10

11

12

13

14

15

16

Ontogeny of the circadian system during embryogsnesainbow trout
(Oncorhynchus mykiss) and the effect of prolonged exposure to contilsuou

illumination on daily rhythms ober1, clock, andaanat2 expression

Andrew. Davie', Jose A. Sanchez Luisa M. Vera?, J. Sanchez-VazquézH. Migaud*

! Institute of Aquaculture, University of StirlingtiBing, UK

2 Faculty of Biology, Department of Physiology, Unisiéy of Murcia, Murcia, Spain

Corresponding author:

Dr Andrew Davie

Institute of Aquaculture

University of Stirling, Stirling, UK, FK9 4LA
Tel: 00441786 467988

Email: andrew.davie@stir.ac.uk




17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

Abstract

It is widely held that the development of the ciiee system during embryogenesis is
important for future survival of an organism. Warkteleosts has been, to date, limited to
zebrafish, which provides little insight into theversity of this system within such a large
vertebrate class. In this study, we analyzed tkkalkpression operl, clock, andaanat2 in
unfertilized rainbow trout oocytes and embryos rtamed under either a 12:12 light:dark
(LD) cycle or continuous illumination (LL) from felization. 24-h profiles in expression
were measured at fertilization as well as 8, 21aft] 57 days postfertilization (dpf). Both
perl andclock were expressed in unfertilized oocytes and allrgoriic stages, whileanat2
expression was only measureable from 8 dpf. A reoludn bothperl and clock mean
expression level between unfertilized oocytes/Ofleimbryos and 8-9dpf embryos was
suggestive of a transition from maternal RNA to egehous mRNA expression. While
aanat2 expression was not clearly associated with phatieditions, photoperiod treatment
did alter the expression gierl and clock expression/rhythmicity from as early as 8 dpf
(perl), which could suggest the presence and functignaf an as yet unidentified
“photoreceptor”. As a whole, this work demonstsatbat clock systems are present and
functional during embryonic development in rainbdwout. Further studies of their
expression and regulation will help understand hthe environment interacts with

embryonic development in the species. (Author apoadence: andrew.davie@stir.ac.uk)

Keywords:perl, dock, aanat2, rainbow trout, embryo, circadian rhythms



39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

Introduction

The clock gene system has been shown to play atnadtof roles across the animal
phylum. In essence, this transcription-translatato-regulatory feedback loop provides a
self-sustained timekeeping system, either dirdotked to the clock mechanisms themself or
via secondary messengers to maintain a wide rafgéythmic processes from cellular
cycling to behavioral rhythmicity in synchrony witlthe surrounding environment
(Pittendrigh, 1993). A basic question about theybddck is when does the system start to
cycle, and how does light affect its developmerg.r@viewed by Vallone et al. (2007), the
zebrafish has proven to be a useful subject in tbspect, exhibiting a clear cascade of
rhythmic activity becoming evident as the fish depe Work by Dekens & Whitmore (2008)
has shown that a molecular clock analogous to #ieafish “peripheral clock” is in fact
present and light-entrainable in early embryonitsgarior to the development of any known
specialized light-receptor structures, and thigklstarts to endogenously cycle within 12 h
postfertilization. The same authors proposed tisathe embryo develops so the cellular
clocks are passed on during differentiation andmaltely mature into the hierarchical
circadian system.

Traditionally, it has been viewed that a key nide® in the initial development of the
circadian system is differentiation of the pinedngl accompanied by the pineal-specific
expression of the rate limiting enzyme of melatosymthesis, namely, serotonin N-acetyl
transferase 2 agnat2) (Gothilf et al., 1999). In the Zebrafish, pineglecific aanat2
expression is evident within the first 24 h posthatwhile endogenous rhythms @&anat2
expression can be seen from the second day of egdmgsis (Gothilf et al., 1999).
Furthermore, in zebrafish, as with many other t&lexpecies, it appears that the pineal
develops photoreceptors before the retina doestharsd the pineal has been described as the

