34,000 species, teleost fish repitatbe largest class of vertebrates [1]. This
diversity reflects their successful adaption taeagvariety of aquatic environments. However,
common to most species is an elevated natural hpdaring early life [2]. Thus, subtle
differences in survivorship can cause large difiees in annual offspring production [3]. This is
especially important for species that may spawy onte in a lifetime, such as the European eel
(Anguilla anguilla, Linnaeus 1758), as survival during early-lifenegents a substantial component
of variation in lifetime fitness. An increased ungtanding of the physical and biological factors

that influence mortality rates during these ‘catialevelopmental stages can enable aquaculture
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hatchery production, enhance recruitment predistionfisheries, and aid in the conservation of
this critically endangered species [4].

Teleost fish possess both the innate and adaptivefthe immune response, characteristic
to higher vertebrates [5]. However, evidence hasiaclated that newly hatched fish larvae are
highly sensitive to pathogens as their immune syssenot fully developed [6]. Marine fish larvae
are particularly vulnerable to pathogen-inducedtality as it can take up to three months until
their immune response is fully functional [7]. Dagithis time, the larvae solely rely on the innate
arm of the immune system, which acts in a non-$paoianner. During the first stages of larval
development (i.e. hatching, mouth opening, firgdiag) exposure to pathogens intensifies [8].
Knowledge of the development of the immune systehence needed to design preventative
methods against pathogens such asutigeillid herpesvirus 1 (AngHV-1) and the parasite
Anguillicoloides crassus, which pose an important threat to the Europe&fdgan order to prevent
losses in forthcoming aquaculture hatcheries. Tinefean eel is a commercially high-value fish
species with a long tradition in European fisheapd fish farming. Recruitment and stock size of
European eel have decreased substantially in sheléwades [10] and a European-wide
management strategy is being implemented, whitertsfto establish hatchery technology for this
species are ongoing [11,12]. However, up-to-dat@ifag as well as restocking of European eel
relies on wild-caught juveniles as the life-cyclsot been closed in captivity. It is therefortalvi
that breeding-technologies and hatchery technigtebeing established. Recent advances have
enabled the stable production of eggs and larvhghmallow the development and optimisation of

hatchery protocols [12,13].

During development organisms are influenced byimsitr factors (e.g. temperature,
pathogens), intrinsic factors (e.g. genetic makeap)l their associated interactions [14,15].
Temperature is one of the main factors influenciregine ecosystems, as it defines the
geographical distribution of populations and alatie physiology of individual organisms at all
life stages [16]. Furthermore, physiological preess and therefore development and survival, in
ectothermic organisms are generally controlledhigyenvironmental temperature [17]. Here, early
life history stages are known to be particularlgysstve to temperature as they have a narrower
thermal tolerance window than juveniles or adufid thus are more profoundly affected by even
minor temperature changes and short heatwavesNi8gover, temperature is a fundamental

modulator of the immune system of fish [19] and basn shown to affect immunity during fish
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early life history [20]. The consideration of temaieire as an immunomodulatory factor is therefore
not only important in the development of hatch@ghnology of a species such as the European eel
in order to optimise offspring rearing protocolst blso in the light of environmental changes i th
natural habitat of the larval stages of this spedtere, warming temperatures of the ocean may
influence the recruitment of the critically endaregeEuropean eel [21,22].

Eels, i.e. Anguilliformes, are basal bony fish @atei) which belong to the ancient
superorder of Elopomorpha, at the phylogeneticsbaist eleostei [23]. The current knowledge of
eel immunity has recently been reviewed [24]. Whhe immune system of fish is well studied in
some model species, very little research has beeeucted regarding the immune system of
Elopomorpha with their unique leptocephalus larResearch conducted on the immune system of
European and Japanese eglgdponica) has up to date focused on the cellular innateunsnm
response to infections and have rarely involvedemwdbr studies [24]. For example, in Japanese eel
it has been shown that some immune factors (cénleare present 8 days post-hatch (dph; rearing
temperature unknown), whilst the appearance of imasiLine organs occurs late during larval
development [25]. In this study, we aimed to elatgédcertain aspects of the development of the
immune system in European eel larvae. Specificallypart of the innate immune system we
investigated two complement componemdndclqgc), which aid microbial killing, phagocytosis,
inflammatory reactions, immune complex clearanod, antibody production (reviewed by [26]).
Moreover, we monitored gene expression of the aatohial protein C-type lysozyméyéc), the
cytokines interleukin 10il(L0) and B (i115), as well as tumor necrosis factor alptrédo).

Cytokines aid both the innate and the acquired imeraystem by interacting with cells, ligands,
and receptors to activate cell-mediated immunearesgs [27]. IL-10 is an anti-inflammatory
cytokine whilst IL-PB expression leads to activation of lymphocytes symdhesis of acute phase
proteins and thus activation of the complementespd28]. Furthermore, TNE-is involved in the
control and local restriction of infection. In liefi measuring antiviral type 1 interferon expressio
we analysed interferon regulating factors 3 anatf3 &ndirf 7) as they have previously been
described for European eel [29]. Additionally, weakysed the expression of a pathogen recognition
receptor, the toll like receptor 2r@), which is suggested to recognize bacterial anddl
pathogens in eel [30], while the adaptive immurspoase was studied using the major
histocompatibility complex lirthc2), immunoglobulin M (gm) and the cluster of differentiation 3
(cd3). Here, MHC 1l is responsible for the presentatidantigens to adaptive immune cells and

thus the initiation of an adaptive immune respoii$gs recognition ultimately leads to the
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destruction of the pathogen through the immunearsp [28]. Moreover, IgM is the first
immunoglobulin to be produced after activation afdls and can then interact with the
complement component C1 to activate the classaraptement pathway [28]. Last, CD3, a protein
complex, associated to the T-cell receptor anahg@s co-receptor, is involved in the activation of
T-cells. Together, these immunological insights rhaycritical to close the life cycle in captivity

for this commercially high-value fish species witlsiquaculture, and to better understand potential

impacts of ocean warming on early life stages tuinma

This study therefore aimed to i) develop toolsgedsfically study innate (i.e. complement
components, antimicrobial peptides, cytokines) adaptive (i.e. MHC I, immunoglobulin M)
immunity in European eel; ii) shed light on the pwllar ontogeny of their immune system during
early larval development; and finally iii) invesditg the interaction of immune gene expression with

temperature during early life history.

2. Material and methods:

In order to fulfil the above aims we carried outth independent studies. To develop the
molecular toolbox to study immune related genescharacterised the tissue specific expression of
the studied genes (see 2.1) and their regulatio@siponse to an AngHV-1 infection (see 2.2). For
the purpose of studying thermally modulated immgeee ontogeny, we carried out a study on eel
larvae, which analysed immune-related gene exmnessiery 2 dph at 4 different temperatures (see

2.3). In all studies, gene expression was analysed) molecular methods (see 2.4).

