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Abstract

Exposure to regular environmental oscillations such as day/night have allowed
organisms to evolve biological mechanisms to adaptively anticipate and prepare for
rhythmic environmental change. A network of gene-protein interactions between
clock genes and their proteins comprise the molecular clock mechanism at the heart
of regulating biological rhythms. Though this is an endogenous and self-regulating
system, elements of this network can be entrained by exogenous biotic and abiotic
factors. This synchronisation process between environmental cycles and endogenous
rhythms is facilitated by cues like light and temperature, which influence clock gene
expression patterns.

Marine bivalves often inhabit intertidal habitats under the influence of
numerous oscillating environmental conditions, though little is known about how they
regulate their biological timekeeping. In this thesis, we investigate the molecular
regulation of biological rhythms in the ecologically and commercially important blue
mussel, M. edulis, over different timeframes. For the first time in this species, we
isolate and characterise a number of clock genes (Clk, Cryl, ROR/HR3, Per and Rev-
erb) and clock-associated genes (ARNT, Timeout-like and aaNAT). Rhythmic clock
gene expression is demonstrated in the absence of light cues, indicative of endogenous
clock control. Differential expression of Cryl expression between males and females
under the same conditions indicates sex-specific regulation and/or function. In
addition, diurnal temperature cycles modulated the otherwise rhythmic expression of
Rev-erb to constant levels demonstrating an interaction of temperature with clock
function. Instances of seasonal clock mMRNA expression differences were found, in

addition to a number of other putative seasonal genes, indicating a possible mechanism



by which seasonal cues can inform rhythmic biological processes.

Understanding the influence of environmental cues on the molecular clock is
essential in predicting the outcomes of future environmental change on fundamental
rhythmic processes, in particular the impacts of decoupled environmental cues on the

already highly dynamic and stressful intertidal zone.
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Diagrams of larval stages are from Field (1922). .......ccccoeviiiiveie e 41

Figure 1.11 Summary of the hypothesised link between environmental cues e.g.
photoperiod, the molecular clock mechanism, and rhythmic outputs e.g. seasonal
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Figure 2.1 Partial alignment of the sea slug A. californica Timeless homolog (GenBank
accession XM _005099638.1) with polychaete P. dumerilii Timeout (KF316923.1).
Vertical lines show identical nucleotides and highlighted areas show the locations of
the degenerate primer pair, Tim_New_1F and Tim_New_1R (Table 2.1), designed for

testing on M. edulis. Numbers show the nucleotide positions in each sequence......57

Figure 2.2 Partial multiple species amino acid alignment of partial blue mussel M.
edulis CLK (GenBank accession KJ671527) with CLK from the Pacific oyster C.
gigas (EKC28478) and the mouse M. musculus (AAD30565). The 3’ end of the
alignment has been cropped. Dashes represent gaps in the alignment, asterisks
represent homology, colons represent conserved amino acid substitutions (similar
chemical properties) and dots represent semi-conserved amino acid substitutions
(similar conformation). Functional protein domains are denoted by both the shaded
(Marchler-Bauer et al., 2011) and boxed (Hirayama and Sassone-Corsi, 2005) regions.
Abbreviations: bHLH, basic helix-loop-helix; NLS, nuclear localisation signal; NES,

nuclear export signal; PAS, PER-ARNT-SIM; CKI, casein kinase I. ..............cc....... 80

Figure 2.3 Phylogenetic tree of partial CLK amino acid sequences manually edited to
a length of 230 amino acids with gaps with 1000 bootstrap replicates. Sequence
GenBank accession numbers shown in brackets. Shading represents: vertebrates, red;
molluscs, green; crustaceans, purple; insects, blue. A Nuclear Receptor Coactivator 1

(NCOAL1) sequence, another member of the bHLH transcription factor family, was
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USE AS the OULGIOUP. ...eevveeeeeieeie e sttt et te e e e eeraesreeneesneenreas 80

Figure 2.4 Multiple species amino acid alignment of partial M. edulis CRY1 (GenBank
accession KJ671528) with CRY1 from the Hawaiian bobtail squid E. scolopes
(AGJ94014) and CRY-like protein from the Pacific oyster C. gigas (ACV53158).
Symbols are as described for Figure 2.2. Shading denotes a functional protein domain
identified based on the M. edulis sequence. Abbreviation: FAD, flavin adenine

QINUCTEOLITE. ..ottt e et e e e e e e e e e eeeeas 82

Figure 2.5 Phylogenetic tree of partial CRY amino acid sequences manually edited to
a length of 359 amino acids with gaps with 1000 bootstrap replicates. GenBank
accession numbers are shown in brackets. Shading represents: molluscs, green;
echinoderms, aqua; annelids, yellow; insects, blue; vertebrates, red. A CRY-DASH
sequence, another member of the photolyase/cryptochrome protein family, was used

8S ThE OULGIOUP. ...veeeecee ettt be e e are s 82

Figure 2.6 Multiple species amino acid alignment of blue mussel M. edulis ARNT
(GenBank accession KJ671529) with abalone H. diversicolor ARNT (AGG55386.1),
mouse M. musculus ARNT (U14333.1) and fruit fly D. melanogaster TANGO
(NM_169254.2). Symbols are as described for Figure 2.2. Shaded and boxed areas
represent functional protein domains identified in the M. edulis sequence.
Abbreviations: bHLH, basic helix-loop-helix; PAS, PER-ARNT-SIM; PAC, PAS-

associated C-terminal MOtIT. ..o 84

Figure 2.7 Phylogenetic tree of ARNT/TANGO and ARNTL/CYC/BMAL1 amino
acid sequences manually edited to a length of 395 amino acids with gaps using 1000
bootstrap replicates with values displayed on the nodes. GenBank accession numbers

shown in brackets. Shading represents: molluscs, green; crustacean, purple; insects,
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blue; grey, lancelet; red, vertebrates; orange, tunicate; yellow, annelid. A CLOCK
sequence, another member of the bHLH transcription factor family, was used as the

outgroup (UNSNAAE).........coviiieiieece e nre s 85

Figure 2.8 Multiple species amino acid alignment of partial M. edulis TIM (GenBank
accession KX576716) with Pacific oyster C. gigas predicted Timeless homolog
(XP_011441580.1) which has a full length of 1416 amino acids (not shown here in
full) and sea slug (A. californica) predicted Timeless homolog (XM_005099638.1)
which has a full length of 685 amino acids (also not shown in full). Symbols as

desSCribed fOr FIQUIE 2.2. ..ottt 86

Figure 2.9 Phylogenetic tree of amino acid sequences of the homologs TIM and
TIMEOUT manually edited to a length of 293 amino acids with gaps (based on the
length of the partial M. edulis sequence), using 1000 bootstrap replicates with values
displayed on the nodes. Sequence GenBank accession numbers shown in brackets.
Shading represents: molluscs, green; annelid, yellow; vertebrates, red; insects, blue;
echinoderm, brown; cnidarians, black. A plant TIM sequence was used as the

outgroup (UNSNAAE).........couiiiiiiee e 87

Figure 2.10 Multiple species amino acid alignment of partial M. edulis ROR/HR3
(GenBank accession KJ671530) with putative HR3 from the oyster C. gigas
(EKC18621.1) and Drosophila HR3 (DHR3) from the fruit fly D. melanogaster
(AAA28461). Symbols as described for Figure 2.2. Shading represents functional
protein domains. Abbreviations: NR_DBD_ROR, Nuclear Receptor DNA-Binding
Domain of Retinoid Orphan Receptors; NR_LBD _ ROR-like, Nuclear Receptor

Ligand-Binding Domain of Retinoid Orphan Receptors. .........ccccocveviviiieiie e 88

Figure 2.11 Phylogenetic tree of partial ROR/HR3amino acid sequences manually
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edited to a length of 450 amino acids with gaps with 1000 bootstrap replicates (See
Section 2.2.16.3). Sequence GenBank accession numbers shown in brackets. Shaded
boxes represent: insects, blue; crustacean, purple; molluscs, green; vertebrates, red,;
echinoderm, brown. The nuclear receptor gene NR1D1 which encodes the protein

Rev-ErbA alpha was used as the QULGIOUP. ......cccveieeiieieeieceseee e 89

Figure 2.12 Multiple species alignment of the full CDS of M. edulis aaNAT amino
acid sequence (GenBank accession KX576715) with lancelet B. floridae protein
(XP_002608038.1) and marine ragworm P. dumerilii arylalkylamine N-
acetyltransferase (AlT11917.1). Symbols as described for Figure 2.2. The shaded
area shows coverage of the Acetyltransferase/GNAT domain in the M. edulis sequence

and the coloured text shows a Coenzyme A (CoA) binding pocket. ..........cccccvevenen. 90

Figure 2.13 Phylogenetic tree generated using the full amino acid sequences of aaNAT
homologs from different species manually edited to a length of 231 amino acids with
gaps with 1000 bootstrap replicates. GenBank accession numbers shown in brackets.
Shaded boxes represent cartilaginous fish, pink; plants, white; lancelets, grey;
annelids, yellow; unshaded, yeast; molluscs, green; vertebrates excluding

cartilaginous fish, red; iNSECtS, BIUE. .......c.ocveiiiiiiec e, 91

Figure 2.14 SDS-PAGE gel (12%) loaded with 5 pg protein per well and stained with
Coomassie blue R-250. Lanes 1-3 show PBS extractions from mussel tissue stored in
TRI reagent (-80 °C), RNALater (-80 °C) and no buffer (-20 °C) and lanes 5-7 show
the corresponding insoluble cell-pellet extractions using 1% SDS. Lane 4 is a positive
control PBS extraction from rat liver and lane 8 is the corresponding cell-pellet
extraction. Lane 9 shows the broad-range pre-stained protein marker (7-175 kDa)

(New England Biolabs, UK). ........cooeiiiiiiiiiiieseesese e 92
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Figure 2.15 SDS PAGE gel showing total proteins stained with (a) Coomassie blue
and Western blots showing reactivity of antibodies for human (b) CLOCK, (c) CRY1,
(d) BMALL, (e) TIMELESS and (e) ROR2 with aqueous and non-aqueous protein
extraction fractions from M. edulis (lanes 1-2 respectively), rat liver (lanes 3-4) and
whole D. melanogaster (lanes 5-6) alongside broad-range pre-stained protein marker
(7-175 kDa) (New England Biolabs, UK). Arrowheads indicate bands consistent with

the predicted molecular WeIghtS..........cccoiiiiiiicie e 94

Figure 3.1 The sampling site at Filey Beach Brigg, North Yorkshire, UK (54° 13'
longitude and 0° 16" latitude) on a map of (A) the UK and (B) the North Yorkshire
coast. Photographs of (C) the intertidal zone sampling site and (D) blue mussels, M.

edulis, attached t0 @ roCKy SUDSLIALE. ..........ccceeeiiieiecie e 105

Figure 3.2 Representative results of cDNA amplification plots (log scale) generated
from gPCR reactions containing M. edulis cDNA, FastStart Universal SYBR Green
Master (Rox) (Roche, UK) and primers at either 100 nM (b), (c), (g), (h) and (i), 300

nM (a), (d) and (e), or 500 nM (f). Abbreviations: RFU, Relative Fluorescence Units.

Figure 3.3 Representative results of melt peak plots generated from gPCR reactions
containing M. edulis cDNA, FastStart Universal SYBR Green Master (Rox) (Roche,
UK) and primers at either 100 nM (b), (c), (9), (h) and (i), 300 nM (a), (d) and (e), or

500 nM (f). Abbreviations: RFU, Relative Fluorescence Units. .........cc.ccceeevvennnn 114

Figure 3.4 Gel image of 1% TBE agarose gel stained with GelRed™ Nucleic Acid Gel
Stain (Biotium, Cambridge Bioscience, UK) showing 5 puL of qPCR product for the
following genes: Lane 1, Clock; 2, Cryl; 3, ARNT; 4, Tim-like; 5, ROR/HRS3; 6,

aaNAT; 7, EFla; 8, TUB; 9, 18S; 10, GeneRuler 100 bp DNA Ladder (Thermo Fisher
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Figure 3.5 Standard curves showing qPCR amplification efficiency of M. edulis

primers for different genes over a cDNA dilution series with R2 values displayed.