first light sensitive element of the circadian axts form (Ostholm et al.,, 1987, 1988).
3
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However, it should be noted that irrespective & timing of photoreceptor development,
neural connections from both the retina and pineathe brain are formed later in the
ontogeny, and in actual fact they do so withindame time frame (Ostholm et al. 1988).
Clock-gene ontogenetic studies in fish have beefopeed on zebrafish embryos,
which are short lived, taking 24 hours to developstnof their key anatomical structures
before hatching and emerging as fully developedaaat around 72 h (Kimmel et al. 1995).
Clearly, the identification and description of degmmental landmarks for embyogenesis in
the context of biological rhythms is restrictedashort window of only 3 light-dark (LD)
cycles before the larvae hatches. On the contmraipbow trout Oncorhynchus mykiss)
embryos are among the largest of all teleosts akdstup to two months to develop and
hatch (temperature dependent) (Ballard, 1973a) provides a greater range to explore the
development of the circadian axis in parallel tbeotdevelopmental milestones and thus
could provide insight into the diversity of the ckegeneration system within teleosts. In the
current work, we have investigated the ontogengielf rhythms in the only two clock genes
described in trout to datel¢ck and perl) along withaanat2 expression in rainbow trout

embryos and alevins reared under either LD cyclesontinuous (LL) lighting conditions.
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Materials and Methods

Animals and experimental procedures

Broodstock rainbow trout previously reared undeiraulated natural photo-thermal
cycle at the Niall Bromage Freshwater Researchlifiesi(Institute of Aquaculture, Stirling,
Scotland, 56°02'35"N/4°00'26"W) were stripped aturity (27:3%). Eggs were fertilized 4
h after sunrise or zeitgeber time 04:00 (ZT 04106ipg a standard dry fertilization technique,
with the eggs then being split equally£ 1000/treatment) and laid down in a monolayer in
an egg incubation tray, which was thereafter subgeto either continuous illumination (LL)
or an alternating 12 h: 12 h LD photoperiod witfhts switching on at ZT 00:00 and off at
ZT 12:00. Eggs remained in the trays for the rechairof the experiment and were inspected
and any dead eggs were removed every second daphning. At 40 days post fertilization
(dpf), which equated to 280 °C-days, eggs were iphlg “shocked” to remove unfertile
eggs (Piper et al., 1982). During incubation, watexs continuously aerated, and water
temperature averaged 7.1 = 0.1 °C. At fertilizatié®, 150, 300, and 420 °C-days (8, 21, 42,
and 57 dpf respectively), embryos were collecteztyd h over a consecutive 24-h period. In
addition, during the first 24-h sample, unfertilizeocytes (submerged in ovarian fluid),
maintained at the same constant temperature anphobperiod, were sampled at the same
times as the fertilized embryos. During samplingbeyos/alevins (n = 6) were individually
snap frozen over liquid nitrogen vapor and themdfarred to -70°C storage for later
processing. All procedures were performed in acmoed with the Animals (Scientific
Procedures) Act, UK, 1986, under the approval eflttal ethical review board (Institute of
Aquaculture, Ethics board), and in accordance \lith ethical standards of the journal

(Portaluppi et al., 2010).

RNA extraction and cDNA synthesis
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Embryos were thawed in 1 ml TRIzol® Reagent (lrogen, UK)/100 mg of tissue
over ice before homogenization using a IKA UltrawBx disperser and RNA extracted in
accordance with guidelines (Invitrogen, UK). RNAllpes where reconstituted in MilliQ
water. RNA quality checks were performed with a B0 Nanodrop spectrophotometer
(Labtech Int., East Sussex, UK). Furthermorgyglof total RNA was analyzed on a 1%
agarose denaturing RNA gel electrophoresis, showibgsomal RNA of good quality.
cDNA was synthesized using 1 ug of DNAse-treateNAEFree, Ambion, UK) total RNA,
25 puMof a 3:1 blend of random hexamers and anchored dligy, 500 UM dNTPs, and 200
units of SuperScript! Il RT reverse transcriptase with provided buffalt from Invitrogen,
Paisley, UK) in a final volume of 20 pl. Reactiongre incubated for 60 min at 42°C

followed by 70°C for 15 min. All samples were thsored at -70°C prior to gPCR analysis.

Synthesis of clock, perl, and aanat2 cDNA

Real-time quantitative polymerase chain reactioRPGR) assays were used to
guantify the expression daflock, perl, and aanat2. Accession numbers of the published
sequences used to design primers are shown in TabM primers were designed using
PrimerSelect Ver. 6.1 program (DNASTAR, www.dnasiam).