2.1. Generation of tissue library from farmed immatire eels

The tissue specific expression of the studied inergenes was investigated using three
immature female European eels at the yellow egkestaised from the glass eel stage to a size of 58
+ 1.6 cm and weight of 470 + 39.7 g at a Danish memtial fish farm (Stensgard Eel Farm A/S).
The eels were euthanized by submersion in an agusaution of ethyl p-aminobenzoate
(benzocaine) at 20 mg'L(Sigma-Aldrich, Missouri, USA) and organ tissuenpées dissected from
hind-gut, gills, head kidney, kidney, liver, skapleen, whole brain, heart, and muscle. Samples

were stored in RNA-later at -80°C until further uBer further processing see 2.4.
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2.2 AngHV-1 infection of Juvenile European eel taiexplants

In addition to the tissue specific expression, Waracterised the response of the targeted immune
genes to AngHV-1 infection. The alloherpesvirus AiMgl is a highly virulent infection agent and
considered the most significant viral threat toekeépopulation. The virus causes extensive
necrosis in the gills as well as necrotic lesionthe skin [31]. Here, we used arvitro model to
study the immunological response to an AngHV-1até in compliance with the 3R rule. As the
in vivo infection system is not well established yet foigh#V-1 in European eel, we conducted the
infection using explants of the tail tissue. Taktes (~10 mm of the body end) were sampled from
10 euthanized (with 0.5¢ lof MS-222) European glass eels during routinethediecks at the
Veterinary University Hannover, Germany. The figbni which the explants had been collected
were confirmed to be AngHV-1 negative by qPCR dbsd earlier [9]. The explants were
collected into PBS supplemented with 10 IU nplenicillin, 100 mg nif streptomycin, 100 mg il
gentamycin, and 1 mg thamphotericin B (all Sigma), and thereafter placedoce. Explants were
placed individually into the wells of 24 well tissgulture plates and 1 ml of culture medium
(medium 199 supplemented with 20% FCS, 10 IJ p#nicillin, 100 mg it streptomycin, 100
mg mi* gentamycin and 1 mg thiamphotericin B [Sigma]) was added to each welpl&mnts were
incubated at 25°C in a humidified atmosphere caigi2% CQ. After 1 h, half of the explant
cultures (n = 5) were randomly infected by addifgul of AngHV-1 virus suspension [32]. The
final concentration of the virus was 5 xX°*I®IDs, ml™. Controls received 10 pl of uninfected
medium. After 48 h the explants were placed in Rist&s and stored in -80 °C until further
processing.

RNA was extracted from the tip of the tail as ddset above and diluted to a common
concentration of 30 ng filvith HPLC water. RNA (250 ng) was transcribed td\#gD(-RT
controls were included) and expression in theseptswere analysed using the gPCR Biomark™
HD system (Fluidigm) based on 96.96 dynamic ar(@&Js chips) as described below in section 2.4.
Further analysis of gene expression was carrie@eadgrding to the 2*“* method, in relation to the
non-infected control [33]. Gene expression for ghesmples was normalised against the geometric
mean ofrpsl8 andefl (= Act) as these genes showed the highest stabiliéy2<l.

2.3 Experimental broodstock management and offsprig production



180 Female silver eels were obtained from a freshwater, Vandet Sg, Denmark. Male eels

181  were obtained from Stensgard Eel Farm A&nales used for experiments (n = 4) had a mean (*
182  SEM) standard length and body weight of 65 + 4 cwh 486 + 90 g, respectively. Male eels (n =
183 11) had a mean (= SEM) standard length and bodgtweif 40 £ 3 cm and 135 £ 25 g,

184  respectively. Experiments were conducted at a DTuaAresearch facility located at Lyksvad Fish
185  Farm, Denmark. For detailed information on fishdlarg, maturation and strip spawning, as well
186  as gamete collection and fertilisation see [114R,Bhe experimental protocol for the study was
187  approved by the Danish Animal Experiments Inspaté&rMinistry of Food, Agriculture and

188  Fisheries (permit number: 2012-15-2934-00458) fidlh were handled in accordance with the

189  European Union regulations concerning the protaatioexperimental animals (EU Dir 2010/63).
190

191  2.3.1 Experimental conditions

192 Eggs from each female were fertilised by a miltldomm 4 males [11] to experimentally

193  create four parental crosses. In total, 11 males wsed. Within 30 min post fertilization, ~500
194 floating zygotes per 100 mL, with a mean size (3 8D1.5 + 0.1 mm (n = 4 females), were

195 distributed in replicated 600 mL flasks [182.5°csterile tissue culture flasks with plug seal caps
196  (VWR®)] [34]. Larvae were reared in thermal controllingubators (MIR-154 Incubator,

197  Panasonic Europe B.V.) at five temperatures (1620822, and 24 + 0.1°C), with a salinity of 36
198  ppt. Seawater was Op2n filtered, UV sterilized and supplemented witlanifpicin and ampicillin
199  (each 50 mg L, Sigma-Aldrich, Missouri, USA) [35]. Rearing of enyos and larvae took place in
200 darkness, while handling and sampling was perforametér low intensity light conditions (< 2.2
201 pmol m? s%) [36]. Light and salinity levels as well as thenfgerature range were chosen to

202 resemble the environmental conditions prevailingveen 0 and 600 m’s depth in the Sargasso Sea,
203 i.e. the assumed spawning area of European eetpauatount for projected climate-driven ocean

204  warming.

205

206 2.3.2 Data collection

207 For molecular analysis, ~30 larvae (x 2 replicabesh each temperature and parental

208 combination were randomly sampled at hatch andyeseszond day post-hatch until the

209  corresponding first-feeding stage. As feeding sriaére beyond the scope of this study, rearing was
210 not conducted beyond these time points. Larvae egiteanized, using an aqueous solution of

211 tricaine methane sulphonate (MS-222, Sigma-Aldrigermany) at 500 ppm, rinsed with deionized
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water, preserved in RNA-later (Qiagen, Germany, lkeept at -20°C. No larvae hatched at 24°C
and therefore this treatment was excluded fronstagstical analysis.

2.4. Molecular analyses

The present study is part of a wider project inclhiarious aspects of larval development
were investigated. In this regard, various molecp&hways were investigated in the same larvae.
Whilst this study focusses on the immune systehrerattudies have focussed on the expression of
genes relating to stress and growth [34] as wethashyroid hormone signalling pathway [37].

The present study took advantage of the assemhhedEuropean eel genome [38] and
obtained sequences (blastn) were checked for Imgkagty with other fish species (see
supplementary material ST3). Primers (Table 1) wiesssgned for real-time PCR with Primer3plus
(http://primer3plus.com/). Molecular analysis wasfprmed at GEOMAR, Helmholtz Centre for

Ocean Research in Kiel, Germany. Total RNA fronsathples was extracted using a combination
of Tri-Reagent (Sigma-Aldrich, Germany) and theiTmap® Spin tissue RNA MiniKit (Stratec)
following the manufacturer’s instructions. RNA centration was determined by Nanodrop ND-
1000 (Peglab, Germany) and normalized to a commanentration of 100 ng iwith HPLC

water. Consequently 680 ng RNA were transcribed tiieé Quanta gqScript cDNA Synthesis Kit
(QuantaBio, Germany) as described by the manufciocluding a genomic DNA wipe-out step
[Quanta PerfeCta DNase | Kit (QuantaBio, Germar@jntrols for gDNA efficiency were also
included and cDNA was stored at -20°C until furtbee.