Figure 3.6 Comprehensive gene stability ranking of EF1a, TUB, and 18S from a subset
of seasonally-collected mussel samples (n=71) according to the geomean of ranking

values assessed by RefFinder (Xie et al., 2012).........cccccvveieeiieiiiiieie e 118

Figure 4.1 Diagram of mussel collection times from Filey Beach (during low tide) in
each of the different seasons in relation to daylight hours (white areas) and darkness
(shaded). Times are adjusted to Greenwich Mean Time (GMT). Early morning (red
markers) and evening (yellow) were sampled on the same day and late morning (blue)

was sampled two days later. n=30 individuals were sampled at each time-point...130

Figure 4.2 Mean shell length of mussels (£ SEM) collected from four consecutive
seasons commencing winter 2014. Significance detected by Kruskal-Wallis Test
followed by Dunn’s Multiple Comparisons Test; *denotes significance at the p<0.05

level and ** at the p<O.0L IeVEL. ......ccoeriiieeee e 136

Figure 4.3 Sex and gametogenesis stages of M. edulis from Filey Beach, UK, during

winter 2014 (n=90) and spring (n=60), summer (n=90) and autumn 2015 (n=60). 137

Figure 4.4 Photomicrographs of 10 um M. edulis gonad sections at different stages of
gametogenesis stained with Mayer’s Haematoxylin and Eosin. Abbreviations: VCT,
vesicular connective tissue cells; AG, adipogranular cells; Od, developing oocyte;
Om, mature ova; Sc, spermatocytes; Sz, ripe spermatozoa; Fs, partially spawned
FOICIES. .. et nneas 138
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Figure 4.5 Daily and seasonal mMRNA expression in M. edulis mantle tissue. Mean
data £SEM (black) with individual data-points (winter, blue; summer, green); n=8 to
17. Significance determined by Dunn’s Multiple Comparisons Tests: * p<0.05, **

P<0.01 and *** P<O.00L. ....ooviiiieiieirieiee e 145

Figure 5.1 Photo of 3 of the 9 tanks of M. edulis used in the exposure experiment.

Figure 5.2 Treatment conditions and sampling regime for circadian mussel exposure
experiment. Ticks represent sampling times. Abbreviations: LD, light/dark; DD,

dark/dark; DDTC, dark/dark temperature CYCIES. .........ccccovevveieeiecie e, 159

Figure 5.3 Photo of a mussel which has been cut open with the tissues dissected
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Figure 5.4 Multiple species amino acid alignment of partial M. edulis PER
(MH836580) aligned with PER (Unigene27326) from M. galloprovincialis (Moreira
et al., 2005), period circadian protein-like isoform X2 from the oyster C. virginica
(XP_022345656.1) and a period homolog from the scallop M. yessoensis
(XP_021375509.1). Symbols represent the following: dashes, alignment gaps;
asterisks, homology; colons, conserved amino acid substitutions (similar chemical
properties); full stops, semi-conserved amino acid substitutions (similar

conformation). Functional protein domains are shaded/ labelled. .......................... 171

Figure 5.5 Phylogenetic tree of PER amino acid sequences (455 amino acid positions,
gaps eliminated) using the Maximum Likelihood method based on the Jones-Taylor-
Thornton model, conducted in MEGAY7. Percentages displayed on branches are from

1000 bootstrap replicates. Branches are to scale with lengths measured in number of
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substitutions per site. Shaded boxes show PER from molluscs, green; crustaceans,
purple; insects, blue; lancelet, grey; vertebrates, red. The tree was rooted with mouse

ARNT aS the OULGIOUP. ...veeveeie ettt re e naenne s 172

Figure 5.6 Multiple species amino acid alignment of partial M. edulis REV-ERB
(Accession MH748543) aligned with mussel M. galloprovincialis REV-ERB
(ABUB89807.2), oyster C. gigas REV-ERB (AHV90297.1) and scallop M. yessoensis
E75 (OWF42026.1). Symbols represent the following: dashes, alignment gaps;
asterisks, homology; colons, conserved amino acid substitutions (similar chemical
properties); full stops, semi-conserved amino acid substitutions (similar
conformation). Functional protein domains are shaded and labelled. The 3’ end of

the alignmeNnt IS CrOPPEU. ......cviivieieee e 173

Figure 5.7 Phylogenetic tree of REV-ERB/NR1D1/E75 amino acid sequences (329
amino acid positions, gaps eliminated) using the Maximum Likelihood method based
on the Jones-Taylor-Thornton model, conducted in MEGAY. Percentages displayed
on branches are from 1000 bootstrap replicates. Branches are to scale with lengths
measured in number of substitutions per site. Shaded boxes represent molluscs, green;
crustaceans, purple; insects, blue; vertebrates, red. The tree was rooted with mouse

RAR@ 8S the OULGIOUD. ..eevieiiieiiie sttt be e 174

Figure 5.8 Representative results of cDNA amplification plots (log scale) generated
from gPCR reactions containing M. edulis cDNA, PrecisionPLUS 2x ¢PCR
MasterMix with SYBR Green for the ICycler (PrimerDesign, UK) and primers at
either 100 nM (a) to (h) or 50 nM (i) and (j). Abbreviations: RFU, Relative

FIUOTESCENCE UNITS. .ottt e e et et e e e e et e e e e e eeeeeeeeeeeeeeeeeeneens 175

Figure 5.9 Representative results of melt peak plots generated from gPCR reactions
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containing M. edulis cDNA, PrecisionPLUS 2X gPCR MasterMix with SYBR Green
for the ICycler (PrimerDesign, UK) and primers at either 100 nM (a) to (h) or 50 nM

(i) and (j). Abbreviations: RFU, Relative Fluorescence UnNits...........c.ccccccvevivennne. 176

Figure 5.10 1% TBE agarose gel stained with GelRed™ Nucleic Acid Gel Stain
(Biotium, Cambridge Bioscience, UK) showing 5 pL of gPCR product (row A) and
equivalent negative controls (row B) as follows: Lane 1, Clk; 2, Cryl; 3, ARNT,; 4,
Timeout-like; 5, ROR/HR3; 6, aaNAT; 7, Per; 8, Rev-erb; 9, EFlq; 10, 18S; 11,

GeneRuler 100 bp DNA Ladder (Thermo Fisher Scientific, UK).............ccccovenne. 177

Figure 5.11 Standard curves showing gPCR amplification efficiency of M. edulis

primers for different genes over a cDNA dilution series with R? values displayed.179

Figure 5.12 Influence of photocycles and thermocycles on the daily variation of
MRNA expression of clock and clock-associated genes in M. edulis male mantle
tissue, normalised to 18S and EF1 reference genes. Mean data are plotted +SEM; n=5-
9. Significance denoted by * p < 0.05, ** p < 0.01 and *** p < 0.001 with adjacent
numbers referring to time-points as follows: (1) ZT 23, (2) ZT 1, (3) ZT 5, (4) ZT 9,
(5) ZT 11 and (6) ZT 15. ZT 0 (8 am GMT) was lights on and ZT 10 (6 pm) was lights
off in LD, and temperature up and temperature down respectively in DDTC.
Abbreviations: LD, light/dark; DD, dark/dark; DDTC, dark/dark with ~3.5 °C
thermocycles. Unshaded areas represent photophase, light shading represents

darkness and heavy shading represents a thermophase (warm phase) during darkness.

Figure 5.13 Relative expression heat maps showing time-points where mRNA
expression (normalised to 18S and EF1) significantly differed for each gene revealed

by Tukey-Kramer Multiple Comparisons Tests following ANOVA or Dunn's Multiple
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Chapter 1

Introduction and literature review

1.1 BIOLOGICAL RHYTHMS

Biological rhythms are physiological or behavioural processes occurring
within living organisms that cycle systematically over a regular time-period (Aschoff,
1981). This broad term encompasses a variety of types of rhythm which may be
generally grouped according to frequency (i.e. timescale), biological system (i.e.
spatial scale), underlying process (e.g. biochemical oscillations), or function (e.g.
physiological, behavioural) (Aschoff, 1981). For example, biological rhythms are
often broadly categorised according to the time-scale over which they operate and can
be generally described as ultradian, circadian or infradian (Aschoff, 1981). Ultradian
rhythms, such as such as 12.4 hr circatidal cycles, operate over a timeframe that is less
than 24 hr (Tessmar-Raible et al., 2011), whereas circadian rhythms (term derived
from Latin: circa, approximately; diem, day) endogenously cycle over a ~24 hr period
(Figure 1.1) (Pittendrigh, 1960). Infradian rhythms are comparatively longer and
include 29.5 day circalunar rhythms, and circannual cycles that oscillate on a yearly
basis (Figure 1.1) (Tessmar-Raible et al., 2011). A number of common terms used to

describe the temporal characteristics of a rhythm are described in Figure 1.2.
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Figure 1.1 Simplified diagram illustrating examples of biological rhythm timescales (based on
Aschoff, 1981).
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Figure 1.2 Diagram illustrating common terms used to describe characteristics of biological
rhythms. Adapted from Vitaterna et al. (2001). Period refers to the time taken for a complete
cycle, phase is the position of a distinct point in time in a cycle (i.e. activity onset), acrophase
is the peak of the oscillation, and amplitude can refer to either the difference between
maximum and minimum points of a biological oscillation or between the maximum and mean
(Kreitzman and Foster, 2011).
The spatial scales over which biological rhythms operate range from
molecular, cellular, whole-organism and population levels. These are exemplified by
rhythmicity in gene expression patterns (Connor and Gracey, 2011), cycles of cell

growth and division (Unsal-Kagmaz et al., 2005), and large-scale events like

reproductive development/spawning (Norberg et al., 2004), migration (Gwinner,
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1996) and diapause (Yamada and Yamamoyo, 2011). Chronobiology (derived from
Greek: chronos, time; bio, life; logos, study/plan) is the term applied to the study of
biological rhythms and their interactions with environmental cycles.

The majority of organisms are exposed to rhythmic environmental cycles, such
as daytime/night-time due to the Earth’s rotation on its axis, tidal and lunar cycles due
to the rotation of the moon around the Earth (Naylor, 2010), and seasonal change as
the planet rotates around the sun whilst tilting on its axis (Khavrus and Shelevytsky,
2010). Exogenous biological rhythms, described by Aschoff (1981) as “forced
oscillations of passive systems”, are simply direct responses to periodic external
conditions such as photoreception in response to light or increased reaction rates in
response to elevated temperature. However, regular environmental oscillations have
allowed organisms to evolve biological mechanisms to adaptively anticipate and
prepare for rhythmic environmental change (Vaze and Sharma, 2013; Yerushalmi and
Green, 2009; McClung, 2006; Dodd et al., 2005). This has resulted in endogenous
biological rhythms, the focus of this thesis, which are self-regulated internally on a
molecular level (Dunlap, 1999; Reddy et al., 1984) and, though synchronised by
external environmental cycles, can be sustained (free-running) in their absence
(Pittendrigh, 1960). Notable examples of endogenous rhythms regulated by
underlying endogenous molecular mechanisms, include circadian rhythms, such as
sleep-wake cycles (Beersma and Gordijn, 2007) and core body temperature in humans
(Kréuchi, 2002), and circannual rhythms including hibernation in golden-mantled
ground squirrels (Hiebert et al., 2000) and seasonal migration in birds such as Sylvia
warblers, Sylvia borin (Gwinner, 1996).

The remainder of this introduction chapter will discuss the key features of

circadian rhythms and outline the molecular basis of circadian timing focusing on
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vertebrate and invertebrate model species. Ultradian rhythms, in particular the
influence of photoperiod on seasonal rhythms will be also be discussed as will the
relationship between circadian and ultradian regulatory systems. Finally, after a brief
overview of biological rhythms in aquatic molluscs, the relevance of blue mussel (M.

edulis) chronobiology will be outlined and the aims of this thesis will be listed.

1.2 CIRCADIAN RHYTHMS

Given the daily shift in the environment between light and dark, circadian
rhythms are particularly widespread and are considered ubiquitous as they have been
documented in numerous bacteria (Sartor et al., 2019; Swan et al., 2018; Cohen and
Golden, 2015), archaea (Maniscalco et al., 2014; Whitehead et al., 2009), plants (Linde
etal., 2017; Dodd et al., 2013; Schulze et al., 2010; McClung, 2006), fungi (Larrondo
and Canessa, 2019; Dunlap and Loros, 2006), invertebrates (Lam and Chiu, 2017;
Tomioka and Matsumoto, 2015; Hardin, 2005) and vertebrates (Scheiermann et al,
2013; Wang et al., 2012; Oishi et al., 2010; Beersma and Gordijn, 2007; Zhdanova
and Reebs, 2006). Specific examples of circadian rhythms in diverse organisms
include photosynthesis in cyanobacteria (Golden et al., 1997), the release of floral
scents in certain plants (Fenske and Imaizumi, 2016), metabolism in yeast (Eelderink-
Chen et al., 2010), immunity in Drosophila (Stone et al., 2012), song communication
in birds (Cassone, 2014), locomotion activity in rodents (DeCoursey et al., 2000) and
hormone production in humans (Gnocchi and Bruscalupi, 2017). In addition to the
endogenous approximate 24 hr cycling time necessary to classify a rhythm as
circadian, further general characteristics have also been outlined (Roenneberg and
Merrow, 2005; Pittendrigh, 1960). The most notable of which are that they are innate,

self-sustaining, entrainable, and temperature compensated (Roenneberg and Merrow,
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2005). This means that circadian rhythms are endogenously regulated (innate), can
persist in the absence of external cues (self-sustaining) (Aschoff, 1960), are
synchronised by environmental cycles (entrainment) (Golombek and Rosenstein,
2010), and have a period that can be maintained over a range of constant temperatures
(temperature-compensation) (Ruoff, 2004; Rensing et al.,, 2001). As circadian
rhythms are endogenous by their definition, the more general term of diurnal rhythm
is often used when endogenous process has not been ascertained.