Partial cDNA sequences for each target were geseray PCR using 0.5 uM of
primers (clkF, clkR; perlF, perlR; aanat2F, aanpt2iRe eighth (2.5 pl) of the cDNA
synthesis reaction, Klear Taq polymerase with seddbuffer (Kbiosciences, Beverly, UK),
and 2.25 mM MgGl in a final volume of 20 ul. The following hotstdPCR strategy was
used: 15 min 95°C, 29 cycles 95°C 30 s, X°C 3025C71 min/kb of product size, where
annealing temperature X = 58, 60, 60, and 59°Clfmk, perl, andaanat2, respectively. All
primer pairs generated a single PCR product that el@ned into a 2.1 plasmid (Topo TA,

Invitrogen, Paisley, UK) and sequenced (CEQ-8806kBwmn Coulter Inc., Fullerton, USA).
6
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The identities of the cloned PCR products were thenfied (100% overlapping) using

BLAST (http://www.ncbi.nlm.nih.qgov/BLAST)/

Sequence analysis
Sequencing was performed using a Beckman 8800 eapiescer. Lasergene

SEQman software (DNASTAR, www.dnastar.gomas used to edit and assemble DNA

sequences. ClustalW (Thompson et al., 2000) wad tesgenerate multiple alignments of
deduced protein sequences. MEGA version 4 was (isedura et al.2007) to deduce and

bootstrap phylogenetic trees using the neighbaingimethod (Saitou & Nei, 1987).

Quantitative PCR

All cDNA for gPCR was synthesized using Supers&¥ft reverse transcriptase and
supplied buffer components (Invitrogen, Paisley,)dkd an oligo-dT primer (as described
above). qPCR primers foclock, perl, aanat2, and the reference gengsactin, and
Elongation factor a (Table 1) were used at 0.5 pM, with one-fortiethttee total cDNA
synthesis reaction and SYBR-green gPCR mix (ABgEpepm, UK) in a total volume of 20
pl. The thermal cycling protocol run in a Technea@tica thermocycler (Techne, Quantica,
Cambridge, UK) consisted of 15 min at 95°C followsd45 cycles of 95°C for 15 s, X°C for
15 s, and 72°C for 30 s followed by a temperatarmap from 70 to 90°C for melt-curve
analysis. The annealing temperature (X) was chaagefdllows: 56°C forclock, 66°C for
perl, 64°C foraanat2, 62°C for S-Actin, and 61°C forElongation factor a. Melt-curve
analysis verified the primer sets for each gPCRuyagenerated one single product and no
primer-dimer artefacts. In addition, a random sampf each qPCR product was than
sequenced to confirm its identity and was fountded.00% identical to its relative sequence.

Quantification was achieved by a parallel set atctions containing standards consisting of
7
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serial dilution of spectrophotometrically deterndndinearized plasmid-containing partial
trout cDNA sequences generated as described alddvsamples were run in triplicate
together with non-template controls, standards, iatenal controls to correct expression
levels between plates. Results from the fertiiratind 60 °C-day samples were normalized
with a correction factor generated from the geometean ofs-Actin and Elongation factor

a. While results from 150, 300, and 420 °C-day samwia® normalized t@-Actin only due

to financial limitations.

Satistical analyses

Statistical analysis was performed using the IhSatistical package (V 3.01;
GraphPad Software Inc., San Diego, USA). Significeamiation in expression within a given
24-h period under a specific lighting treatment wested by one-way analysis of variance
(ANOVA). Data were first assessed for normality thg Kolmogorov-Smirnov test and for
homogeneity of variances by Bartlett's test, withdata being log transformed to ensure
equal variance. Post-hoc comparisons were appbketurukey’s test. A significance @f
<0.05 was applied to all statistical tests perfatmall data are presented as mean + SEM
(standard error of the mean).