Tissue specific expression was measured for 14sgesiag the StepOnePlus gPCR system
(Applied Biosystems, Germany). For this purposapaof 2 pl cDNA, 5x EvaGreen gPCR Mix
Plus Rox (Solis Biodyne, Estonia), 2.5 pmol of epamer, and HPLC water was used in a total
volume of 10 pl. The cycling conditions were 95%€ £0 min, followed by 40 cycles of 95°C for
15 s and 60°C for 1 min, followed by 95°C for 1%6;C for 1 min and 95°C for 15 s.

From all larval samples (4 crosses x 4 temperatui2seplicates) and the AngHV-1
infection samples, the expression of 14 gengsl, tubb, efl, c3, clqc, cd3, igm, irf3, irf7, il11p,
lysc, mhc2, tnfa, tir2; Table 1) was analysed with three technical repdis using the gPCR
BiomarkTM HD system (Fluidigm) based on 96.96 dyiaanrays (GE chips), as previously
described in [39]. In brief, a pre-amplificatiorpgtwas performed with a 500 nM pool of all
primers in TagMan-PreAmp Master Mix (Applied Biosyss) and 1.3 pl cDNA per sample at 10
min at 95°C; 14 cycles: 15 s at 95°C and 4 min0dC6 Obtained PCR products were diluted 1:10
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with low EDTA-TE buffer. The pre-amplified produeias loaded onto the chip with SsoFast-
EvaGreen Supermix Low Rox (Bio Rad) and DNA-Bindibge Sample Loading Reagent
(Fluidigm). Primers were loaded onto the chip abacentration of 50 uM in Assay Loading
Reagent (Fluidigm) and low EDTA-TE Buffer. The chwas run according to the Fluidigm 96.96
PCR protocol with a Tm of 60°C. gBase+ softwarefiezt stability of housekeeping gene
expression throughout analysed samples (M < Ocrdimng to [40]). Gene expression was
normalised ACt) to the geometric mean of the two most stablesbkeeping genespsls, efl).
Further analysis of gene expression was carrie@eagrding to the 2*“* method, in relation to the
16°C sample of Day 0 from female 1 [33]. This cédtion allowed us to test for effects induced by
temperature and larval age at specific developmetdges and in real time.

Table 1: Oligos used for molecular analysis of imewielated gene expressionAnguilla

anguilla.
Function Gene name Abbre-  Primer sequence Accession
viation  (FW: Forward, RV: Reverse)
. FW AGAGCAGGGGAACTGACTGA
18S ribosomal  rspi1g AZBK01681648
RNA RV ACCTGGCTGTATTTGCCATC
rpp "W TGATGAGCACGGTATTGACC . o . .
i i u .
Housekeeping  Tubulin RV TGGCACATACTTTCCACCAG
. FW CTGAAGCCTGGTATGGTGGT
Elongation EF1 EU407824.1
Factor 1 RV CATGGTGCATTTCCACAGAC
FW AATATGTGCTCCCAGCCTTC
Complement  c3 GBXM01025382.1
component C3 RV  GATAACTTGCCGTGATGTCG
Cog/z'tzme”t Complement FW ACAATGTCGACACAGGCAAG
Component 1, Q c1qc GBXM01013997.1
Subcomponent, RV ACTTGGTTGAGGTTGGAGGTC
C Chain
. FW TCTGCGATGCTATTCCACTG
Tumor necrosis  TNFa JQ793636.1
Pro- factora RV  TTCAAGTTCTGCTGGTGCTC
'”gamrlf.atory FW ATTGGCTGGACTTGTGTTCC
yokines | iorleukin g IL1P AZBK01652159.1
RV CATGTGCATTAAAGCTGACCTG
Anti- o W CCTGCAAGAAACCCTTTGAG AZEKOL740637 1
'”f!:"‘)‘,rt':)rlzig’ry Interleukin 10 RV TGAACCAGGTGTCAATGCTC '
Interferon FW TTCCTTGGAAGCACAACTCC
Regulatory IRF7 KF577784.1
Induce type I £ -2 "% RV TGTCGTTCGGATTCTCTCTG
Interferon (ant- | o feron FW GAAGAGGTGGCAGCAAAATC
viral) Regulatory IRF3 KF577783.1
Factor 3 RV  GGAAAAAGAGGGGGATTCAC
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response C RV  TGGAGCACGGGATATTACAG
FW TGGTTCTGGCTGTAATGGTG

Pathogen  Toll like TLR2 AZBK01853964.1
recognition receptor 2 RV CGAAATGAAGGCATGGTAGG
. Major FW TCAAATTGACCTGGCTGAGAG
Antigen . I
resentation to histocompatibili pHC 2 AF134926.1
P ty complex, RV TTTCCATTAGCCAGCTCCTC
immune cells Class Il
. FW CCAAGGACCATTCTTTCGTC
Antibody ~ \mmunoglobulin gy EU551246.1
M RV ACTGGCTTTCAGGAAGATGC
FW AACCGATGATGCTGGAGAAG
T-cellco-  Cluster of CD3 AZBK01640579.1
receptor differentiation 3 RV ATGTGTATTCGCCCGAACTG

2.5. Statistical analysis

Tissue specific expression was tested using oneANVAs with parental cross stated as
random term. The difference between control samgtelssamples infected with AngHV-1 was
statistically analysed using Mann-Whitney testsegach gene. Statistical models were used to
investigate temperature effects on larval morphplkmgd gene expression throughout early larval
development (0 to 18 dph) and at specific develogaiestages (Stages 1-3). Across the
temperature treatments, Stage 1 represents thef thaych, Stage 2 represents the timing of teeth
formation, and Stage 3 represents the first-feediages [12]. Together, this allowed us to decipher
changes in temperature in real-time and at starmatdlevelopmental intervals.

To examine the effect of temperature on gene egmeshroughout early development, we
used two statistical approaches. In the first apgmpwe analysed the data using a series of repeate
measures mixed-model ANOVAs (PROC MIXED; SAS Ing#t2003). Models contained the
temperature (16, 18, 20 and 22°C) and age (0 ©FI8) or stage (1, 2 and 3) main effects as well
as the temperatureage (or stage) interaction term. Akaike’s (AlCYduayesian (BIC)
information criteria were used to assess which gamae structure (compound symmetry,
autoregressive order, or unstructured) was mospappte [41]. Temperature and age (or stage)
were considered fixed, whereas parental cross aresidered random. Tukey’s post-hoc analyses
were used to compare means between treatmentsighificant temperature age (or stage)
interaction was detected, the model was decomposed series of reduced one-way ANOVA
models to determine the effect of temperature &oheage (or stage) and of age (or stage) for each
temperature. This was the caseift, lysc, irf7, andmhc2. Reduced one-way ANOVA models
involved only pre-planned comparisons and did noluide repeated use of the same data, so alpha

level corrections foa posteriori comparison were not necessary.