Entrainment of endogenous rhythms with external cycles can confer adaptive
advantage as it allows organisms to gain benefits, or avoid costs associated with the
timing of particular activities at a certain time of day (Vaze and Sharma, 2013;
Dubruille and Emery, 2008; Dodd et al., 2005). For example, cyanobacterial strains
with a functioning biological clock outcompete clock-disrupted strains when under
rhythmic conditions (Woelfle et al., 2004). Among functional strains of cyanobacteria
with different circadian periods, competitive advantage was shown when the
endogenous and external cycles were similar (Woelfle et al., 2004). Competitive
advantage, in terms of higher chlorophyll content, greater carbon fixation, faster
growth, and survival, was apparent in the plant Arabidopsis thaliana when the period
of their clock matched the environment (Dodd et al., 2005). Direct testing in the field
has shown that mortality by predation was significantly greater in Tamias striatus
chipmunks with impaired circadian function compared to controls, potentially as a
result of increased nocturnal movement in the former (DeCoursey et al., 2000).
Further supporting evidence includes the regression of circadian rhythms under
constant conditions in nature (DeCoursey, 2004) and the occurrence of latitudinal
gradients in circadian function (Costa et al., 1992).

Environmental cues used for entrainment, known as “zeitgebers” (derived
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from German: zeit, time; geber, giver), most commonly include light and temperature
(Lopez-Olmeda et al., 2006; Sharma and Chandrashekaran, 2005; Glaser and
Stanewsky, 2005; Millar, 2004) but can also include other stimuli like food availability
(Williams and Pilditch, 1997), stress and exercise (Tahara et al., 2017), tidal and lunar
cues (Tessmar-Raible et al., 2011) and moonlight (Payton and Tran, 2019; Bachleitner
etal., 2007). Figure 1.3 is a linear diagram showing the key components of circadian
entrainment; environmental cues act as zeitgebers to synchronise subcellular
biochemical interactions, known as the molecular clock mechanism, which regulate

rhythmic circadian processes.

Input Pacemaker Output

2N O v

Light Heat Lunar Food

Environmental Factors Molecular Clock Biological Rhythm

Mechanism

Figure 1.3 Concept diagram showing circadian rhythm entrainment by common zeitgebers
(based on Golombek and Rosenstein, (2010)).

1.2.1 The molecular clock mechanism

The web of interactions at the heart of regulating circadian rhythms is referred
to as the molecular clock mechanism. This subcellular timekeeping system comprises
a variety of “clock genes” which autoregulate their expression patterns as their protein
products interact with them via negative-feedback loops in a cycle that takes 24 hr to
complete (Roenneberg and Merrow, 2005; Hardin et al., 1990). Evidence of these

regulatory transcription-translation networks has been found in Bacteria (Sartor et al.,
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2019; Swan et al., 2018), Archaea (Maniscalco et al., 2014), Plantae (McClung, 2019;
Gardner et al., 2006), Fungi (Dunlap and Loros, 2006) and Animalia (Allada et al.,
2001), with the latter including, though not limited to, the following major phyla:
Mollusca (Connor and Gracey, 2011), Porifera (Jindrich et al., 2017), Cnidaria (Brady
et al., 2011; Reitzel et al., 2010), Nematoda (Temmerman et al., 2011), Annelida
(Tosches et al., 2014), Arthropoda (Hafker et al., 2017; Shirasu et al., 2003),
Echinodermata (Petrone, 2016), and Chordata (Renthlei et al, 2019; Andreazzoli and
Angeloni, 2017; Bertolucci et al., 2017; Mohawk et al., 2012; Zhdanova and Reebs.,
2006).

There are both similarities and differences apparent between species in the
specific clock genes/proteins involved in the molecular clock mechanism (Lam and
Chiu, 2017; Hardin, 2005; Allada et al., 2001; Harmer et al., 2001; Young, 2000).
Cyanobacterial circadian rhythms are post-translational oscillators involving the
proteins KaiABC, SasA, CikA, and RpaA (Swan et al., 2018). Frequency (FRQ),
White Collar-1 (WC-1) and White Collar-2 (WC-2) form an integral transcription—
translation negative feedback loop in fungi (Dunlap and Loros, 2006) whereas
Circadian and Clock Associated 1 (CCAL) and Late Elongated Hypocotyl (LHY) are
involved in each of the three interlocked feedback loops in plants (McClung, 2006).
Among animals, the majority of molecular chronobiology research has focused on
mammals and arthropods, in particular insects. For example, central Drosophila clock
genes include Clock (CIk), Cycle (Cyc), Period (Per), Timeless (Tim), Doubletime
(Dbt), Vrille (Vri), PAR-domain Protein 1 (Pdple) and clockwork orange (Cwo)
(Hardin, 2005). Key mammalian clock genes include Clk, Bmall, Period genes (Perl,
Per2, and Per3), Cryptochrome genes (Cryl and Cry2), RAR-related orphan receptors

(RORs), Rev-erb and Casein kinase | epsilon (CKI¢) (Shearman et al., 2000). The
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molecular chronobiology of the core mammalian and Drosophila clocks are
particularly well documented and are summarised below (Figure 1.4). In each case,
the network of clock gene-protein interactions have evolved to cycle endogenously

over a ~24 hr period.

Figure 1.4 Generalised models of the negative-feedback loops at the heart of the regulatory
core/central/master circadian molecular clock mechanism of (a) fruit fly (Drosophila) and (b)
mammals. Arrows show a positive influence on gene expression and flat-ended lines denote
inhibition. Adapted from Zhang and Kay (2010). Abbreviations: CLK, Clock; CYC, Cycle;
PER, Period; TIM, Timeless; PDP, PAR-domain Protein 1; VRI, Vrille; CWO, Clockwork
Orange; CRY, Cryptochrome; DBT, Double Time, BMAL1, Aryl hydrocarbon receptor
nuclear translocator-like; CKIE, Casein kinase I epsilon; RORs, RAR-related orphan

receptors; Rev-ERB, Rev-erba protein.

Clk is a key clock gene involved in the primary negative feedback loops of the
clock mechanism in both mammals and Drosophila (Steeves et al., 1999; Allada et al.,
1998) (Figure 1.4). In Drosophila, the protein products of Clk and Cyc (CLK and
CYC) heterodimerise with the assistance of an E-box (Enhancer Box) protein-binding
site, and form a protein complex that triggers the expression of Per and Tim (Figure

1.4a) (Darlington et al., 1998). This results in a PER-TIM complex in the cytoplasm
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which undergoes a series of phosphorylation reactions facilitated by kinases and
phosphatases which add and remove phosphate groups respectively. For example,
DBT and Casein Kinase 1l (CK2) phosphorylate PER, whereas Protein Phosphatase
2A (PP2A) removes these phosphate groups (Nawathean and Rosbash, 2004).
Similarly, Shaggy (SGG) is the kinase acting upon TIM, and Protein Phosphatase 1
(PP1) is the antagonistic phosphatase (Dubruille and Emery, 2008). The resulting
phosphorylated TIM-PER-DBT protein complex is translocated into the nucleus
where it binds to the CLK-CYC heterodimers, thereby inhibiting transcription of Per
and Tim. Upon degradation of the PER-TIM-DBT complex, the inhibitory effect is
removed allowing CLK to accumulate once more and the process begins again
(Hardin, 2005).

CLK is regulated by the second Drosophila feedback loop; the CLK-CYC
heterodimer triggers the expression of Vri and Pdple (Figure 1.4a) (Hardin, 2005),
which lead to the repression and slightly delayed activation of Clk transcription
respectively (Tomioka et al., 2012). A third, smaller feedback loop involves the CLK-
CYC heterodimer triggering the expression of Cwo. Via competitive interactions with
the E-Box sequence, CWO is able to inhibit CLK-CYC and therefore impact upon the
expression of other clock genes, providing a mechanism by which the amplitude of
clock activity can be controlled (Matsumoto et al., 2007). A more detailed graphical
summary of the negative feedback interactions of the Drosophila molecular clock

mechanism is shown in Figure 1.5.
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Figure 1.5 Model of the core feedback loops regulating circadian rhythm in Drosophila. Ovals
represent genes, rectangular boxes represent proteins and circles show phosphorylation. Small
arrows indicate process directionality and flat-ended lines denote inhibition. Large solid
arrows show promotion of gene expression and dashed arrows denote degradation. The
triangle symbol indicates the influence of light. Box 1 shows light-induced degradation of
TIM. Adapted from Young, 2000; Hardin, 2005; Dubruille and Emery, 2008; Allada and
Chung, 2010; Tomioka et al., 2012. Numbers 1 — 14 have been discovered in Drosophila and
numbers 1, 2, 5-7, 9 and 13 have been found in molluscs (see Table 1.1). Abbreviations: CIk,
Clock; Cyc, Cycle; Per, Period; Tim, Timeless; Pdple, PAR-domain Protein 1; Vri, Vrille;
Cry, Cryptochrome; CWO, Clockwork Orange; JET, Jetlag; DBT, Double Time; SGG,
Shaggy; CK2, Casein kinase 2; PP1, Protein Phosphatase 1; PP2A, Protein phosphatase 2A.
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In mammals, the process differs in that CLK heterodimerises with BMAL1
which triggers the expression of Per (Per1-3) and Cry genes (Cryl and Cry2), leading
to the formation of a PER-CRY heterodimer (Figure 1.4b) (Shearman et al., 2000).
The PER-CRY heterodimers are translocated to the nucleus where they repress their
own transcription (Sato et al., 2006). As in the Drosophila system, the stability and
nuclear translocation of clock proteins are regulated by post transcriptional
modifications, such as the phosphorylation of PER proteins by casein kinase 13 and Ie
(CKId/g) (Lee et al., 2009). The second mammalian regulatory feedback loop consists
of RAR-related orphan receptors (ROR a, B and y), which activate BMALI
transcription, and REV-ERB (a and B) which repress its transcription (Figure 1.4b)
(Guillaumond et al., 2005).

The cyanobacterial kaiABC genes are proposed to be the earliest genes to have
evolved clock function (Tauber et al., 2004). Selection pressure to avoid harmful UV
light irradiation during the pre-Cambrian period (4.5 billion to 542 million years ago)
is thought to have led to the evolution of photoreceptive cryptochrome from DNA
repairing photolyases, and resulted in rhythmic vertical migration in the oceans
(Gehring and Rosbash, 2003). Multiple gene duplication events and functional
divergence of clock gene paralogs have ultimately shaped the molecular clock
components of extant species (Haug et al., 2015; Tauber et al., 2004). For example,
the lack of Period genes outside of the Bilateria, suggesting they arose within these
phyla, along with gene duplication of Period in mammals and gene loss of Timeless
and some cryptochromes in certain insects, are thought to have resulted in the major
differences in clock regulation in animals (Reitzel et al.,, 2010). For instance,
mammalian Perl, Per2 and Per3 contrast with just Per in Drosophila (Young and

Kay, 2001); Per is the most rapidly evolving family of clock genes (Tauber et al.,
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2004). Furthermore, though Cry1l is present in Drosophila, it is not directly involved
in the core clock interactions like in mammals, but plays an important associated role
as a blue light photoreceptor; CRY and the Jetlag protein JET co-facilitate the light-
induced degradation of TIM providing the mechanism whereby light acts as a
zeitgeber to entrain the clock with external day/night cycles (Peschel et al., 2009; Van
Gelder, 2006). Mammalian photoentrainment involves retinal photoreception and
melanopsin signalling (Liu and Panda, 2017).

The relative importance of particular clock genes to the rhythm-regulation
function of the clock mechanism can vary, even among relatively closely related
species (Young and Kay, 2001). For example, Timeless is not an essential clock gene
in the cricket Gryllus bimaculatus or honeybee Apis mellifera, but it is in the firebrat
Thermobia domestica (Tomioka et al., 2012) and flies of the Drosophilidae family
(Pavelka et al., 2003). These differences between Drosophila and A. mellifera are
thought to have arisen from divergence from an ancestral insect clock in the case of
the former, and convergence with mammalian clocks specialising in mammalian-type
CRY and TIMZ in the case of the latter (Rubin et al., 2006). However, in all cases,
the molecular clock mechanism regulates the expression of multiple clock-controlled
genes (CCGs) which impact upon the timing of a host of diverse physiological and
behavioural processes giving rise to a variety of circadian rhythms (Bozek et al., 2009;
Harmer et al., 2001; McDonald and Rosbash, 2001; Zhang et al., 2009). Furthermore,
a number of clock genes also have pleiotropic functions and therefore influence other
biological processes beyond their interactions in the molecular clock mechanism. For
example, Figure 1.6 shows some examples of links between Drosophila clock genes
and various other biological processes including the roles of Tim in the nocturnal

upregulation of phagocytosis (Stone et al., 2012; Lee and Edery, 2008), replication
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fork stabilisation (Errico and Costanzo, 2010) and its non-circadian role in
oogenesis/reproductive output in Drosophila ovarian follicles (Rush et al., 2006;
Beaver et al., 2003). Similarly, mammalian clock genes can also play non-circadian

roles in peripheral tissues (Alvarez et al., 2003).
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Figure 1.6 Diagram showing the influence of some Drosophila clock genes/proteins on
biological processes. Abbreviations: PER, Period; TIM, Timeless; PDP, PAR-domain Protein
1; VRI, Vrille.