To model the rhythmic nature of the expressioradat non-linear regression also
referred to as cosinor analysis was used to fitthey method of least squares, the cosine
function:

Y = A+BxcosCx X —D)
Where Y is the copy no./pug of totRNAA is the baseline copy no./pg of totRNA, B is the
waveform amplitude (one-half of the peak to trougiriation determined by the cosine
approximation), C is the frequency multiplier (setthe fix period of 24 h), and D is the

acrophase (peak time of the cosine approximatiGoksinor analysis was performed using
8
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Spain). Where a significanp 0.05) 24-h cosine function could be fitted, themssion

pattern was described as being rhythmic.
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Results

Embryo devel opment

Embryos developed normally: eyeing was complet@®ylpf (200 °C-days) in both
treatments, while hatching began at 48 dpf (34@&ags) under both treatments and was
completed by 51 dpf (362 °C-days) under the LDtmneat and by 53 dpf (379 °C-days)

under LL conditions.

Clock & Perl

Both clock and perl were actively expressed in rainbow trout oocyted embryos
from fertilization through to hatched alevins. Hmrl, mean expression levels decreased
significantly between unfertilized/0-1 dpf and &1pf, then increased back to original levels
at 21-22 dpf, and, thereafter, remained the samieareased further in both photoperiod
treatments (Table 2Perl was measureable in unfertilized oocytes and etddlsignificant
variations in expression over the 24-h period; hewethis was not rhythmic, i,edid not fit
a cosinor waveform (Figure 1, Table 3). In theilieegd embryos exposed to LD conditions,
there was no significant variation in expressionpanl expression at 0-1 dpf; however,
thereafter there was significant variations in esgron levels during each sample window
from 8-9 dpf to 57-58dpf (Figure 2). Cosinor arsadyrevealed rhythmic expression in these
conditions with the expression peaking (i.e., abhege of the rhythm) just before lights-on in
all cases (Table 3). Under LL conditions, there wasignificant variation in expression over
the 24-h period at 0-1dpf and 57-58 dpf (FigureRzixthermore, while there were significant
variations in expression across the 24-h period2a43 dpf, this expression did not fit to a
cosinor cycle. Expression was rhythmic at 8-9 dpf 21-22 dpf; however, the acrophase of
the expression was significantly different in bottses, being ZT 20:14 + 1:12 and ZT 22:55

+ 0:44, respectively (Table 3). As witperl, clock mean expression levels showed a
10
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significant reduction at 8-9 dpf compared to unliegd oocytes/O-1dpf embryos; however,
levels thereafter exceeded 0-1 dpf levels for #mainder of the trial (Table 2). Equally,
clock was measureable in unfertilized eggs, and whilke did vary over the subsequent 24-h
period, this pattern was not rhythmic (Figure 1pl€a3). In the embryos exposed to LD
conditions,clock expression showed significant variations in expogstevels over the 24-h
period at 0-1, 42-43, and 57-58 dpf (Figure 3).i@@sanalysis revealed expression in these
conditions was rhythmic and peaked just prior ghts-on, between ZT 23:06 and 00:08
(Table 3). Under LL conditions, there was significgariations in diel expression dfock at

all times, with the exception of 21-22 dpf; howevérnis expression was not rhythmic

(Cosinor analysip > 0.05) (Table 3).

aanat2

The expression adanat2 was not detectable using the current method iertinzed
oocytes (data not shown), nor in 0-1 dpf embryaguife 4). Thereaftermanat2 expression
was detectable with mean expression levels risiggfscantly from 8-9 dpf to their highest
levels at 21-22 dpf before reducing back to a |leahparable to 8-9dpf at the end of the
study (Table 2). At 8-9 dpf, embryos exposed to ténditions displayed significant
differences in expression levels over the 24-hgoeiowever, this was not clearly associated
with lighting treatment and did not fit to a cosirrycle (Table 3). At 21-22 dpf, significant
elevations in expression were evident within thek gdnase of the LD treatment (ZT 14:00 &
18:00), while significant increases in expressi@ravevident in LL treatment at ZT 10:00 &
14.00. Thereafter, under LD, expression peaketeaehd of the dark phase (42-43 dpf) or in
the early morning (57-58 dpf), while under the Landitions no clear patterns in expression

were evident. The expression patterns was rhythami@1ldpf under both LD and LL

11
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Discussion

The present study reveals thpgrl and clock are actively expressed throughout the
embryonic development of rainbow trout and thatirtlexpression is influenced by light
conditions prior to the reported development of Wwnopineal or retinal photoreceptive
structures. Furthermore, expression is presettiarearly phases of development and even
within unfertilized eggs, which suggests that clgene expression in these early stages may
be from maternal origin.