10



280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311

In the second approach, we examined variation e gxpression, throughout development
at each temperature, by fitting linear, quadraticGzubic equations (PROC REG; SAS Institute
2003). This allowed us to create predictive motiesxplore patterns of variation throughout early
development at each temperature. Linear, quadmatimybic equations were chosen a-priori to fit
the data [42]. Final equation selection (lineamdyatic, or cubic) was based on an F-statistig:>.f
(R - R%)/(1 - R9), where: Ri = the R for the i-th order, B = the £ for the next higher order,

d.f; = the degrees of freedom for the higher-order egoatith j degrees of freedom in the
numerator and d;& n - j —1 degrees of freedom in the denominat@t.[@raphs and regressions

were prepared in SigmaPfotversion 13.0).

3. Results:
3.1 Characterisation of tissue specific gene expaen:

Target genes were characterised for their expnessigarious tissues of on-grown farmed
European eels (Fig. 1). Only baseline levels i@ expression could be detected in all studied
organs (Fig. 1B). On the contrary, interferon ragd factor 7i¢f7) demonstrated low expression
in brain, heart, muscle as well as head kidneyshtificantly higher mRNA levels (R 0.05; Fig.
1C) were detected in the hind-gut (145 £ 26-folchpared to head-kidney). Tissue specific
expression also varied amongst cytokines: mRNAlseokinterleukin {1 15) were highest in gills
(2844 = 1517-fold) and skin (1450 + 953-fold) (b&tk 0.05 compared to brain; Fig. 1D), followed
by the immune organs. Variation between individwads high and no significant differences
between organs were detected for the expressitmair necrosis factar (tnfe) (Fig. 1E).
However,il10 was mainly expressed in head kidney (606 + 32é-¢oimpared to heart withP
0.05; Fig. 1F). In regard to the adaptive immurstey, immunoglobulin Migm) seemed to be
expressed in the hind-gut, gills, and head kidmeth the highest expression in kidney (91 + 26-
fold compared to the liver with £0.01; Fig. 1G). High intra-individual variabilityas observed
for cd3 andmhc2, which led to no significant differences betweissues to be detected (Fig. H, 1).
Differential tissue expression was detected forttbe complement components analysed: wiaist
was mainly expressed in liver §20.05 compared to all other organs; Fig. tlgc was least
expressed in this organ but highest in the headekicind kidney (R 0.05; Fig. K). The expression
of the toll like receptor 2tf2) was 160 + 52-fold higher in the hind-gut tharthe other
investigated organs (®0.05; Fig. 1L).
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Fig. 1: Tissue specific expression of immune-reladegenes in on-grown farmed femald.
anguilla. A) Overview of genes targeted in the present stBdly) Expression of immune-related
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genes in certain tissues of European eel. Datpragented as mean £ SEM (n = 3). Gene
expression is displayed as x-fold expression coetptr the organ with lowest mMRNA levels.

Values with the same letters are not significadifferent (P > 0.05).

3.2 AngHV-1 infection

At the point of sampling no clinical signs of AngHMwere visible. Infection of tail tissue
with AngHV-1 increased the expression of two of tharacterised genes (Fig. 2). An increase in
expression was observed for the innate immunerfadi®y which was up-regulated approximately
3-fold (dctil1p control 6.70 £ 0.17, infection 5.29 £ 0.45). Im@stingly, the strongest response was
observed fomhc2, which displayed a 6.13 + 1.65-fold increase ipression due to AngHV-1 (dct
3.25 £ 0.34) compared to the uninfected contrattreent (dct 5.68 + 0.86).

[ control
10 4 I infected

x-fold gene expression
relative to uninfected control

D +]
2 '\9« '\\'& \6 \6\ \\\(’o & g&b \\"L

Fig. 2: Expression of immune-related genes in response tmgHV-1 infection.

Tail tissue explants of European eel were infeetiéd 5 x 16 TCIDso of AngHV-1in vitro for 36
hours. Values represent means (xtSEM) of five bickgeplicates. Treatments with the same

letters are not significantly different (P > 0.05).

3.3 Development of the larval immune system:

Generally, increasing temperature accelerated dprednt, resulting in larvae reaching the
first-feeding stage in 8 days at 22°C, 10 day€0a€C212 days at 18°C, and 16 days at 16°C.
Housekeeping (HK) gene expression was stable (MiktBroughout the experiment (see Fig. S1,
supplement) and variance in HK expression was lgleaupled to variation in cDNA amount in
samples. No mRNA of complement componeltc and T-cell markeecd3 was detected in the
studied larvae. Gene expression of the cytokifrewas low (ct > 26) and not affected by
temperature nor larval age and no temperature s négection was detected. For details on the

observed regression please refer to Table S1 iaupplementary material. If not otherwise
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indicated, x-fold values antict-values are given as mean = SEM of all tempeeataombined
(indicated ag\ct(T)).

Complement component c3 is the central molecutaeractivation pathway of complement
and thus its protein levels are linked to complenaetivity. During development, it was observed
that larval gene expression was related to ageagegP < 0.0001; Fig. 3A, D), such that gene
expression o€3 significantly decreased with increasing age frai¥Gt 0.06-fold Act(T): 4.18 +
0.20) on 0 dph to a minimum of 0.13 + 0.06-foAat{(T) 6.61 + 0.20) on day 12 ph (Fig. 3D).
Immunoglobulin M is the first antibody to respomdan infection and has been dubbed a natural
antibody in both mammals and teleosts as it cgporebsto pathogens without prior immunisation
[43]. Thus, providing initial protection before tadaptive immune response is formed. Its mMRNA
levels decreased significantly with increasing stéig) < 0.0001; Fig. 3I) and age (P < 0.0001; Fig.
3L) displaying a maximum expression (2.16 + 0.3@kfact(T): 9.42 + 0.21) on day 0 and a
constant expression level of 0.48 + 0.03-faldt(T): 11.51 + 0.10) after that.

Developmental time Real time: Effect of i) Temperature and Age ii) Age at each Temperature
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Fig. 3: Gene expression of3 and igm in European eel Anguilla anguilla) larvae reared under
four different temperatures. All y-axes display x-fold expression in relatitmthe 16°C sample of

day O from female 1. The expression at specifietigymental stages (1: hatching, 2: teeth
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formation, 3: first-feeding) is displayed fo8 (A-B) andigm (I-J) whilst expression measured in

real time is displayed in C-D faB and K-L forigm. E-H and M-P show the effect of age c@hand
igm, respectively. Relationships between age@hexpression can be explained by a cubic
regression at 18°C, a linear regression at 20°Cgaadratic regressions at 16 or 22°C (P < 0.01; R?
> 0.78). Relationships between age &grd expression can be explained by a linear regresdion
20°C and cubic regressions at 16, 18 or 22°C (810 R? > 0.16). Values represent means
(xSEM) among four crosses at each temperatureraatirients with the same letters are not
significantly different (P > 0.05).