1.2.2 The central and peripheral clock mechanisms

The clock gene/protein interactions described in Section 1.2.1 summarise the
typical interactions of the central, core or master clock mechanism often also referred
to as the circadian pacemaker/oscillator. This central pacemaker is located in neuronal
tissues, for example in the suprachiasmatic nucleus (SCN) of the hypothalamus in
mammalian brains (Mohawk et al., 2012),in the pineal gland, hypothalamus and retina

of birds (Gwinner and Brandstatter, 2001), in the ventro-lateral neurons in the brains
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of Drosophila (Tomioka et al., 2012; Helfrich-Forster, 2006), the mid-brain of
lepidopterans (Sauman et al., 2005), the optic lobes of crickets and cockroaches
(Tomioka, 2014; Reischig and Stengl, 2003) and the eyestalks and/or brains of some
decapod crustaceans (Grabek & Chabot, 2012; Escamilla-Chimal et al., 2010). The
central clock mechanism is entrained by zeitgebers, in particular light/dark cycles (Liu
and Panda, 2017; Golombek and Rosenstein, 2010; Tomioka and Matsumoto, 2010;
Hiebert et al., 2000). This central pacemaker either directly influences rhythmic
processes within an organism, or acts indirectly by influencing peripheral clocks
located in non-neuronal tissues (Reppert and Weaver, 2002; Cermakian and Sassone-
Corsi, 2000). However, it is now well known that different circadian clocks are
present and active on a cellular level in numerous tissue types (Tomioka et al., 2012).
For example, single rat fibroblast cells, which synthesise connective tissue, are able to
support their own circadian rhythms in vitro lasting for a few days (Welsh et al., 2004)
and the rhythmic expression of Period has been shown to occur in multiple Drosophila
body parts which has been attributed to the presence of multiple circadian clocks
operating on a cellular level (Plautz et al., 1997). The synchronisation of clocks in
different cells and tissues is important for coordinating whole-organism level
processes in many species (Welsh et al., 2004). The precise mechanisms and the
extent to which the central pacemaker is involved with peripheral clocks not only vary
on a species-level, but are also tissue-dependent (Tomioka et al., 2012).

Clocks in peripheral mammalian tissues are not responsive to light/dark (LD)
cycles so the central circadian pacemaker exerts more influence over the clocks in
peripheral tissues (Schibler, et al., 2003). Though insects such as Drosophila have a
central pacemaker, they also possess self-sustained peripheral oscillators in other

tissues outside of the brain (Dunlap et al., 2004). Examples include the circadian
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pattern of sperm release in the cotton leafworm moth, Spodoptera littoralis, in vitro
under LD and constant darkness (DD) (Bebas et al., 2001) and the circadian deposition
of cuticle layers in the cockroach Blaberus fuscus with excised optic lobes
demonstrating independence from the central clock tissues (Lukat, 1978). 1t is
possible that these differences in circadian system organisation may be linked to the
fact that in organisms with a small body size light perception is not necessarily limited
to information received via photoreceptors (Tomioka et al., 2012). In insects, three
potential mechanisms whereby light may entrain peripheral clocks have been
suggested: (1) central and peripheral clocks directly (photoreceptors) or indirectly
(CRY degradation) detect light leading to reciprocal synchronisation, (2)
photoreceptors somehow transmit light information to peripheral clocks, and (3) via
an unknown mechanism the central clock, once entrained by light, subsequently
entrains peripheral clocks (Tomioka et al., 2012). It is possible that a number of these
processes are applicable though further research is needed to investigate these

mechanisms.

1.3 SEASONAL AND CIRCANNUAL RHYTHMS

Seasonal variations in environmental conditions influence the majority of plants
and animals. As aresult, biological rhythms with circannual periodicities are apparent
in various aspects of physiology and behaviour including reproduction, moulting,
growth, migration and hibernation, which are often favourable at particular times of
the year (Kumar and Mishra, 2018; Gwinner, 2012). Type | seasonal rhythms require
both endogenous and exogenous cues as they only persist for up to one cycle in
constant conditions, whereas type 1l seasonal rhythms are true circannual rhythms that

are endogenously sustained under constant conditions and only require exogenous
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cues for entrainment (Dunlap et al., 2014). An example of the former is the
reproductive cycles in the mouse Peromyscus leucopus (Johnston and Zucker, 1980)
and examples of the latter include testicular and molt cycles in starlings (Gwinner,
2012), pupation and development of the beetle Anthrenus verbasci (Miyazaki et al.,
2014), and endogenous seasonal rhythms of body mass and reproduction in ground
squirrels (Hiebert et al., 2000). Photoperiod, the number of daylight hours per day, is
a common seasonal influence on multiple ecological systems, influencing both types
of circannual rhythm (Dunlap et al., 2004). Non-photoperiodic seasonal cues include
water, food, ambient temperature and social cues but are generally thought to be as a
result of “masking” in which the expression of a trait is influenced directly rather than

affecting an endogenous mechanism (Paul et al., 2007).

1.3.1 Photoperiodism

Natural photoperiods are governed by day-length, which is linked to annually
cycling seasonal variation. The tilt of the Earth on its axis as it orbits the sun means
that photoperiod varies with predictable regularity over the year and that seasonal
photoperiod difference is greater at higher latitudes (Forsythe et al., 1995). The
physiological responses of organisms to circannual photoperiod cycles, known as
photoperiodism, are often large-scale events benefiting from advanced preparation
including seasonal reproduction, migration, diapause and hibernation (Denlinger,
2009). Instances have been documented in a wide range of taxa including annelids
(Schierwater and Hauenschild, 1990), molluscs (Numata and Udaka, 2010; Bohlken
and Joosse, 1981), arthropods (Toyota et al., 2017; Beck, 2012; Saunders, 2009),
echinoderms (McClintock and Watts, 1990), fish (Borg, 2010; Davie et al., 2009),

reptiles (Weil and Crews, 2010), birds (Bentley, 2010; Gwinner, 1996), mammals
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(Bradshaw and Holzapfel, 2007; Tournier et al., 2003), amphibians (Weil and Crews,
2010), plants (Lumsden, 2002) and fungi (Tan et al., 2004). Advanced preparation is
commonly required for organisms to favour from optimal conditions or to evade
adverse conditions associated with particular points of the year, as the photoperiodic
response is best exhibited in anticipation of the changing season to be advantageous
(Denlinger, 2009). Photoperiodism can consequently be considered as a measure of
fitness within a population as, in addition to the nature of the photoperiodic response,
the advantages or disadvantages of the timing of the response can influence survival
and/or reproductive success (Bradshaw and Holzapfel, 2007).

Photoperiodism comprises five key elements (Figure 1.7) (Denlinger, 2009;
Dolezel, 2014). First, there must be a seasonal change in day to night ratio; the latitude
of the habitat must be high enough that seasonal variation in daylight hours is evident.
For example, photoperiod at latitudes above 30° (~4 hr annual photoperiod change) is
considered a reliable cue of season over evolutionary time (Bradshaw and Holzapfel,
2007), though insect photoperiodic responses are exhibited at latitudes as low as 7°
(Denlinger, 1986). Second, the organism requires the anatomical capability to be able
to sense light via either ocular or extra-ocular receptors or a combination thereof
(Dunlap et al., 2004). Third, some form of photoperiodic clock mechanism must exist,
enabling the organism to detect daylight hours vs. hours of darkness. Fourth, a
biological “counter” mechanism is required to keep track of consecutive days
exhibiting the altered day to night ratio. The photoperiodic clock and counter
mechanisms, which may or may not be linked to the circadian clock mechanism, are
the least understood aspects, particularly for invertebrates (Nishiwaki-Ohkawa and
Yoshimura, 2016; Kostal, 2011). Finally, the organism exhibits a photoperiodic

response, as documented in many phyla (Nelson et al., 2009; Bradshaw and Holzapfel,
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2007; Farner, 1961). Examples include the annual spawning of wild Atlantic cod
Gadus morhua (Norberg et al., 2004), seasonal reproductive development in the
polychaete Nereis (Neanthes) limnicola (Fong and Pearse, 1992), moulting, breeding
and song in birds (Dawson, 2001), and immune function and reproductive
development in deer mice Peromyscus maniculatus (Demas and Nelson, 1998). In
insects the most common outcome of photoperiodism is the onset of diapause
(Denlinger, 2009), a phase of suspended development. For example, the monarch
butterfly Danaus plexippus enters reproductive diapause during shorter autumn
photoperiods and migrates south to overwintering sites where diapause persists until
photoperiod and temperature increase, whereupon they mate and return north

(Saunders, 2009).
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Figure 1.7 Concept diagram showing the photoperiodism process (Adapted from Dolezel,
2014).

In natural environments, photoperiod does not often act in isolation as it is one
of many abiotic factors present that may affect an organism. Experimental
photoperiod manipulations sometimes only show detectable results when other abiotic
and biotic variables are present at relevant background levels, for example, a
combination of both temperature and light (Wayne and Block, 1992) and food
availability (Dominguez et al., 2010). These examples indicate that photoperiod can

sometimes act as a secondary factor contributing to certain physiological or
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behavioural processes and that it is particular combinations of environmental
conditions that determine the overall effect on an organism. Furthermore, some
organisms, including mammals (Lincoln et al., 2005) and birds (Dawson and Sharp,
2007; Nicholls et al., 1988) in particular, only show photoperiodic responses at
particular times of year and are unresponsive to photoperiod during refractory periods.
For example, photoperiodic testicular growth occurs during the spring in the Tree
Sparrow Passer montanus, but testicular regression occurs after the breeding season
and they experience a photorefractory period during which the reproductive system
does not respond to changes in day length (Dixit and Singh, 2011). Therefore,
photoperiodic responses may only be elicited during a period during which organisms
are photoperiod-sensitive. In addition, non-photic cues such as temperature, social
interactions and food availability can modify the timing of seasonal rhythms by
interacting with photoperiod to modify the sensitive period or phase of the rhythm
(Saunders, 2014; Helm et al., 2013; Dunlap et al., 2004). The molecular mechanisms

of photoperiodism are less well understood than those of circadian rhythms.

1.3.2 Molecular regulation of photoperiodism

The circadian clock is involved in photoperiodic time measurement in
mammals and is mediated by light-sensitive melatonin secretion, derived from
serotonin, which responds to seasonal photoperiods (Nishiwaki-Ohkawa and
Yoshimura, 2016; Dardente et al., 2010). The extent of the relationship between
circadian timing and photoperiodism is less clear in invertebrates and has been debated
among entomologists in particular (Goto, 2013; Saunders, 2005). Independence, co-
operation and unity are different types of mechanism that have been proposed to

describe the relationship between the circadian and photoperiodic systems (Dolezel,
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2014; Kostal, 2011). A number of different models of insect photoperiodic clocks
have been proposed which generally describe either independence from circadian
influence or the involvement of one or more circadian oscillators (Danks, 2005; Nunes
and Saunders, 1999). Three prominent models include the external coincidence
model, in which a single oscillator (molecular clock mechanism) is both photo-
induced and entrained by light (Saunders, 2005; Nunes and Saunders, 1999), the
internal coincidence model, where light entrainment and the phase relationship
between multiple different oscillators leads to photoperiodic induction (Nunes and
Saunders, 1999) and a non-clock role for the circadian system in photoperiodism
(Pittendrigh, 1972). No single model is all encompassing (Danks, 2005; Nunes and
Saunders, 1999), likely due to difference between organisms in routes of
photoreception; mammals rely on retinal photoreception (Golombek and Rosenstein,
2010) whereas extra-retinal photoreception is generally prevalent in other vertebrates,
insects, crustaceans and molluscs (Kumar, 1997).

Similarly, relatively little is known about the degree of involvement between
the regulation of photoperiodism and the clock genes of the circadian molecular clock
system though links have been found in both mammals (Tournier et al., 2003) and
invertebrates (Goto, 2013). For example, in the Syrian hamster, Mesocricetus auratus,
the gene casein kinase 1& (tau) affects both circadian and photoperiodic periods
(Bradshaw and Holzapfel, 2007). Timeless has also been linked to both processes in
flies (Pavelka et al., 2003). A number of clock genes (CIk, Cyc, Per, Tim, Cry2, and
vrille) are differentially regulated in diapausing versus non-diapausing strains of the
beetle Colaphellus bowringi (Zhu et al., 2017) and the rhythmicity and amplitude of
Per and Clk expression varies between short day and long day conditions in the linden

bug Pyrrhocoris apterus (Syrova et al., 2003). In addition, RNA interference (RNAI)
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suppression of Per, Cyc, Clk and Cryl expression, has been shown to modulate
photoperiodic responses in the bean bug Riptortus pedestris (Ikeno, et al., 2013; lkeno
etal., 2011b; Ikeno et al., 2010). Further differences and similarities between elements
of the systems have been reviewed (Dolezel, 2014; Goto, 2013; Kostal, 2011;
Bradshaw and Holzapfel, 2007a; Danks, 2005) however the full extent of any potential
overlap remains unknown. Genetic approaches to ascertain the links between genes
and phenotypes, examine photoperiodic traits in mutants and at different latitudes, and
sequence transcriptomes of individuals under different lighting regimes will help to

clarify photoperiodic mechanisms (Goto, 2013).