To date there has been no diel expression measuateoh eitherperl or clock in
rainbow trout, existing work being restricted taadbzation studies with limited temporal
profiling (Brierley et al., 1999; Mazurais et aR000). Since this original work, our
understanding of clock genes, and variety of pehoghologues in teleosts in particular, has
increased (Wang, 2008). Thus, ansilico analysis of the registered rainbow trqaerl
fragment was performed to confirm its identity. Tteylogenetic analysis revealed that it is
nested within th@er1b (previously referred to g®r4) node of teleost period genes (data not
shown), in accordance with the classification ofriyg2008). The translated 411bp partial
cDNA fragment possessed between 74 and 84% identity all registered teleost PER1b
protein sequences. The expression pattern of pendt, peaking close to lights-on/sunrise
under LD conditions, is a typical pattern of exgies for this gene in fish, including
Zebrafish (Tamai et al.,, 2005), Golden rabbitfishgénus guttatus) (Park et al., 2007),
goldfish Carassius auratus) (Velarde et al., 2009), and European seabBssertrarchus
labrax) (Sanchez et al.,, 2010). In the present study,sigmificant variations inperl
expression were measurable in fertilized eggs und®ror LL conditions in the 24-h
following fertilization. Thereafter, a rhythm whigieaked just prior to lights-on was evident
under LD conditions, while no consistent rhythm agmed under LL. Within teleosts the

entrainment of clocks during early embryonic depetent has only been studied in
13
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zebrafish, with the early work being reviewed bylldae et al. (2007). Hurd & Cabhill (2002)
previously demonstrated that while robust locomattiivity rhythms are present in zebrafish
from about 5 days post fertilization, these behalichythms are dependent on the
entrainment of an endogenous pacemaker mechangtstidrts during the second day of
embryogenesis and matures by the fourth day. Tignal hypothesis that a functional,
rhythmic, pacemaker was transferred via maternalNlRDelaunay, 2000) has been
superseded by the work of Dekens & Whitmore (2008gse authors demonstrated that the
embryonic clock starts autonomously within 12 h tfesslization and is marked by the
increase irperlb at the end of the first day of development andbfeéd thereafter by robust
cycling peaking just after sunrise under LD comhi. However when zebrafish embryos
were maintained under DD conditions following theitial rise in perlb at 12 h
postfertilization, expression remained constanteaer. In the present study, when rainbow
trout embryos were maintained under LL conditiomgjthmic expression was apparent at
both 8-9 dpf and 21-22 dpf; however, thereaftes thythm was lost. DD conditions were not
tested in the present study due to technical lioita. These results are suggestive in the first
case of a pacemaker that over time is becomingndésgnized through lack of entrainment
leading to arrhythmia. In the Zebrafish PAC2 fibdesh cell line, Vallone et al. (2004)
reported thatperlb expression was suppressed by constant illuminatiod became
arrhythmic within 72 h. The difference in time frasto reach arrhythmia suggests that the
in-vivo situation in trout is more complex. It is possikiat the arrhythmia could be within
an individual’'s pacemaker network, or it could heedo sampling individuals cycling at
different endogenous times, or in fact both sitwati could prevail, but this could not be
resolved with the methods of our studies here aedce, requires further investigation. In
addition, our results may also indicate the presesned functionality of a ‘photoreceptor’

(deep brain photoreceptor?) that can entrain rhiglaxpression prior to the development of
14
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any such known structure in salmonids (Ostholm, 7)98~hich demands further
investigation.

Clock mRNA expression in the 24 h postfertilization wagthmic and peaked just
prior to lights-on under LD conditions; howeveristthythm was not evident at 8-9 or 21-22
dpf, but then did return again at 42-43 and 57-pB nder LL conditions, there was no
significant rhythm in expression. Reports dbck expression in salmonids are limited.
Mazurais et al. (2000) was unable to detect anjatian in clock expression in the brain of
juvenile rainbow trout between 2 and 12 h posttigin usingin-situ hybridization, while
Davie et al. (2009) demonstrated a daylength-degr@néxpression in Atlantic salmon
(Salmo salar) parr brains wherelock was rhythmic only under short-day photoperiods and
peaked in the middle of the dark phase. In zetnafihythmicclock expression has been
described to peak in the late-photophase to mithpbase, depending on the tissue studied
(Cermakian et al., 2000; Pando et al., 2001; Whiemet al., 1998); however, during
embryogenesis, Dekens & Whitmore (2008) reportatidiock expression is arrhythmic. It is
possible that the current results support the thgsis of Dekens & Whitmore (2008) that
core circadian clock genes are differentially reged during the embryonic development in
teleosts, though more research is needed to cottfisn