Moreover, mMRNA levels of major histocompatibilitgraplex Il (nhc2) were also
significantly affected by stage as transcriptiocréased beyond stage 2 (teeth formation; P = 0.001;
Fig. 4A). MHC Il is located on the cell surfaceanftigen-presenting cells (e.g. macrophages, B-
cells) and it fulfils the function of presentingtecellular antigens to immune cells. The expressio
of mhc2 increased more than 2-fold at 16 and at 22°C QF083) compared to the other
temperatures, though no significant temperaturegesinteraction was detected (Fig. 4B). On the
contrary, when analysed in real time, a signifidentperature x age interaction (P = 0.043) was
observed, which allowed us to determine the effettemperature for each age (Fig. 4C) and of
age for each temperature (Fig. 4D-G). Here, 22%vsll the largest effect as it led to an increase
of mhc2 levels of 13.71 + 3.76-fold at 4 dph, 13.27 + 028@% dph, and 39.60 + 6.54 at 8 dph (all P
< 0.01). Furthermore, larval age significantly irghced expression aihc2 (Fig. 4D-F) when
larvae were reared at temperatures ranging fromo 26°C (P< 0.01), while no age effect was
observed at 22°C (Fig. 4G). This leads to a st@achgase in mMRNA levels throughout
development of the larvae. Initial detection ofigens is amongst others carried out by toll like
receptors. In fish, toll like receptor 2 (TLR2)imvolved in the recognition of bacterial and patiasi
ligands [44]. As shown in Fig. 4H, expressiortlo approximately doubled at stage 2 (teeth
formation) and tripled at stage 3 (first-feedings B.0001). It was also significantly affected @ar
time (P < 0.0001) and increased with increasingfeqya a minimum expression of 0.62 + 0.09-
fold (Act: 10.52 £ 0.15) on 2 dph to a maximum expreseioh34 + 0.23-fold Act: 7.48 £ 0.08)
on 16 dph (Fig. 4K).
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Developmental time Real time: Effect of i) Temperature at each Age ii) Age at each Temperature
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Fig. 4: Gene expression ofmhc2 and tlr2 in European eel Anguilla anguilla) larvae reared

under four different temperatures. All y-axes display x-fold expression in relatitmthe 16°C
sample of day 0 from female 1. The expression etiip developmental stages (1: hatching, 2:
teeth formation, 3: first-feeding) is displayed fanc2 (A-B) andtlr2 (H-I), whilst expression
measured in real time is displayed in Crgrc2 and J-K fortlr2. D-G and L-O show the effect of
age onmhc2 andtlr2, respectively. Relationships between agerahc? expression can be
explained by linear regressions at 16 or 18°C aradicatic regressions at 20 or 22°C (P < 0.0001;
R2 > 0.36). The relationship between age thritlexpression can be explained by a cubic
regression at 20°C and linear regressions at 165 22°C (P < 0.002; Rz > 0.66). Data points with
an asterisk (*) were not included in the statidtroadel due to insufficient sample size. Values
represent means (x SEM) among four crosses atteagerature and treatments with the same

letters are not significantly different (P > 0.05).
Type | IFNs are cytokines, which are expresse@aponse to the detection of viral antigens
and elicit an antiviral immune response. The exgoesof type | IFNs is regulated with the

Interferon regulating factors 3 andivf8 and7) and in the present study, we demonstrate that the
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expression is dependent on larval stage (Fig. 5A, B P < 0.0001), and age (Fig. 5D, K; P <
0.0001) as well as temperature when measured litimea(Fig. 5C, K; P < 0.029). Gene
expression oirf3 was significantly elevated (6.66 + 0.69-fold) af@Zompared to (4.59 + 0.45-
fold) 16°C (Fig. 5C) and significantly increasedainghout ontogeny with increasing larval age
(Fig. 5D). Here, general expression was 2.24 +-@Rb(Act(T): 11.29 + 0.16) on day 0 and
increased in a linear manner to reach a maximu@?2& + 0.78-fold Act(T): 9.19 + 0.14) at 14
dph.Irf7 was significantly affected by the temperature & exeraction (P = 0.013). Significant
differences in mRNA levels off7 among temperatures occurred on 4 dph (P = 0.048)evh
expression at 22°C was about 40% higher than theession at 16°C (Fig. 5K). Additionallyf7
levels increased steadily throughout developmeatlitested temperatures (16 — 22°G; 8.007;
Fig. 5L-0).

Developmental time Real time: Effect of i) Temperature and Age ii) Age at each Temperature
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Fig. 5: Gene expression oirf3 andirf7 in European eel Anguilla anguilla) larvae reared

under four different temperatures. All y-axes display x-fold expression in relatitmthe 16°C
sample of day 0 from female 1. The expression etifp developmental stages (1: hatching, 2:
teeth formation, 3: first-feeding) is displayed fdB (A-B) andirf7 (I-J), whilst expression
measured in real time is displayed in C-Difdrand K-L forirf7. E-H and M-P show the effect of
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age onrf3 andirf7, respectively. Relationships between ageiai3dexpression can be explained
by linear regressions at all temperature treatm@hts0.0001; R? > 0.74). The relationship
between age andf7 expression can be explained by a quadratic regreas 20°C and linear
regressions at 16, 18 or 22°C (P < 0.002; R2 >)0Data points with an asterisk (*) were not
included in the statistical model due to insufficisample size. Values represent means (x SEM)
among four crosses at each temperature and tretstmvggh the same letters are not significantly
different (P > 0.05).

Gene expression of the pro-inflammatory cytokinedieukin B (i115) was only significantly
increased at stage 3 (first-feeding; P = 0.033btiis stage it was up-regulated approximately 3-
fold (Fig. 6A). The real time analysis, howeverealed a significant temperature x age interaction
(Fig. 6C; P = 0.003). Significant differences imgexpression af1f among temperatures
occurred on 6, 8 and 12 dph (P < 0.02). On 8 dpatific, expression levels bl were
approximately 6-foldAct: 5.96 + 0.97) higher at 22°C compared to thewotemperatures\¢t:

8.70 £ 0.15). Larval age led to a significant irage inil15 expression at all rearing temperatures (P
< 0.001) except at 20°C (Fig. 6D-G), probably dubigh levels of variation between individuals at
this temperature. A linear increaseldf; expression was observed at 16°C and 18°C (P < 0,000
R2>0.53), leading to an approximately 4-fold increasdin the sampling period. The
relationships between age aht}; expression can be explained by a sigmoidal cidgoasssion at
22°C (P < 0.001; R2 = 0.95) with low levels of eaggion during the first 6 dph and a sudden
increase at 8 dph, resulting in the 6-fold up-ragah described above.

Expression of the antimicrobial c-type lysozyrmesd) was also significantly up-regulated at
the first-feeding stage (stage 3) by approx. 3-{6id. 6H; P = 0.0001). Furthermore, expression of
this gene was doubled at 22°C compared to 20°C @Fid® = 0.041). In real time, the temperature
x age interaction significantly influenced the gemeression ofysc (Fig. 6J; P < 0.0001). Here,
significant differences in expressionlgéc among temperatures occurred on 8, 12 and 14 dgh (P
0.04). More specifically, and in line with expressipatterns of other genes at day 8 ph, a strong up
regulation (300 %) offysc at 22°C compared to the other temperatures wasnadxs Additionally,

a rearing temperature of 16°C led to a signifidaner level of expression dysc compared to
18°C (16°C:Act: 12.93 + 0.35, 18°CAct: 11.37 £ 0.45) on 12 dph and compared to 208C¢1
Act: 13.11 £ 0.92, 20°CAct: 11.04 + 0.19) on 14 dph. Expressiorlyst was also significantly
affected by larval age (Fig. 6K-N) at all rearimgrperatures (R 0.01). Similar tal1s, expression
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of lysc linearly increased at 16°C (P = 0.012, R? = 0&%) 18°C (P < 0.001, R? = 0.31) throughout
larval development. The relationships between ageyac expression can further be explained by
a sigmoidal cubic regression at 20°C (P < 0.00G% B.96) leading to a 9-fold expression at 14
dph (Act: 11.04 + 0.19) compared to dayAx{. 19.14 £ 0.58; Fig. 6M). As observediify,

rearing larvae at 22°C led to a constant levéysif expression during the first 6 dph and a sharp
increase in MRNA levels at 8 dph. This is best dieed by a parabolic quadratic regression at
22°C (Fig. 6N; P = 0.0001; R2 = 0.59).