1.4 THE MELATONIN SYNTHESIS PATHWAY

Serotonin (5-hydroxytryptamine or 5-HT), which is ubiquitous among
animals, is a neurotransmitter with broad physiological functions (Mohammad-Zadeh
et al., 2008). It is involved in circadian function by modulating light input into the
mammalian SCN, as well as influencing circadian rhythms via non-photic phase
shifting (Morin, 1999). For example, wheel running in mice results in phase-
dependent changes in serotonin levels in the SCN (Dudley et al., 1998) and disruption
of the serotonin system results in altered circadian locomotor behaviour (Paulus and
Mintz, 2012). In Drosophila, serotonin signalling also affects circadian
photosensitivity, by impacting upon TIM stability (Yuan et al., 2005).

Melatonin (referred to chemically as N-acetyl-5-methoxytryptamine), an
evolutionarily conserved hormone present in multiple taxa, is also linked to circadian
function. Melatonin is derived from serotonin via the indoleamine pathway (Figure
1.8) which is sequentially facilitated by the enzymes arylalkylamine/serotonin N-

acetyltransferase (aaNAT) and hydroxindole-O-methyltransferase (HIOMT), the
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former of which is the rate-limiting factor and may be considered a proxy for the rate

of melatonin synthesis (Foulkes et al., 1997).
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Figure 1.8 Schematic diagram showing a melatonin biosynthesis pathway with enzymes
shown in red (adapted from Yanez and Meissl, 1996). Chemical structures obtained from

www.chemicalbook.com. Abbreviations: TPH, tryptophan hydroxylase; AADC, aromatic-L-

amino acid decarboxylase; aaNAT, arylalkylamineN-acetyltransferase; HIOMT,
Hydroxyindole-O-methyltransferase.

Generally, aaNAT levels cycle in a circadian manner and peak during the
night, a trend which is consequently reflected in melatonin levels (Foulkes et al., 1997,
Mohamed et al., 2014). Both aaNAT and melatonin are light-sensitive, with particular
sensitivity exhibited upon exposure to blue light (Izawa et al., 2009). As a result,
melatonin is sometimes referred to as “the hormone of darkness” as it is a
physiological signal for the length of night (Nelson et al., 2005). In diurnal mammals,
light acting through the circadian system impacts upon melatonin production in the

pineal gland and its nocturnal duration results in circadian sleep rhythms (Zisapel,

22


http://www.chemicalbook.com/

Chapter 1

2018; Dunlap et al., 2014); photoreceptive retinal ganglion cells signal to the SCN by
the retino-hypothalamic tract (RHT) via the neurotransmitter glutamate, and trigger a
cascade resulting in transcriptional induction of clock genes and clock phase shift
(Cermakian and Sassone-Corsi, 2000). As melatonin duration represents the day/night
cycle, it is also a key endocrine messenger for photoperiod, linking the external light
regime with the regulation of seasonal rhythms (Dunlap et al., 2014). As a result,
melatonin can therefore influence reproductive development in mammals when
administered at certain times of day (Vriend and Reiter, 2014). The relationship
between melatonin signalling and circadian regulation is less well studied in
invertebrates, though the two have been linked (Tosches et al., 2014; Yuan et al.,

2005).

1.5 RHYTHMS AND CLOCK GENES IN AQUATIC MOLLUSCS

As previously discussed, the molecular basis of animal circadian timing is
particularly well documented in mammals and insects (Hardin, 2005; Harmer et al.,
2001; Shearman et al., 2000). Though molluscs are a large, diverse phylum, little is
known about the molecular clock mechanism governing their biological rhythms —an
important but understudied aspect of their ecology with relevance to commercial
applications in the case of edible aquatic species such as bivalves (Gosling, 2015).
This section outlines a number of examples of rhythmic biological processes exhibited
by aquatic molluscs and considers the suspected underlying genetic mechanisms as

well as the relevant environmental cues.

1.5.1 Biological rhythms in aquatic molluscs

Intertidal organisms are exposed to both terrestrial and aquatic environments
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and are therefore under the influence of multiple fluctuating conditions, many of which
occur with predictable rhythmicity. For example, cycles of diurnal light/dark, tidal
immersion/exposure and annual seasonal change provide environmental cues, which
can reliably inform biological timekeeping. A number of different environmental

factors, both biotic and abiotic, can influence biological rhythms in aquatic molluscs

(Figure 1.9).
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Figure 1.9 Diagram showing biotic and abiotic factors influencing biological rhythms in
molluscs.

Marine biological rhythms, encompassing a variety of essential physiological
and behavioural processes, have generally evolved to operate over timescales that are
daily (circadian), tidal, lunar and seasonal in nature (Tessmar-Raible et al., 2011).
Typical examples from marine molluscs that manifest over a wide range of spatial and
temporal scales, include rhythmic gene expression (Payton et al., 2017b; Connor and

Gracey, 2011; Constance et al., 2002), optic nerve impulses (Jacklet, 1969), cell
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renewal (Zaldibar et al., 2004), locomotion (Schnytzer et al., 2018; Newcomb et al.,
2014; Gray and Hodgson, 1999), respiration (Kim et al., 1999; Rao, 1980), feeding
(Houki et al., 2015) and reproduction (Maneiro et al., 2017; Tessmar-Raible et al.,
2011; Wayne, 2001; Seed, 1969).

The eyes of the gastropod sea snail Bulla sp. and the sea slug Aplysia sp., have
been used as invertebrate models of circadian pacemakers on a cellular level (Block
et al., 1993) as optic nerve impulses show a circadian pattern persisting in constant
darkness (McMahon et al., 1984; Jacklet, 1969). Other examples of circadian rhythms
in molluscs include circadian valve activity in various species of mussel (Garcia-
March et al., 2016; Gnyubkin, 2010; Wilson et al., 2005; Ameyaw-Akumfi and
Naylor, 1987) and in the oyster Crassostrea gigas (Mat et al., 2012). In addition,
circadian locomotor activity has been observed in the sea slug Melibe leonine
(Newcomb et al., 2014), circadian siphon extension/feeding occurs in the clam
Ruditapes philippinarum (Houki et al., 2015) and a circadian pattern of
bioluminescence is evident in the squid Euprymna scolopes (Heath-Heckman et al.,
2013).  Furthermore, gene expression rhythms with circadian and ultradian
periodicities are apparent in the gills of M. californianus; 40% of the transcriptome
showed rhythmic gene expression, of which at least 80% was attributed to circadian
cycling (Connor and Gracey, 2011). This illustrates that even when limited rhythmic
behavioural or physiological processes are observable, rhythmic subcellular processes
are in operation. Some further examples of ultradian (<24 hr) and circadian (~24 hr)
rhythms in bivalves, gastropods and cephalopods are listed in Table 1.1, focusing on
examples in which rhythms have been investigated for their endogenous nature, and

including studies published after experiments in this thesis were conducted.
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Table 1.1 Examples of biological rhythms with circadian (~24 hr) and ultradian (<24 hr) periods in marine molluscs

Evidence for

to DD: CIk, BmalZl, Cry, Cryl, Cry2,
Per, Tim and Rev-erb

Species name Common Rhythm Location Rhythr_n endogenous Description Reference
name periodicity .
regulation
Bivalves
Austrovenus New Zealand | Shell gape Valves Circatidal Yes - Gaping response to pulsed food Williams and
stutchburyi cockle treatment with tidal periodicity Pilditch (1997)
continues for two cycles in absence
of food
C. gigas Pacific oyster | Shell gape Valves Circatidal Yes - Dominant tidal rhythm under Tran et al. (2011)
and diurnal (tidal) constant immersion in situ
- Weak circadian contribution in situ
Circadian Yes - Circadian and ultradian activity Mat et al. (2016)
and ultradian persisting in DD
Circadian Yes - Daily pattern under LD subtidal Mat et al. (2012)
conditions in the lab
- Circadian rhythm was entrainable
- No evidence for endogenous
circatidal rhythm in the lab
- Nocturnal in autumn/winter and
diurnal in spring/summer in situ and
in the lab
Clock gene Adductor muscle | Diurnal and No - Diurnal Cryl expression in LD lost | Mat et al. (2016)
expression circatidal inDD
- Circatidal pattern with tidal current
in DD
Clock gene Gills Diurnal and Some - Differences multiple clock gene Perrigault and
expression ultradian expression patterns in LD compared | Tran (2017)
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Donax variabilis | Coquina clam | Locomation Whole organism Circatidal Yes - Circatidal pattern in responsiveness | Ellers (1995)
to tidal cues in the laboratory,
independent of light regime
Mya arenaria Soft-shell Siphon opening Siphons Circatidal Some - Rhythm with 12.4 hr period phase Gusev and
clam and closing shifted in response to single or Golubev (2001)
(filtration) periodic draining stimulus.
- No phase shift under different LD
conditions, under different
temperatures or in response to water
turbulence
M. californianus | California Gene expression Gills Diurnal and Not tested - Circadian pattern for majority of Connor and
mussel circatidal rhythmically expressed genes Gracey (2011)
- Some tidal transcripts
Clock gene Diurnal Not tested | - Rhythmic expression of Cryl and
expression ROR but not Tim or Bmall
M. edulis Blue mussel Byssus thread Foot Diurnal Not tested | - More show higher activity at night | Martella (1974)
production than in the day
Shell gape Valves Circadian Yes - Weak circadian activity under LL Ameyaw-Akumfi
under some and constant immersion, in unfed but | and Naylor (1987)
conditions not fed mussels
- No evidence of circatidal
rhythmicity
Ultradian Yes - Ultradian (~90 min) shell closures Rodland et al.
under constant conditions with LL (2006)
Gape angle, Valves and Diurnal Not tested | - Greater activity at night under Robson et al.
exhalent pumping | siphons natural LD (including moonlight), (2010)
and valve constant temperature and constant
adduction rate immersion (experiment conducted in
July)
Maximum gape Valves Diurnal Not tested | - Diurnal rhythm with activity higher | Wilson et al.
angle and gaping under some at night in the wild but not apparent (2005)
frequency conditions under laboratory conditions
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(experiment conducted in
March/April)

M. Mediterranean | Renewal of Stomach; Circatidal Yes - Circatidal rhythm found in subtidal | Zaldibar et al.
galloprovincialis | mussel epithelial cells digestive gland organisms (2004)
Valve activity Valves Diurnal Not tested | - Circadian pattern Gnyubkin (2010)
- Phase shift triggered by light
Water propulsion | Whole organism Circatidal Yes - Circatidal rhythm persists in lab Rao (1954)
rate under LD, LL and DD
- Failed to be replicated by others
(See references in Kim et al., 1999
and Robson et al. 2010)
Pinna nobilis Fan mussel Shall gaping Valves Circadian Not tested | - Circadian periodicity in subtidal Garcia-March et
environment measured in situ al. (2016)
- Seasonal patterns in gaping activity
R. philippinarum | Manila clam Siphon extension | Siphon Circadian Yes - Circadian activity that persists Houki et al.
(feeding) under LL and DD (2015)
Oxygen Whole organism Circadian Yes - Initial circadian pattern gives way Kim et al. (1999)
consumption rate and circatidal to more persistent circatidal
periodicity under non-tidal
conditions
Shell micro- Shell Circatidal Yes - Circatidal periodicity in subtidal Poulain et al.
growth environment (2011)
increments
Saxidomus Washington Oxygen Whole organism Circatidal Yes - Circadtidal periodicity for 7-9 days | Kim et al. (2003)
purpuratus clam consumption rate (tidal) under constant immersion followed
by a unimodal diurnal pattern
Gastropods
Aplysia California sea | Optic nerve Optic nerve Circadian Yes - Circadian rhythm persists in DD Jacklet (1969)
californica slug impulses - Free-running rhythm in DD of LL

treated samples
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Bulla gouldiana | California Optic nerve Basal retinal Circadian Yes - Circadian rhythm that persists in McMahon et al.,
bubble (sea impulses neurons of the eye DD 1984
snail
) Gene expression Diurnal No - Rhythmic Per expression under LD | Constance et al.
but not DD (2002)
- Constitutive expression of Per in
other tissue types
Cellana radiata | Rayed wheel Oxygen Whole organism Diurnal and Not tested - Diurnal and tidal rhythms with Rao (1980)
limpet consumption circatidal activity higher during high tide
especially at night
Cellana rota Limpet Locomotion Whole organism Circadial and Yes - Circatidal or mixed Schnytzer et al.
mixed circatidal/circadian rhythm in situ (2018)
circatidal/ - Seasonal affects activity which is
circadian higher during the winter
- Moon phase affects activity which
is highest during the first quarter
- Circatidal (~12.4h) rhythm in the
lab under constant water spray and
constant and varying light regimes
Gene expression Head Circatidal Not tested - Tidally expressed transcripts
- Clock genes were either non-
rhythmic or weakly circadian but not
significant
Helcion Prickly limpet | Locomotor Whole organism Circadian Yes - Both circadian and circatidal Gray and
pectunculus activity and circatidal components under free-running Hodgson (1999)
conditions
Melibe leonina Lion's mane Locomotor Whole organism Circadian Yes - Circadian pattern persists in DD Newcomb et al.
sea slug activity (2014)
Nerita Black nerite Activity/ position | Whole organism Circadian Yes - Circatidal rhythm persists for ~5 Zann (1973)
(Melanerita) sea snail representing and circatidal days in LL under constant
atramentosa feeding and submergence
respiration - Circadian activity persist up to 10

days in LL under constant
submergence
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Olivella Sea snail Locomotion Whole organism Circatidal Yes - Endogenous circatidal behaviour Vanagt et al.
semistriata discriminating between incoming (2008)
and outgoing tides
Patella vulgata | Common Locomotion Whole organism Circatidal Not tested | - Circatidal rhythm synchronised by | Santina and
limpet time of emersion Naylor (1994)
Cephalopods
Eledone Lesser/curled | Locomotion Whole organism Diurnal No - Nocturnal activity under LD which | Cobb et al. (1995)
cirrhosa octopus did not persist under DD
E. scolopes Hawaiian Bioluminescence | Lightorgan Diurnal Not tested - Daily cycles of luminescence levels | Boettcher et al.
bobtail squid produced by bacterial symbionts (1996)
Cryptochrome Head, Diurnal Not tested | - Circadian Cryl and Cry2 Heath-Heckman
gene expression Light organ expression in head etal. (2013)

- Circadian Cry1 expression in the
light organ influenced by symbiont
luminescence

*Abbreviations: LD, light/dark cycles; LL, light/light (constant light); DD, dark/dark (constant dark).
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Along with a variety of other invertebrates, marine molluscs have also been
observed to show biological rhythms under aspects of lunar influence, including
circatidal rhythms (12.4 hr period) (Table 1.1) (Tessmar-Raible et al., 2011; Naylor,
2005). For example, circatidal rhythms of shell micro-growth increments are
exhibited under non-tidal conditions by the Manila clam, Ruditapes philippinarum,
(Poulain et al., 2011) and circatidal rhythms of locomotion are apparent in some
intertidal marine gastropods (Vanagt et al., 2008; Santina and Naylor, 1994). The
molecular mechanisms governing endogenous circatidal rhythms in marine organisms
remain to be established.