For bothperl andclock, it is evident that mean expression levels were paable
between unfertilized oocytes and just fertilized beyos. Furthermore, these levels
significantly declined from 0-1 to 8-9 dpf befoerovering and exceeding initial levels at the
later stages of development. Similar transitionglock-gene expression levels have been
reported in zebrafish, in which it has been degctias a progression from maternal mMRNA
that breaks down by the midblastula stage (~4 bpfpre endogenous zygotic expression
beginsde novo and increases as the embryo develops (Dekens &nwWite, 2008; Ziv &

Gothilf, 2006). In rainbow trout, it has been sugigd that embryo genomic transcription
15
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activation (EGTA) begins from about 4 dpf at 8.5i1@nhatieva & Rott, 1970); however, the
onset of EGTA appears to be transcript specificeLal., 2007; Yang, 1999). Thus, in the
current study, it is likely that the 8-9 dpf prefl are a reflection of the endogenous
embryonic pacemaker expression that then incremsélse embryo develops. By 8 dpf, the
trout embryos are in the middle of gastrulationv@depment window = 40-70 °C.days
according to Ballard (1973a)), which aligns witte tdevelopmental stage when zebrafish
endogenous clocks initiate (Dekens & Whitmore, 2088 such, it appears that the salmonid
embryo may prove to be an interesting subject @re®re more closely the ontogeny of
embryonic clock evolution and specifically the sdion from maternal to endogenous clock
cycling due to its protracted embryonic development

The expression adanat2 in zebrafish embryos has been proposed to actnaarieer
for pineal photoreceptor development and clock fioning (Gothilf et al., 1999), and it was
for this reason it was included in the present wdfkhile aanat2 expression was not
detectablein unfertilized oocytes nor newly fertilized embsyoits expression was
measureable from 8-9 dpf onwards, by which timer#ingbow trout embryos are in the early
stages of gastrulation (Ballard, 1973a). Gothilfabt(1999) reporte@danat2 expression in
zebrafish embryos from 22 h postfertilization lopadl to the midline of the roof of the
diencephalon. Development is clearly faster in fpscies, and as such zebrafish embryos of
this age would be at the 26-somite stage (Kimmell.etL995), where the sculpturing of the
brain rudiment is already quite advanced. The pdggi that expression at this early
developmental stage was of maternal RNA origin iap@sed in soleSplea senegalensis)
(Isorna et al., 2009) has to be rejected, as itvodasletectable at the earlier timepoint. Thus,
it would be interesting to localize this eadgnat2 expression in rainbow trout to see if it
maps closely to regions destined to form the beaircellular fate is already determined by

this stage of gastrulation in trout (Ballard, 19¥.3n the subsequent cycles, there appeared
16
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no consistent or robust expression pattern. Meanession levels were at their highest at 21-
22 dpf due primarily to extremely high levels ofpegssion at ZT 14:00 and 18:00 under the
LD photoperiod and ZT 10:00 and 14:00 under thepdHhotoperiod. In both cases, these
peaks represented a >70 fold increase comparedagal lexpression levels. Thereafter,
expression levels showed a marked decline and sjag&Hic expression in the LD treatment
was not apparent. The lack of a consistent rhythpattern inaanat2 expression in
comparison tgerl, under the LD conditions, could be an indicatioatbanat2 expression is
not regulated by clock genes in rainbow trout, @vipusly suggested by Begay et al. (1998).
The authors reported thatnat2 expression, in the rainbow trout pineal at leasarrhythmic
and not responsive to light treatment. The disconoe between clock rhythms and
melatonin synthesis in salmonids has been reporeal number of occasions (e.g., Bolliet et
al., 1996; ligo et al., 2007); however, reasongherdisconnection are lacking. In the closely
related Chum salmorOficorhynchus keta), Shi et al. (2004) reported no differences betwee
day and nightanat2 expression levels in the brain (samples includeéadigland) until after
hatching; however, they did observe significant -deght alterations in ocularanat2
expression during late embryogenesis and up to ¥s daosthatching. It must be
acknowledged that the whole embryo approach adaptdee current study negates detection
of such tissue-specific expression profiles. Howgeve general, it appears thaanat2
expression during embryogenesis in teleosts doe®i@ny a consistent pattern. In zebrafish,
robust cyclic expression is measureable from tleerset day of embryogenesis (Gothilf et al.,
1999). In sole, rhythmic expression was not apgatanng embryo development, nor during
larval metamorphosis. However, it was present duanbrief window in larvae following
hatching (Isorna et al., 2009), while no significalay night cycling could be measured in
turbot embryos (Vuilleumier et al.,, 2007). Clearthe functional significance cdanat2