Developmental time Real time: Effect of i) Temperature at each Age ii) Age at each Temperature
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Fig. 6: Gene expression ofl 1# and lysc in European eel Anguilla anguilla) larvae reared
under four different temperatures. All y-axes display x-fold expression in relatitmthe 16°C
sample of day 0 from female 1. The expression etiip developmental stages (1: hatching, 2:
teeth formation, 3: first-feeding) is displayed iidp (A-B) andlysc (H-1), whilst expression
measured in real time is displayed in Cifaf and J folysc. D-G and K-N show the effect of age
onillp andlysc, respectively. Relationships between ageiélitiexpression can be explained by
linear regressions at 16 or 18°C and a cubic regnesat 22°C (P < 0.0001; R2 > 0.53). The
relationship between age alydc expression can be explained by linear regressibhé or 18°C, a

cubic regression at 20°C and a quadratic regresgi@@°C (P < 0.002; R2 > 0.29). Data points with
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an asterisk (*) were not included in the statidtroadel due to insufficient sample size. Values
represent means (x SEM) among four crosses atteagerature and treatments with the same

letters are not significantly different (P > 0.05).

4. Discussion:

The ultimate aim of this study was to elucidatedkpression patterns of key immune genes
duringA. anguilla development and investigate how temperature inflas these patterns. As no
molecular tools were available to analyse immunated genes in this fish species, we first set out
to develop primers and characterize tissue spezxficession of immune-related genes in healthy
on-grown farmed individualSubsequentlythe usability of this tool was evaluated during A\G
1 exposure of tail explant cultures. Once theibil#gg was established, we applied these new tools

to study the ‘critical’ early life stages of eekass a broad thermal regime.

4.1 Tissue specific expression & AngHV-1 infection

Complement activation leads to the productionabifvated protein fragments that play an
important role in innate immune responses [26mammals, and possibly in fish, C3 is the central
complement molecule of the three pathways [26% known that complement proteins are mainly
synthesized in the liver in mammals and fish [4%]e tissue specific expression patternddr
(highest expression in liver) in the present stisdyerefore in line with previous findings. Sinmila
results have been observed in other fish speaieh, as yellow croaket érimichthys crocea),
Indian major carpl(abeo rohita), and orange spotted groupEpinephelus coioides) [46—48]. The
gene complement C1q C chagiqc) encodes the large subunit (C1q) of the complement
component C1. C1q acts as a pathogen sensor asgldinectly to their surface or to antibodies
bound to pathogens, which leads to the activatidheoxcomplement system via the classical
pathway [28]. In mammals, C1q is mainly synthesimeshacrophages and dendritic cells and not
by hepatocytes unlike the other complement compisridf]. This is reflected in the expression
pattern observed in the analysed healthy eel tisd@eeclqc expression was very low in the liver
but high in spleen, kidney, and head kidney. Thiggon seems to be conserved across many fish
species and orders as it was also observed ini&ib&urgeonAcipenser baerii), mandarin fish
(Sniperca chuats), and zebrafish¥anio rerio) [50-52]. Both investigated complement factcds
andclqc were not significantly up-regulated during AngHVvihich is in line with results from

common carp gills infected with cyprinid herpessgi@i(CyHV-3), which has been shown to be able
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502 to modulate the immune response of the host [S58véver, targeted studies are needed to

503 investigate the immunuomodulatory potential of ANGH.

504 Toll-like receptors (TLR) were the first receptaientified that recognize pathogen associated
505 molecular patterns (PAMPS) [54]. In European eeRZ is suggested to recognize bacterial and
506 fungal pathogens [30]. This is in line with ourukts where the expression was not regulated during
507 AngHV-1 infection. Thelr2 expression in the present study was especiallyiriaive spleen but
508 high in hind-gut. Throughout the literature, itigar that tissue specifitr2 expression varies

509 among species [44,55-57]. As pathogens are ofggsiad with food or water, it was expected that
510 tlr2is highly expressed in the hind-gut. However,|#uk of expression in the spleen was not

511 expected as this is a major immune organ and figtwdies should address this phenomenon.
512 Cytokines include interleukins, tumor necrosis dast interferons and chemokines. In this
513  study, we investigatedi10, il15 andtnfa as well as the type 1 interferon inducing factoi® and

514  irf7. In humans, IL-10 is mainly produced by monocy&83, whilst in fish the functional role of
515 IL-10 is still under investigation. It has been wimathat, similar to the expression observed in eel,
516 sea basdicentrarchuslabrax) and carp Cyprinus carpio) produce this cytokine intensely in head
517 kidney [58,59]. This indicates that the head kidiseg major side of monocytes in eel. IB-i%

518 produced by macrophages in response to signallatpil-like receptors (TLRs) and induces an
519 inflammatory immune response. For the eels usédisnstudyjl1f was constitutively expressed in
520 all studied organs with the highest expressionlia gnd skin. The latter is contrary to other fish
521  species, such as brown tro8al(mo trutta) and rohu l(abeo rohita), whereil1s expression was

522  always low in skin [60,61]. InterleukinBlhas been shown to be up-regulated in skin of fish

523  following infection or injury as reviewed by [62[hus, it has to be investigated further if the high
524  expression in skin is an eel specific characteritiif it is due to an undetected infection ouny}
525  Due to the low variability between the three testetividuals, this might be an eel specific trait
526 attributed to their rudimentary scales and high msyaroduction [63]. Interestinglil15 was also
527  one of the genes up-regulated during the AngHVfdciion. This is in line with the response in
528 carp to CyHV-3, which also induces pro-inflammatoggponses in skin [64].

529 The main role of TNFe is the control and local restriction of infectiand the here observed
530 tissue specific expression corresponds to a studginbow trout ©ncorhynchus mykiss) [65] but

531 differs from expression patterns in other fish sggcsuch as mandarin fisE i perca chuatsi),

532  rohu, and crucian carCérassius carassius) [61,66—68]. This indicates, as previously disedsky

533  Kajungiro and colleagues, that constitutive expogsef tnfa varies with fish species and tissues
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[67]. During exposure of the explants to AngHV-Iour in vitro experiments, the up-regulation
was noticed, however due to high variation it wasgignificant.