In practice, multiple types of rhythm can occur in an organism, either
influencing a single process where one rhythm may be considered a dominant
contributory factory over the other, or simultaneously impacting different processes.
In the case of the former, rhythmic oxygen consumption in the clam R. philippinarum
is initially circadian but gives way to an endogenous circatidal pattern persisting for a
number of weeks under subtidal conditions (Kim et al., 1999). In another example,
peaks of locomotor activity in the limpet Helcion pectunculus, one corresponding to a
circadian period and a second to a circatidal period, were evident under constant
darkness and constant aerial exposure indicating the possible presence of two
endogenous clock mechanisms (Gray and Hodgson, 1999). Finally, valve behaviour
in the oyster C. gigas is influenced by a number of rhythmic environmental processes,
resulting in circadian (Mat et al., 2012), circatidal (Tran et al., 2011) and circannual
periodicities (Payton et al., 2017c). It has been proposed that, as different marine
bivalves inhabit different geographical locations globally, tidal and solar intensities
may vary over a species range to the extent that a background rhythm in one location

could potentially be exhibited as dominant rhythm elsewhere (Tran et al., 2011; Place
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et al., 2008).

Different rhythms operating in the same mollusc over different timescales
include the tidally-synchronised renewal of epithelial cells in the stomach and
digestive gland of the mussel M. galloprovincialis (Zaldibar et al., 2004), in addition
to circadian valve activity that is phase shifted by light (Gnyubkin, 2010). As
previously mentioned, the rhythmic transcriptome M. californianus gills comprises
genes that are expressed in circadian and circatidal patterns respectively (Connor and
Gracey, 2011). It is therefore apparent that different biological rhythms operating
over different temporal scales may coexist within individuals but have varying
relevance to specific tissues or processes. The regulation of daily and tidal rhythms
have been hypothesised to be interconnected to varying degrees, though the extent to
which they are linked remains to be established in order to gain a deeper understanding
of the chronobiology of marine organisms (Tessmar-Raible et al., 2011; Naylor,

2010).

1.5.2 Seasonal rhythms and photoperiodism in molluscs

Evidence of photoperiodism in molluscs is less well known than in arthropods
(Nelson et al., 2009) and mainly documents reproductive activities such as oviposition
and growth in terrestrial gastropods (Numata and Udaka, 2010). For example,
photoperiod influences seasonal variation in super-cooling ability in the terrestrial
snail Helix aspersa in which shorter photoperiods induce lower temperatures of
crystallisation (Ansart et al., 2001), and longer photoperiods resulted in higher rates
of reproduction in the slug Limax valentianus (Hommay et al., 2001). Among aquatic
molluscs, many of which are seasonal spawners (Maneiro et al., 2017; Osada et al.,

2007; Rodriguez-Rua et al., 2003; Duinker et al., 2000; Li et al., 2000; Seed, 1969),
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photoperiod affects the rate of egg laying in the freshwater snail, Lymnaea stagnalis
(Joosse, 1984) and short days, in conjunction with warmer temperatures, are correlated
with an increase in egg-laying behaviour in the sea slug Aplysia california, which
breeds in late summer/autumn (Wayne and Block, 1992).

Although photoperiod is the most reliable environmental indicator of season,
in aquatic habitats temperature is a comparatively more reliable seasonal cue than in
terrestrial habitats (as water temperature is less variable than air temperature) and
therefore seems to be used more in conjunction with photoperiod as a cue by aquatic
molluscs than by their terrestrial counterparts (Numata and Udaka, 2010). The
duration the mussel M. galloprovincialis was under favourable conditions of food
supply and temperature was a greater contributory factor to number of spawns than
photoperiod, however the authors suggest that the mussels may not have had enough
time to reach the stage of gonad maturity where a response is perhaps more likely to
occur and suggest further study to clarify the effects of photoperiod (Dominguez et
al., 2010). Work on great scallops (Pecten maximus) has shown that the rebuilding of
the gonads after spawning occurred to a greater extent (larger gonad growth) in
scallops kept at constant or increasing photoperiod conditions than in those exposed
to a natural/decreasing photoperiod regime, which showed no significant changes
(Duinker et al., 1999). The same significant effect was also seen in scallop gonad
growth when increasing photoperiod and temperature were combined under
conditions of excess food availability (Saout et al., 1999). Finally, the oyster C. gigas
has been found to progressively change from being nocturnal during the
autumn/winter to being diurnal in the spring/summer in both environmental and
laboratory conditions, suggesting the presence of an endogenous circannual clock,

although the mechanisms for this are currently unknown (Mat, et al., 2012). At present
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there is not yet an encompassing explanation of the mechanism(s) by which
reproductive development in aquatic molluscs is influenced by photoperiod
(Dominguez et al., 2010; Numata and Udaka, 2010), and the relationship between
regulation of their short-term biological rhythms and photoperiodic trends are also yet

to be fully understood.

1.5.3 Clock genes in aquatic molluscs

To date, there has been little investigation into the molecular mechanisms
underlying biological rhythm regulation of molluscs. As a result, there are relatively
few instances where molluscan clock genes have been identified. However, homologs
of the core clock genes including CIk, Cry1/2, Cyc, Tim, Per, Dbt, ROR and Rev-erb
have been isolated from molluscs (Table 1.2) as have some clock-associated genes
(Table 1.2 and phototransduction genes (Sun et al., 2016). Table 1.2 contains
examples of the few sequenced molluscan clock genes, a number of which were
isolated since research in this thesis was completed (Cook et al., 2018; Duback et al.,
2018; Schnytzer et al., 2018; Bao et al., 2017; Perrigault and Tran, 2017).

These findings point to the existence of a regulatory molecular clock
mechanism in the phylum, as is to be expected given the ubiquitous presence of this
mechanism in all phyla investigated. These few sequences have provided the initial
insights into how the molluscan molecular clock mechanism is hypothesised to be
arranged. For example, PER from the sea snail Bulla gouldiana (GenBank accession
number AF353619) has sequence similarities to Drosophila PER (AF033029.1) in the
region attributed to TIM binding, and has more sequence homology with Drosophila
PER than mouse PER, leading to the hypothesis that molluscs may exhibit

Drosophila—type PER-TIM binding rather than mammalian-type PER-CRY binding
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(Constance et al., 2002) (Figure 1.4). In terms of rhythmic clock gene expression in

molluscs, Per expression is rhythmic but not endogenously so in B. gouldiana eyes

(Constance et al., 2002) and Cryl and ROR are rhythmic in the gills of the California

mussel, M. californianus, though it is yet to be investigated whether the rhythm

persists under constant conditions (Connor and Gracey, 2011).

More research is

required to identify further putative clock genes from molluscs and to establish their

interactions, rhythmic properties and functional importance. The molecular basis of

non-circadian rhythms, such as tidal and seasonal rhythms, are also yet to be

established.

Table 1.2 Nucleotide/amino acid sequences of mollusc clock and clock-associated genes

Clock-
Clock genes associated
genes
o 2
o u
& | e 2
g %] 8 = E 8 E Ref /
. & 8 o £ e % E % g |« eerenci
g2l o 3| Bl gl g i3 g e Y E S e
—_ j- j- S
o| 5| 6| S| £| & €| & 3| 5| £| 3| &| § Accesion®
Bivalves
Connor and
I Gracey (2011);
M. californianus ViV Vv v Gracey et al.
(2008)
L EF644354.2
* v v
M. galloprovincialis FL488956.1
Palcopecten Pairett and Serb
. ViV vViv]v v
magellanicus (2013)
Patinopectan Sun et al. (2016)
. ViV vViv]v v v
yessoensis XM_021523366
Perrigault and Tran
(2017)
. Bao et al. (2017)
ViviIiv|IVvI|IVvIvV|IvVI|IVI|V vViv]|v
C. gigas EKC31717.1
KU127505.1
XP_011441580.1
Crassostrea angulata v Zeng et al. (2013)
Pinctada fucata 4 4 4 Bao et al. (2017)
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Mizuhopecten v XM_021519834.1
yessoensis -
Gastropods
. Constance et al.
v
B. gouldiana (2002)
Bao et al. (2017)
XP_009051269.1
. ES086573.1
Lottia gigantea ViV v v v v v XP_009046363.1
XP_009060168.1
XM_009063510
Haliotis discus hannai v HM107828
Haliotis diversicolor v KC256820.1

XP_005112430.1
XP_005089742.1
A. californica 254 v v v XP_005099695.1
XP_005111020

XP_005098675.1

Hermissenda

. . VI v |V vViIv V| v
crassicornis Cook et al. (2018)

Cook et al. (2018);

Melibe leonina VIV IVvIVvIVI|VY 254 Duback et al.
(2018)
Tritonia diomedea VIivIvIvIVv|VY ViV Cook et al. (2018)
Schnytzer et al.
v vViv]|v
Cellana rota (2018)
Patella vulgata 4 4 v Bao et al. (2017)
Biomphalaria v v v Bao et al. (2017)
glabrata
Cephalopods
Heath-Heckman et
V|V
E. scolopes al. (2013)

*The putative M. galloprovincialis period sequence with accession number BM66066, is

omitted due to low sequence homology lending support to this identification.

1.5.4 The melatonin synthesis pathway and molluscs
Though components of the melatonin synthesis pathway (Figure 1.8) are
involved in circadian and photoperiodic timing in mammals (Zisapel, 2018; Dunlap et

al., 2014; Morin, 1999) comparatively little is known about invertebrates. Circadian
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photosensitivity is influenced by serotonin signalling in Drosophila (Yuan et al., 2005)
and melatonin signalling is involved in circadian control of swimming behaviour in
the marine annelid Platynereis dumerilii (Tosches et al., 2014). Aspects of the
melatonin synthesis pathway have been linked to reproductive development in aquatic
invertebrates. For example, melatonin has been detected in the gonads of cnidarians
including a sea star Echinaster brasiliensis and a sea pansy Renilla kollikeri; in the
former, melatonin in gonad tissues is produced rhythmically with a night time peak
and thought to be regulated by aaNAT (Peres et al., 2014). In the latter, no daily
pattern in melatonin level was detected which was in keeping with the absence of
detected circadian rhythms in the species, however a seasonal pattern was discovered
where the timing of melatonin level increase and gonad maturation were correlated
suggesting a potential for the provision of seasonal information (Mechawar and Anctil,
1997).

In molluscs serotonin, melatonin, and HIOMT have been detected using
radioimmunoassay (RIA) and high-performance liquid chromatography (HPLC)
techniques; serotonin acts as both a neurohormone and neurotransmitter in molluscs
and has a large variety of different functions including involvement of developmental
events such as the induction of larval metamorphosis (Couper and Leise, 1996),
induction of oocyte maturation (Tanabe et al., 2006), triggering of spawning (Ram et
al., 1993) and regulation of aspects of male copulatory behaviour (De Lange et al.,
1998). Both melatonin and HIOMT have been found in neural and ocular tissues of
the gastropod Helix aspersa maxima, although reasonably little variation was able to
be detected, just a small peak at the end of the dark period in the cerebroid ganglions
(Blanc et al., 2003). The same study failed to detect aaNAT although the authors

attribute this to the likely presence of low levels beyond the detection limits of the
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assay used (Blanc et al., 2003). Melatonin levels in the cephalopod mollusc Octopus
vulgaris showed rhythmic fluctuations in the optic lobe, retina and hemolymph, which
peaked during darkness with retinal serotonin levels showing the opposite pattern
(Muhoz et al., 2011). Diurnal oscillation in melatonin content in the cerebral ganglia
of the sea slug A. californica similarly peaked at night although, conversely, in the
eyes peak levels were actually detected in the daytime, opposite to the pattern in most
vertebrates (Abran et al., 1994).