expression in relation to embryonic developmentdeet® be studied in a species-specific
17
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384

manner. In the case of rainbow trout, it would bgortant to localize expression and
subsequently explore the regulatory mechanismsanbt2 expression to dissociate the
endogenous, i.e., clock genes (Appelbaum & Gotl2906), versus exogenous, i.e.,
photoperiod and temperature (Begay et al., 1998 of this mechanism.

Studies performed to date on the development, iantemt, and functional
significance of clock systems during embryonic depment, in a wide range of species, has
suggested that while the system may not be eskéstiaormal embryogenesis, its presence
and normal development during this phase is esddatilater survival (Vallone et al., 2007).
In teleosts, work in this field has focused on aéibh due to its inherent advantages as a
model species; however, the embryonic phase i sher to the rapid development which
restricts the opportunity to investigate the clegktem. Current results in rainbow trout draw
clear parallels with reports in zebrafish (DekensMhitmore, 2008), and it is, therefore,
suggested that trout embryos could be a produntivéel to study more closely the ontogeny
of clock mechanisms and key processes, like thesittan from maternal RNA signalling to
endogenous expression. Overall, this work suggisisthe traditional view of salmonid
embryo development and, in particular, the onsetemfironmental entrainment should
perhaps be re-examined due to advances in our staddig of these mechanisms in other

species.
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Table 1. Primer name, sequence, predicted amplicon smmkeG®nBank accession number
for the different genes studied.

Name Sequence Product Accession
size Number
perlF 5'—-GCCCAGCCCCACCCAGCAGT-3
410 bp
perlR 5 -TCGGCCCGTCAGGAAGGA- 3’
AF 228695
Qpcr perlF 5 —ACGCCCTCCAGTACGCCCTGAAC-3 97 b
p
Qpcr perlR 5 —-AGGCTGCAGCCGTGACACTCCTC- 3
clkF 5 — GCAACACCCGAAAGATGGACAAGT -3
546 bp
clkR 5 —-AAGCGGGCCGGAGTGACC- 3
AF 266745
Qpcr clkF 5" —AGAGACGCTAAGGCCAGAGTATC- 3 168 b
Y
Qpcr clkR 5 —AAGCCATTTCGAGTTGAGTTAGG- 3’
aanat2F 5 -GGAGGGCCCTGCTGGTCTGT - 3
831 bp
aanat2R 5 —-AGGGGGTCGGGATGCTGTCT- 3
AF 106006
Qpcr aanat2F 5 — CCGTCACCACCCCGCTCATAATCA -3’ 101 b
Y
Qpcr aanat2R 5 - GTGTGGTCTGGACGGTCAACTGTG -3
actinF 5 —ACCGCGGCCTCCTCTTCCTCT-3
1040 bp
actinR 5 —-GTCCCTCTGGCACCCTAATCACC-3
AB 196465
Qpcr actinF 5 —-GCCCTCTTCCAGCCCTCCTTCC-3 147
Y
Qpcr actinR 5 —-GCCGGGGTACATGGTGGTTCCT-3
eloAF 5 —-TTCAAGTATGCCTGGGTGCTGGAC- 3’
1223 bp
eloAR 5 —-TACCGGCCTTAACAGCAGACTTTG- 3
NM_001124339
Qpcr eloAF 5 —-TCTGGAGACGCTGCTATTGTTG- 3
182 bp