The interferon regulating factors 3 and 7 have h@emiously characterised in European eel
[29]. In healthy organisms, IRF3 is constitutivelpressed in a variety of tissues and is preseat in
latent inactive form in the cytoplasm [69]. On titeer hand, IRF7 is expressed at low levels in the
cytoplasm of lymphoid cells [70]. Both are strongigduced upon viral infection. Surprisingly,
these two type | IFN response markers were notegpiated during AngHV-1 infection, which
should be further investigated in the future. Hoarethe group of fish herpes viruses is known to
have strong anti-interferon abilities [71]. Thegeet study aimed, amongst others, to complement
the knowledge from a previods anguilla study [29] by adding the tissue specific exprassib
these two gene$if3 was constitutively expressed at a low level ireakilysed tissues whilst7
displayed higher expression levels in organs inlw the immune response except for head
kidney. The latter not only concurs with the sdaiettern found in Polyl:C treated eels [29] but
also resembles the pattern observed in crucianaratplapanese floundétafalichthys olivaceus)
[72,73].

Immunoglobulin M (IgM) is, like all classes of immaglobulins, produced by B-cells and
therefore its expression gives an indication ofltiealisation of these immune cells. The observed
tissue specific expression patterngrh concurs with the pattern observed in turl&bphthal mus
maximus) [74] whilst higher spleen expression levels wasserved in pufferfishiakifugu
rubripes) [75]. The high expressions in head kidney andkrkidney indicate the haematopoetic
function of these organs W anguilla and confirm previous findings in New Zealand freaker
eels A. australis schmidtii andA. dieffenbachii) [76]. The low expression e§m in spleen, similar
to the expression dfr2 in this organ, is however unexpected and shouladoeessed in future
studies. In respect to the AngHV-1 infectiogm up-regulation was not expected due to the early
sampling point, which precedes activation of thapdiye immune response in teleosts [77].

Another member of the immunoglobulin superfamilyhis clusters of differentiation (CD). In
humans, CD3 is initially expressed in the cytoplagmro-thymocytes and migrates to the cell
membrane when T-cells mature. Hence, CD3 is onpyesssed on T-cells and can therefore be used
as a marker for the presence of this cell type. <unly showed thad3 was ubiquitously expressed
in all tested immune organs of on-grown farmed Raem eel. Unfortunately, due to the involution

of thymus in eels [76], it was not possible to #egbression in thymus tissue. In fish, mature Tscel
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have been shown to be abundant in lymphoid tissuels as thymus, kidney, and spleen and in
mucosal tissues (intestine and gills) [78].

The major histocompatibility complex (MHC) bindsppiele fragments of pathogens and
presents them on the cell surface for recognitpagpropriate T-cells. In mammals, MHC Il class
molecules can be found on antigen-presenting ¢adlsB-cells, macrophages, and dendritic cells
[28]. A detailed characterization of MHC Il in egas beyond the scope of this study and thus we
concentrated on the tissue specific expressionnfio2 expression pattern observed in the present
analysis is similar to tissue expression recordesiiamp eel where hardly any expression was
detected in heart and muscle, whilst the highestession was observed in the stomach, spleen and
skin [79]. Certain genotypes of MHC class Il welhewn to be associated with higher survival of
carp to CyHV-3 [80]. Therefore, the up-regulatidminc2 gene could be considered important for
the response to AngHV-1 as this might enable despasvention methods for eel aquaculture in the
future.

Taken together, oun vitro viral model infection induced pro-inflammatory pesises
marked with up-regulation ofLl5. Furthermore, up-regulation oic2 links the responses with the
adaptive arm of immunity. Interestingly, the anm@iresponses markeiisf(3 and7) were not up-
regulated which could be related with anti-IFN ates of alloherpesviruses. Considering the time-
point at which the samples were collected the figdifit to the initial phase of mucosa responses to
the alloherpesviral pathogen [81].

As pointed out by [30], the phylogenetic distanzeniore common fish species and their
status as non-model fish hampered the immune-tetatearch of European eel in the past.
However, advancement in the understanding of theirune system is vital to improve health and
survival under rearing conditions [24]. The presgntly now provides new molecular tools to
characterize the immune system of European eebie mepth and, as described below, to
understand the development of the immune systeniteingsponse to environmental factors. We
therefore applied these tools to elucidate exprassi key immune genes during development of

the immune system from hatch to the first-feedirage.

4.2 Ontogeny at 18°C
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595 Our findings showed that the studied immune genakide clustered into three groups,

596  which were differently affected by temperature: {@vel age independent expression and

597  expression positively or negatively correlated veige.

598 In a further analysis of the same larvae [34], 28°C was found to be the optimal

599  temperature in regard to survival, growth, and tguaent. In order to elucidate regular ontogeny
600 of the immune system of European eel larvae, wetbiee focused on the 18°C treatment to

601  discuss temperature influences. Both complemenpooentc3 and immunoglobulin Mi¢m)

602 seem to have been already expressed during theyemibstage and might have been transferred
603  maternally to the larvae as seen in various otisardpecies [45,82—-85]. However, to confirm this,
604  further studies are needed. It has previously lseggested that at this developmental ste§end
605 igmwork together to facilitate binding of opsonizeatteria to complement receptors on

606 phagocytes [26,85]. In carp, it was demonstratatidhgene expression peaked around the time of
607 hatching and that it is produced in the yolk syratyayer [45]. During eel ontogeng3 gene

608 expression was also linked to a shrinking yolkaaa [34], probably indicating that C3 is

609 important for innate immune function shortly aftextch. Similar ta3 and in line with the present
610  study, it was shown in sea bass that IgM is transfiematernally through the yolk. Its persistence
611  only lasted a few days and got exhausted with gblorption [86] to then completely disappear
612  during later larval stages [87]. In the Europedraeae studied herégm levels peaked at hatch
613 and decreased rapidly to basal levels afterwantistdstingly, studies on Japanese eel demonstrated
614  that whilstigm and T-cell-relatedick genes were expressed already 3 days post fditilisahe

615 development of lymphoid tissues were delayed afttigrespleen, thymus nor lymphocytes were
616  observed in larvae of similar sizes [25,88]. Tkigiline with the observed absenced3

617  expression in the present study and it can thexdderassumed that adaptive immune protection is
618  still underdeveloped in very early larval stages. (pre-leptocephalus stage). Overall, this would
619  have implications for the use of vaccines durindydde stages, thus further studies are needed to
620 link the present findings to the functionality bEtadaptive immune system.

621 Toll like receptor 2 (TLR2) is involved in the regiation of bacterial and parasitic ligands. In
622  this studytlr2 expression increased throughout larval developimeatemperature independent
623  manner. To our knowledge, this is the first stutyestigatinglr2 expression during larval

624  development of fish. However, it was previouslywhdhat toll like receptors are already

625 expressed before hatch and that their expressitemigerature independent in zebrafish [89]. Our

626  results therefore indicate that eel larvae werbdabty already able to detect pathogens and that thi
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627  ability increased with age, which confirms thatsheeceptors play an important part in immune
628  surveillance throughout the different life stagéps Additionally, anti-bacterial protection is

629  provided through the expression of lysozyme. Thidgn is one of the maternal immune factors
630 that are transferred to the egg and it has beeatidel in the early life stages (oocytes to laredie)
631  various fish species [90,91]. For example, in brdmatlysc was constitutively expressed from the
632 unfertilized egg to three weeks post hatch [60thimpresent study, mRNA of c-type lysozyme
633  (lysc) were detected from day O onwards, and expressareased constantly during development
634  resulting in the highest expression at the stagestffeeding. This, together with the above

635 described results dir2 expression and the presence of skin lectin at8mgapanese eel [25],
636 indicates that innate antibacterial protectionnsmaportant factor in the immunological protection
637 during early larval development in eel.