As these existing molluscan studies focus on the detection of chemicals in
tissues, there is a lack of work investigating variation in the expression of the genes
encoding the enzymes that catalyse the process. Based on sequence similarities to
other species, the gene aaNAT appears to have been sequenced from the bivalve M.
galloprovincialis (GenBank accession FL488956.1), however any daily and seasonal
variations in the expression of this gene, and their significance to physiological

processes, are yet to be investigated in molluscs.

1.6 THE BLUE MUSSEL M. EDULIS

1.6.1 Description, habitat and distribution

The blue mussel M. edulis, also sometimes known as the common mussel, is a
filter-feeding marine bivalve belonging to the family Mytilidae. With two equally-
sized asymmetric valves, blue mussels are roughly triangular in shape and are sessile
as adults, anchoring themselves to the substrate by depositing proteinaceous byssus
threads from glands in their muscular foot (Gosling, 2015). They predominantly
inhabit the intertidal zone, but also occur at subtidal level, and are a gregarious species
forming patches which can progress into dense mussel beds (Suchanek, 1978; Bayne,

1976). As a biogenic reef-building organism, M. edulis plays a crucial role in
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transforming habitats dominated by sediment into reefs with a higher level of
biodiversity, to the extent that loss or removal of mussels from reefs can detrimentally
impact upon the biota of such habitats (Gutiérrez et al., 2003). Reefs, biogenic and
geogenic (non-biogenic substrata) in origin, are listed under Annex | of the EU Habitat
Directive (Joint Nature Conservation Committee (JNCC), 2016a) and blue mussel
beds on sediment are also currently a UK Biodiversity Action Plan (UKBAP) priority
habitat, identified as requiring conservation action (JNCC, 2016b). Relatively tolerant
to a wide range of temperatures and salinities (Bayne, 1976), the species has a
widespread global distribution and is found along the coastlines of North America,
Asia, North Africa and Europe, including being common along UK shores (Seed,

1976).

1.6.2 Life cycle and gametogenesis

Blue mussels are considered gonochoristic (distinct sexes), despite the
occasional occurrence of hermaphrodites and recently discovered sex inversion in
environmentally stressed post-spawned females (Chelyadina et al., 2018). There are
no external morphological characteristics to distinguish the sexes (Seed, 1976).
Reproductive maturity occurs at 1 to 2 years old; adults experience seasonal
reproductive development where resting/spent mussels lacking sexual structures
undergo gametogenesis. Gametes develop in follicles in the mantle tissue, increasing
in quantity, size and maturity (Seed, 1969). The reproductive status of an individual
may be broadly classified as developing, mature, spawning or resting/spent, although
more detailed arbitrary schemes of classification have been described (Seed, 1969).
The timing of gametogenesis and spawning varies with location and is influenced by

microhabitat (summarised by Seed, 1976), but in the UK gametogenesis commences
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in the winter, generally progressing until early spring when maturity/ripeness is
attained which is followed by spawning (Seed, 1969). A brief redevelopment period
followed by a second spawning event can occur if local conditions are favourable, and
the resting phase generally coincides with the end of the summer (Seed, 1969).
Spawning occurs directly into the water column, with seawater inducing spermatozoa
motility as well as the maturation of oocytes (Chipperfield, 1953). External
fertilisation results in embryos which develop into larvae and then progress through
the following stages of development: trochophore (ciliated embryo), young veliger
(functional gut and begins to secrete prodissoconch shell 1), straight-hinge veliger
(fully formed prodissoconch shell 1), veliconcha (secretes prodissoconch 11 shell),
eyed-veliger (develops a pair of eyespots), and pediveliger (develops a foot), which is
followed by metamorphosis (including organ reorganisation, dissoconch shell
development and secretion of byssus threads) resulting in the post-larval plantigrade
stage (Bayne, 1976; Bayne, 1964b). Proposed to be an adaptive strategy to avoid
competition and inhalation by adults, juveniles (plantigrades) then generally undergo
two settlement stages, initially on filamentous algae and subsequently, following
further development, on a solid substrate such as a mussel bed (Bayne, 1964a). The

major stages in the life cycle of a blue mussel are summarised in Figure 1.10.
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Figure 1.10 Summary of the major stages in the life cycle of the blue mussel M. edulis.

Diagrams of larval stages are from Field (1922).

1.6.3 Light perception

The larvae of M. edulis develop a pair of photosensitive eyespots that are
retained as cephalic eyes into adulthood (Morton, 2001). Located on the gill filaments
between the outer and inner gills (Northrop, 2000) these simple cup-shaped structures
are open to seawater and lack a lens, cornea and pinhole aperture making them
incapable of forming images (Rosen, 1977). However, in the valve adjacent to each
eye is a small translucent area of shell referred to as a “Shell window” through which
light may penetrate (Rosen, 1977). The eye has been described as an “off” visual
system as optic nerve activity spikes occur only in response to darkness, their activity
pattern dependent on the characteristics of the preceding light period (Northrop, 2000).
Valve closure observed in response to dimmed light in both individuals with
functioning and non-functioning eyes indicates the presence of other photoreceptor
cells (Northrop, 2000). Indeed, M. edulis larvae show positive or negative phototaxis

at different developmental stages, including prior to eyespot development (Bayne,
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1964b). Conflicting findings, where blind and sighted mussels respond to changes in
light (Northrop, 2000) and sighted mussels show no light sensitivity (Rosen, 1977),
have both led to authors hypothesising that the adult eyes may be used to sense
photoperiod. Though circadian pacemakers have been revealed in the more complex
eyes of gastropods (Block et al., 1993; Jacklet, 1969), the function of the simpler

cephalic eyes such as those found in Mytilus are unclear.

1.6.4 Temperature perception

In the oyster C. gigas and the soft-shell clam Mya arenaria, the relationship
between heart rate and the temperature in both the mantle and pericardial cavities, led
to the proposal that these bivalves may possess thermoreceptors in the mantle tissue
to detect temperature change, in addition to experiencing the effects directly (Lowe,
1974). 1t is unclear whether this is the case for Mytilus, however specialised
thermosensors are not essential for temperature entrainment, as exemplified by
Drosophila in which the process is tissue-autonomous; temperature synchronisation
of Per expression can occur in a variety of isolated tissues and in individuals lacking

functional antennae (Glaser and Stanewsky, 2005).

1.6.5 Mechanoreception

Mechanoreception involves sensing and responding to touch, sound or
vibration. Many bivalves have statocycts which are fluid-filled sacs, surrounded by
ciliated sensory cells, which contain single (statolith) or multiple (statoconia) denser
granules allowing the structure to act as a gravity receptor and assist with orientation
(Cragg and Nott, 1977). Mussels of the genus Mytilus develop a pair of statocycts as

pediveliger larvae that are attached to the pedal ganglia (Bayne, 1971) and contain a
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single statolith (Cragg and Nott, 1977). In addition to this internal sensory system,
Mytilus spp. also possess superficial mechanoreceptors such as those located in the
anterior byssus retractor muscle (LaCourse and Northrop, 1978) and the gill cilia
(Murakami and Machemer, 1982). They also have a pair of well-developed abdominal
sense organs (ASO) located outside the gill axes on the posterior adductor muscle that
detect water current (Haszprunar, 1985; Haszprunar, 1983) and potentially water-
borne vibrations (Zhadan, 2005). Indeed, M. edulis are known exhibit behavioural
changes in valve movements in response to vibration stimulus (Roberts et al., 2015).
Finally, M. edulis also have osphradia, sensory receptors located near the visceral
ganglion (Haszprunar, 1987). Historically thought to be mechanoreceptors, bivalve
osphradia are now generally considered to be chemoreceptors involved in detecting
chemical spawning cues and synchronisation of gamete release by the secretion of the

spawning stimulant serotonin (Beninger et al., 1995; Haszprunar, 1987).

1.6.6 Relevance of M. edulis chronobiology

As a species that inhabits the intertidal zone, M. edulis is under the influence
of multiple environmental factors, such as alternating periods of tidal immersion and
emersion, daily light/dark cycles, as well as bi-monthly/monthly lunar cycles (Figure
1.9). Athigher latitudes, seasonal long day/short day (photoperiod) variations are also
relevant. Though biological rhythms are present in bivalves (Table 1.1) and examples
of clock genes isolated from the class are emerging (Table 1.2), there is still little
known about how mussels, and indeed all bivalves, synchronise their biological
rhythms with environmental cycles via molecular clockwork mechanisms.

The chronobiology of M. edulis is a poorly understood aspect of the ecology

of this species which also has commercial relevance as a harvested edible species
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(Smaal, 2002); approximately 182,000 tonnes of blue mussels were harvested
worldwide in 2016 worth an estimated US $280 million (FAO, 2016). The two major
challenges faced by mussel aquaculturists are a reliance on the supply of wild mussel
spat, which is seasonal and linked to environmental conditions, and the reduced
economic value of spawning and post-spawned mussels due to their lower meat
content (Dominguez et al., 2010). Blue mussels are also frequently-used bioindicators
of water quality; their sensitivity to absorption of various anthropogenically-derived
organic and inorganic pollutants, combined with a constrained metabolising ability
and hardiness to different chemically detrimental conditions, results in concentrated
contaminants in their tissues (Rittschof and McClellan-Green, 2005; O’Connor, 2002).
For instance, the ongoing NOAA National Status and Trends ‘Mussel Watch’ program
has monitored trace chemical contaminant levels in mussels since 1986 to gain insights
into spatial and temporal contamination trends (Farrington et al., 2016; O’Connor,
2002). Recent research also highlights the requirement for studies examining the
natural seasonal changes undergone by bio-monitoring species in order to avoid
falsely attributing results to pollutants; a number of genes commonly used as
biomarkers of pollution-stress in M. galloprovincialis have now been shown to exhibit
seasonal variation in expression levels in unpolluted waters (Jarque et al., 2014).
Similarly, temporal expression patterns of other genes have also been recorded in
Mytilus (Banni et al., 2011; Connor and Gracey, 2011). Insights into the
chronobiology of M. edulis are therefore highly relevant to multiple applications.

In addition to being an ecologically, toxicologically and economically relevant
species with seasonal gametogenesis cycles, the sedentary lifestyle, widespread
distribution, abundance, and ease of sampling of M. edulis makes it an ideal study

organism for investigating bivalve biological rhythm regulation on a molecular level
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and the influence of biotic and abiotic factors on this process. A wider understanding
of the chronobiology of this species is relevant to researchers investigating the effects
of both natural and anthropogenic environmental change on keystone marine species

and intertidal zone inhabitants.

1.7 THESIS AIMS AND OBJECTIVES

This research investigates the little-known molecular mechanisms involved in
regulating marine bivalve biological rhythms. The aim of this thesis was to identify
components of the molecular clock mechanism in the blue mussel M. edulis and to
investigate whether clock genes were expressed in rhythmic patterns over different
timescales (24 hr and seasonal). The responses of clock mMRNA expression patterns
to environmental cues including light and temperature were investigated as
entrainment of clocks by zeitgebers is essential in maintaining synchrony between
endogenous and external cycles (Mohawk et al., 2012; Dubruille and Emery, 2008;
Rensing and Ruoff, 2002). Of particular interest herein is the potential involvement
of clock genes in provisioning environmental information used to time the seasonal
reproductive development of M. edulis (Figure 1.11). It was hypothesised that a
molecular clock mechanism exists in M. edulis and that the expression patterns of the
genes involved would be influenced by changes in environmental light and

temperature regimes.
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Figure 1.11 Summary of the hypothesised link between environmental cues e.g. photoperiod,

ek

the molecular clock mechanism, and rhythmic outputs e.g. seasonal gametogenesis.
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Using a targeted approach, the genes CIlk, Cryl, ROR/HR3, Per, Rev-erb,
Timeout-like, ARNT and aaNAT were selected for isolation and were quantified in M.
edulis based on their key functions in the molecular clock of other species (Tomioka
etal., 2012; Jetten, 2009; Kewley et al., 2004; Allada et al., 2001; Foulkes et al., 1997).
The effect of season on the mMRNA expression of these clock-associated genes was
investigated during an experiment in which differences between winter and summer
were examined in both sexes. To complement this work, a laboratory-based exposure
experiment was conducted to investigate the response of diurnal expression patterns
to modulated light and temperature regimes to ascertain endogenous circadian
expression and to identify potential zeitgebers. In addition, a non-targeted global
approach was also applied to identify the molecular-level responses of wild M. edulis
to natural seasonal differences to reveal other candidate genes with a potential role in
the provisioning of environmental information. All field and laboratory experiments
were conducted on wild-caught adult M. edulis from the UK and gonadal tissue
sections were prepared to identify the sex and gametogenesis stage of all individuals.

To achieve the proposed aims, the following hypotheses and research objectives
were identified:

1. Isolate and characterise key clock genes in M. edulis using molecular biology
techniques including RNA extraction, cDNA synthesis, PCR, agarose gel
electrophoresis and sequencing (Chapters 2 and 4). It was hypothesised that M.
edulis contain homologs of clock genes known to be involved in the molecular-
level regulation of timekeeping in other organisms.