Qpcr eloAR

5" —-GACTTTGTGACCTTGCCGCTTGAG- 3

486
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Table 2. Mean expression levels (copy no.fatRNA) for clock, perl, andaanat2 during rainbow trout embryogenesis.

perl clock aanat2

LD LL LD LL LD LL

Unfertilised 7131+ 694 - 3149 + 38%° - - -

0-1 dpf 7886 £ 808 7131 +694 2832+ 358 2553 + 301 - -

8-9 dpf 1173 +212 1175+196 115+ 24 119 + 18 1198 + 195 1291 + 175
21-22 dpf 6386 + 1421 7658 + 1074 3973 + 508 4522 + 529 221710 + 101708 194458 + 81800
42-43 dpf 9720 + 1591 10040 + 1082 3633 + 402 3879 + 259 11966 + 2911 10527 + 1518

57-58 dpf 7849 + 618 7892 + 655 24891 + 2575 26315+ 2279 1649 + 252 4558 + 1970

N = 36 (0-1 dpf) or 42 for all other timepoints; -data not available; superscript denotes significhfiférences between timepoints for a given

treatment.

23



491

492

493

494

495

496

Table 3. Acrophase (circadian peak time) of the daily rinyshof perl, clock. and aanat2 expression in whole rainbow trout embryo/alevin

homogenates.
per 1 clock aanat2

LD LL LD LL LD LL
Unfertilized n.s. - n.s. - - -
0 —1dpf n.s. n.s. 23:06 £01:54h n.s. - -
8 — 9 dpf 23:31 £00:59h 20:14 +01:12 n.s. n.s. n.s. n.s.
21 — 22 dpf 23:12+02:21h 22:55+00:421 n.s. n.s. 15149 £ 02:12 h 13:37 £02:36 h
42 — 43 dpf 23:56 £ 02:54h n.s. 23:47£02:49h n.s. 23:20£03:19h n.s.
57 — 58 dpf 21:50£02:48 h n.s. 00:08 £02:26 h n.s. n.s. n.s.

Acrophases were calculated by non-linear regredgion a cosine function. Data are expressed asph@se + 95% confidence intervals, n.s.
no significant rhythmic variation in expression otige 24-h period; - = data not available.

Superscripts denote significant differences in plase between timepoints within a given treatment.
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List of Figures

Figure 1. Expression ofperl (A) and clock (B) mRNA in whole unfertilized oocyte
homogenates previously maintained under LD photogearonditions. Grey box symbolizes
darkness. Data are presented as % of the meanssigrdevels + SEMnN =6/timepoint).
Significant differences between timepoints withirgi@en treatment are shown above the
bars.

Figure 2: Expression operl mRNA in whole embryo/alevin homogenates under It o
photoperiod conditions. Grey box symbolizes darknasder the LD conditions. Data are
presented as % of the mean expression levels + @EMG/timepoint). Arrow in the 0-1 dpf
graphs signifies time of oocyte fertilization. Siggant differences between timepoints
within a given treatment/developmental stage amwvshabove the bars. n.s. denotes no
significant difference in expression during a givah period. The cosinor waveform is
plotted when expression was identified as beinghrinyc.

Figure 3. Expression otlock mRNA in whole embryo/alevin homogenates under kDIo
photoperiod conditions. Grey box symbolizes darknasder the LD conditions. Data are
presented as % of the mean expression levels + @ENG/timepoint). Arrow in the 0-1 dpf
graphs signifies time of oocyte fertilization. Siggant differences between timepoints
within a given treatment/developmental stage amwvshabove the bars. n.s. denotes no
significant difference in expression during a give#h period. The cosinor waveform is
plotted when expression was identified as beinghrinyc.

Figure 4: Expression ohanat2 mRNA in whole embryo/alevin homogenates under LD or
LL photoperiod conditions. Grey box symbolizes dess under the LD conditions. Data are
presented as % of the mean expression levels + @ENG/timepoint). Arrow in the 0-1 dpf
graphs signifies time of oocyte fertilization. Siggant differences between timepoints

within a given treatment/developmental stage amwvshabove the bars. n.s. denotes no
25



522  significant difference in expression during a givafh period. The cosinor waveform is
523  plotted when expression was identified as beinghrinyc.
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