638 The cytokines TNFx and IL1$ induce a cell signalling cascade leading to alammfatory
639 immune response after detection of pathogen angedassociated molecular patterns (PAMPSs,
640 DAMPS) by respective receptors [28]. During eelogieiny, expression olflf increased steadily
641 indicating an increase in the potential to moupt@inflammatory immune response and also the
642  presence of cytokine producing immune cells, sicimacrophages. Another indicator for the

643  presence of these cells is the increasing expressiohc2 throughout eel larval development. On
644  the contrarytnfa was not expressed during the first 18 dph. Thiery dissimilar to patterns

645 observed in brown trout and rohu [60,61]. The dffacabsence dhfa would have on the innate
646 immune response however needs to be establisiadher infection studies. Both interferon

647  regulating receptors studied, exhibited a steadseamse throughout larval development. This is
648  similar to a study on zebrafish wheré also increased during the course of larval devetyg

649 [20]. As IRFs regulate the transcription of intedies (IFNs), they are involved in the innate

650 immune response to viruses. It can therefore henaesd that the potential of the eel larvae to mount
651 an anti-viral immune response increases througtevetlopment and is already present during the
652  very early life stages.

653

654 A previous study [35] indicated a stratified suadicurve in European eel larvae, i.e. low
655 initial mortality, followed by a steep decline iargival until mortality subsides. Similar patterns
656  have also been observed in various fish specidsasiturbot [39], winter flounder

657  (Pseudopleuronectes americanus) [92], Pacific herring Clupea pallasii) [93], and cod Gadus

658 morhua) [94] larvae. A period of unusually high mortaldyring fish larval development has
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previously been proposed under Hjort’s criticalipeéthypothesis and this critical period directly
influences recruitment [95]. Previous studies linis period of high mortality to feeding success,
size, predation, and life history strategy [95—%dwever, since such critical periods can also be
observed in culture, it could, in addition, be Bakio pathogen sensitivity, meaning that eel larvae
are immunocompromised during early development.r@sults indicate a sensitive phase (from ~1
dph to approximately the stage of teeth-formataunrjng which larvae most probably are

immunocompromised and hence highly susceptiblatbqgens (conceptualised in Fig. 7).
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Fig. 7: Conceptual overview -immunocompromised window during development of

European eel linked to survival.The left axis displays gene expression calculatedhie

respective rearing temperature only. Expressidii{Pwas calculated in relation to the lowest
MRNA level for each temperature. For parameteratian see Fig. 1-6. Survival (grey dashed line)
is displayed on the right axis. For survival: Lae\sfeom 12 parental combinations were stocked at
~150 larvae/L in a recirculation aquaculture sysegmipped with ~45 L aquaria (50 x 30 x 35 cm),
UV sterilizer, protein skimmer, and biofilter. La® were reared at 18°C in 36 ppt filtered (1-10
pum) North Sea seawater supplemented with artifea#tl The number of surviving larvae was

estimated per aquarium by subjective estimate ecorded.
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Thus, survival seems to be closely linked to immomngeny, which is not surprising as it is
well established that during development, innatenumity provides quick protection against the
hostile environment [6]. Obviously, the study ohgeexpression can only give an indication of
functionality and hence these findings should b&iomed in the future through studies of immune
organ development and pathogen challenge expersmadditionally, the present study only
provides a window into the ontogeny of key geneslved in the immune system and future
extensive transcriptomic studies will have to bedwcted to provide the complete picture. In order
to increase survival rates and prevent high andadgigtable mortalities in aquaculture settings, it
should thus be investigated if and how the onsét@fnnate immune system can be shifted earlier
towards the time of hatch. Possible mechanismsdvoglude maternal and larval

immunostimulation as well as steering larval micotd [39,98,99].

4.3 Temperature effects on ontogeny of the immunegstem

Temperature is an important factor influencing digude and oviparous fish are directly
exposed to it since early ontogeny. This studyetoee did not only aim to elucidate some aspects
of the European eel’s development of the immun&esybut also how this is influenced by the
ambient temperature. Together, this can providighs into larval physiology, compulsory to
defining optimal rearing conditions of Europeaniaedquaculture as well as identifying potential
effects of global warming.

In the present study, immune gene expression wasest until larvae reached the first-
feeding stage, where temperature influenced thebgtich the larvae reach that developmental
stage, i.e. 16 dph at 16°C, 12 dph at 18°C, 10alf@®°C and 8 dph at 22°C [34]. At the lower end
of the thermal spectrum (16°C) immune defencesaggeto be impaired as development is
delayed and immune protein activity might be redid®0].

To compensate for the thermal effect on developnvemtanalysed the influence of
temperature at specific larval stages as well agaltime age (at specific dph). Expressiomngaf
as well as oflr2 was temperature independent. This indicates taLinoglobulin protection
against pathogens at hatch and pathogen dete¢éidrLiR2 will not be impaired within the thermal
window for larvae. Similarly, there was no effe€rearing temperature on interferon regulating
factors and interleukifi. Also, no statistically significant effect of réay temperature was detected
on c3 expression. Howevec3 mMRNA levels reflected a temperature dependentdserof yolk-

sac area (described in [34]). A temperature effednitial protection especially during
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temperatures close to the critical thermal maxinfuen CTyax> 22°) can therefore not be
excluded. Furthermore, the expression of two studenes (i.emhc2, lysc) was temperature
dependent. This thermal influence on c-type lysozyvas surprising as especially innate immune
parameters are seen as relatively temperatureendept [101]. Immune-related gene expression
was particularly affected at 22°C, which is closéhte upper thermal limit of these larvae [34]. The
observed overshoot of immune-related gene express$ia2°C at the first-feeding stage (8 dph)
correlates with an increased expression of heatkspiteins 70 and 90 in the same larvae [34].
This is an indication of temperature induced calgtress and an immune response towards
damaged cells [102]. Protection against pathogetisuis probably impaired at temperatures close
to the critical thermal maximum (G, which in culture under sub-optimal rearing sckeman

be crucial to survival, while in nature heat wagaes rising sea surface temperatures could increase
larval mortality and hence negatively impact gleskrecruitment.

To summarize, this study provides new moleculalsttmstudy the immune system of eels in
response to internal and external factors. Immeteted genes were shown to be influenced by
developmental age, the environmental temperatsre/edl as the associated interactions. In
conclusion, the observed ontogeny of the immungorese has to be taken into account to optimise
rearing conditions and disease prevention protgeots timing of vaccination, immunostimulation
treatments) oA. anguilla in culture as it is linked to protection againathmpgens and larval

survival.
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Highlights

Our main findings include:

A molecular tool-box was developed to study immunity in European eel

1118 and mhc2 were up-regulated in response to AngHV-1 infection.

Elucidation of the molecular ontogeny of the immune system in European eels
Temperature influenced expression of some immune genes during larval development.
A potential immunocompromised period during larval development is discussed.