2. Quantify mRNA expression levels of the identified clock genes and assess how
they vary between seasons (winter and summer) in a wild population using

optimised gPCR assays to quantify relative expression differences (Chapters 3
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and 4). Differences in photoperiod can be used as an environmental cue of season
by influencing the light-entrainable molecular clock mechanism. It was
hypothesised that M. edulis clock gene expression will vary between seasons at
equivalent time-points during the day.

Isolate M. edulis clock proteins using Western blotting, which allows the
identification of specific clock proteins based on antibody binding (Chapter 4). It
was hypothesised that M. edulis possess clock proteins.

Investigate the rhythmic and endogenous nature of M. edulis clock gene activity
by examining mMRNA expression responses to modulated light cycles (light/dark,
LD; and constant darkness, DD) and temperature cycles (warm/cold under
constant darkness, TCDD) in a laboratory-based exposure experiment (Chapter
5). It was hypothesised that diurnal clock gene expression occurs in M. edulis
under LD conditions and persists under DD, indicative of endogenous regulation.
It was also hypothesised that temperature cycles can modulate clock gene
expression patterns.

Identify further genes potentially involved in seasonal response using a global
molecular-level approach (Suppression Subtractive Hybridisation) to detect
MRNA transcripts that show seasonal differences in expression levels (Chapter
6). It was hypothesised that seasonally-expressed transcripts can provide

molecular-level information on environmental cycles.
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Isolation and characterisation of circadian rhythm-related

genes from the blue mussel M. edulis

2.1 INTRODUCTION

Circadian rhythms are cyclical biological processes operating over a ~24 hr
period. Though they are synchronised by external environmental cycles, they are
regulated endogenously on a molecular-level by clock genes that form negative
feedback interactions with the proteins they encode (Young, 2000; Hardin, 2005).
These gene-protein interactions oscillate in a regular manner forming a network
referred to as the molecular clock mechanism that is considered ubiquitous across
virtually all phyla, though the constituent clock genes vary between organisms (Allada
et al, 2001).

Transcription factors, which activate or repress transcription of other genes, are
integral to both vertebrate and invertebrate molecular clock interactions, and include
the basic helix-loop-helix PAS (bHLH-PAS) transcription factors CLK, BMAL1 and
PER (Tomioka and Matsumoto, 2015; Kewley et al., 2004; Shirasu et al., 2003). The
core interactions of the clock mechanism are formed by CLOCK, which
heterodimerises with the protein encoded by Cyc in Drosophila (Darlington et al.,
1998) and Bmal1/ARNTL in mammals (Gekakis et al., 1998). PER subsequently forms
a protein complex with TIM in Drosophila and with CRY1 in mammals to form the

first negative feedback loop (Figure 1.4). Though Cryl exists in Drosophila, it
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encodes a blue light-sensitive flavoprotein that facilitates the light-induced
degradation of TIM (Peschel et al., 2009). The second loop generally comprises RAR-
related orphan receptors (ROR) and RevErb in mammals (Jetten, 2009). Vertebrate
ROR, of which there are three forms (a, B and y), are nuclear hormone receptors which
influence Bmall transcription along with members of the REV-ERB family which act
antagonistically as transcriptional repressors (Guillaumond et al., 2005). Similar
negative feedback loop functions are performed by Pdp e and Vri in Drosophila which
repress and activate CIk transcription respectively. (Tomioka et al., 2012) (Figure
1.4).

The majority of invertebrate chronobiology to date focuses on terrestrial
arthropods. Although molluscs are a large phylum, containing a number of
commercially important bivalve species such as scallops, oysters, mussels and clams
(Gosling, 2015), the molecular regulatory mechanisms comprising the molluscan
circadian pacemaker remain largely undiscovered. There are few cases of clock genes
having been isolated or characterised from molluscs including bivalves (Table 1.2).
When the current chapter was compiled, the few known examples of bivalve clock
genes included homologs of the six Drosophila core clock genes clock (CIk),
cryptochrome (Cryl), cycle (Cyc/Bmall/ARNTL), timeless (Tim), period (Per) and
doubletime (Dbt), which were isolated from the eye of the Atlantic sea scallop
Placopecten magellanicus (Pairett and Serb, 2013) and were discovered in the
sequenced genome of the Pacific oyster C. gigas (Zhang et al., 2012). CIk, Cryl,
Bmall and a RAR-related orphan receptor beta (RORS) homolog were also isolated
from the gill tissue of the California mussel M. californianus (Connor and Gracey,
2011). The clock-associated gene arylalkylamine N-acetyltransferase (aaNAT), had

been isolated from the mussel M. galloprovincialis (GenBank accession FL488956.1).
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Vertebrate-type aaNAT (VT-aaNAT) encodes a light-sensitive enzyme which catalyses
a stage of the vertebrate melatonin synthesis pathway (Foulkes et al., 1997) and non-
vertebrate type aaNAT (NV-aaNAT) is a CCG in insects, linking photoperiod to
endocrine response via the clock mechanism (Mohamed et al., 2014). The few cases
where clock proteins have been isolated from molluscs include PER from B. gouldiana
(Constance et al., 2002) and CRY1 from E. scolopes (Heath-Heckman et al., 2013).
However, mollusc antibodies are not commercially available for this purpose, so
testing antibodies from model species for cross-species reactivity can be a cost-
effective alternative to developing specific antibodies, which has been previously been
applied to mollusc clock protein detection (Constance et al., 2002).

The blue mussel M. edulis, a commercially and ecologically important species
of bivalve (FAO, 2018; Gutiérrez et al., 2003) under the influence of multiple
environmental cycles (Tessmar-Raible et al., 2011), is an ideal candidate organism for
the investigation of circadian rhythm-related genes in an intertidal bivalve. Mussels
undergo seasonal reproductive cycles so their aquaculture is challenged by seasonal
variations in mussel value and spat supply (Dominguez et al., 2010). However, the
mechanism(s) regulating M. edulis biological timekeeping, including links to their
seasonal cycles of sexual development, are presently unknown. The aims of this
chapter are to establish whether clock genes exist in M. edulis by isolating putative
clock gene sequences from the species. Candidate genes selected for isolation were
chosen based on their relevance to circadian function in other species and were as
follows: CIk, Cryl, Aryl Hydrocarbon Receptor Nuclear Translocator (ARNT), the Tim
homolog Timeout-like, ROR/HR3, and aaNAT. The secondary aim is to investigate
cross-species reactivity of commercially available mammalian antibodies as a means

of identifying M. edulis clock proteins.
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2.2 MATERIALS AND METHODS

2.2.1 Sampling

Adult blue mussels were collected from a single wild population at low tide
from Brighton Beach, East Sussex, UK (50°49’ longitude and 0°8' latitude) between
March and September 2005 (n=50). Approximately 1.0 cm? of mantle tissue was
dissected from each individual and immersed in 0.5 mL RNAlater solution (Qiagen
Ltd., Manchester, UK) to preserve the sample integrity for RNA extraction. Samples

were stored at -20 °C.

2.2.2 Total RNA isolation

Prior to commencing, work surfaces and equipment were treated with RNase
Away (Molecular Bioproducts, UK) to protect the samples from DNA and
Ribonuclease (RNase) contamination. The reagents and protocol from the High Pure
RNA Tissue Kit (Roche, Burgess Hill, UK) were used; RNA, liberated via sample
homogenisation, was bound to glass fibres in a column, treated for residual genomic
DNA, and washed to remove impurities before elution.

Intact total RNA was isolated from M. edulis mantle samples by homogenising
~20 mg of tissue in 400 uL Lysis/Binding Buffer (4.5 M guanidine-HCI, 100 mM
sodium phosphate pH 6.6) using a rotor stator homogeniser (IKA, Staufen, Germany).
Centrifugation for 2 min at 13,000 x g formed a pellet of insoluble cell debris. The
supernatant was mixed with 200 pL absolute ethanol in a sterile tube (Fisher Scientific,
UK) then transferred into a High Pure Filter Tube. Samples were centrifuged at 13,000
x g for 30 sec and the flow-through was discarded. 10 pL DNase | Working Solution
(0.18 kU) combined with 90 pL DNase Incubation Buffer (1 M NaCl, 20 mM Tris-

HCI, 10 mM MnCly, pH 7.0) was added to the glass fleece of each Filter Tube and
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incubated for 15 min at room temperature to digest residual genomic DNA. To remove
cellular impurities, 500 pL Wash Buffer I (5 M guanidine-HCI, 20 mM Tris-HCI, pH
6.6) was added followed by 15 sec centrifugation at 8,000 x g. This step was repeated
with Wash Buffer Il (20 mM NaCl, 2 mM Tris-HCI, pH 7.5). Finally 300 uL Wash
Buffer 1l was added followed by centrifugation at 13,000 x g for 2 min. 100 pL of
Elution Buffer (sterile nuclease-free double distilled water) was incubated with the
sample for 1 min at room temperature before the RNA was eluted for 1 min at 8,000

X g. RNA was subsequently stored at -20 °C or -80 °C.

2.2.3 RNA quantification

RNA was quantified using a Qubit 1.0 Fluorometer (Life Technologies,
Paisley, UK) which measures relative fluorescence of sample assays using a curve-
fitting algorithm calibrated by standard assays to calculate sample RNA concentration.
The Qubit RNA BR Assay Kit, with an assay range of 20 ng/mL to 1000 ng/mL, was
used with thin-walled polypropylene Qubit Assay Tubes (Life Technologies, UK). A
working solution was created containing 200 pL Qubit RNA Buffer and 1 pL Qubit
RNA Reagent (200X concentrate in DMSO) per assay. Two standard solutions were
prepared to calibrate the instrument by combining 190 pL of the working solution with
10 pL of either Qubit RNA Standard #1 (0 ng/uL in TE buffer) or #2 (10 ng/uL in TE
Buffer) respectively. For sample assays, 199 pL of working solution was mixed with
1 pL RNA. Assays were incubated at room temperature for 2 min and the instrument

was calibrated with the two standard assays before sample readings were taken.

2.2.4 Denaturing formaldehyde-agarose (FA) RNA gel

RNA samples were run on a formaldehyde-agarose gel to confirm RNA
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integrity. The denaturing conditions of the gel prevent secondary and tertiary RNA
structures forming which can inhibit separation during electrophoresis. The gel was
prepared as follows: 10 mL of 10X concentrated FA gel buffer (containing 200 mM
MOPS, 50 mM sodium acetate anhydrous and 10 mM EDTA in RNase-free water,
adjusted to pH 7 using NaOH) (all reagents supplied by Fisher Scientific, UK), 1.2 ¢
agarose (Fisher Scientific, UK) and RNase-free water (Fisher Scientific, UK) to a total
volume of 100 mL. After heating in the microwave to dissolve the agarose, the gel
was cooled to approximately 65 °C before the addition of 1.8 mL 37% (12.3 M)
formaldehyde (Fisher Scientific, UK) and ethidium bromide (Invitrogen, UK) was
added to a final concentration of 0.15 ug/mL. The gel was poured into a gel tray and
left to set at room temperature. A 1X concentration FA gel running buffer was made
by mixing 100 mL 10X FA gel buffer, 20 mL 37% (12.3 M) formaldehyde (Fisher
Scientific, UK), and 880 mL RNase-free water (Fisher Scientific, UK). Once set, the
gel was left to equilibrate in the 1X FA gel running buffer for a minimum of 30 min.
A 5X RNA loading buffer was made by combining 16 uL of saturated bromophenol
blue solution (Fisher Scientific, UK) with 80 uL EDTA (Fisher Scientific, UK), 720
uL 37 % (12.3 M) formaldehyde (Fisher Scientific, UK), 2 mL glycerol (Fisher
Scientific, UK), 3.084 mL formamide (Fisher Scientific, UK), 4 mL 10X RNA FA gel
buffer and RNase-free water (Fisher Scientific, UK) to complete the volume to 10 mL.
Before loading samples on the gel, 3 uL of 5X RNA loading buffer was mixed with 5
uL RNA sample and heated for 3 min at 65 °C, and then chilled on ice. 6.5 pL of 1
Kb Full Scale DNA ladder (Fisher Scientific, UK) was loaded alongside the samples.
Samples were then separated by electrophoresis for at least 40 min at 90 v and viewed

using a UV transilluminator (Gel Doc™ EZ System, BioRad, UK).
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2.2.5 cDNA synthesis and Ribonuclease H Treatment

Complementary DNA (cDNA) was synthesised from RNA using the
SuperScript® VILO™ cDNA Synthesis Kit (Life Technologies, UK), as cDNA is
comparatively less susceptible to degradation. The following reagents were used: 14
uL RNA (=150 ng minimum), 2 L 10X SuperScript® Enzyme Mix (SuperScript®
I11 Reverse Transcriptase, RNaseOUT™ Recombinant Ribonuclease Inhibitor, and a
proprietary helper protein) and 4 pL 5X VILO™ Reaction Mix (buffer containing
random primers, MgCl> and dNTPs; exact concentrations not provided by
manufacturer). Samples were gently mixed and heated in a thermal cycler as follows:
25 °C for 10 min, 42 °C for 60 min and 85 °C for 5 min before cooling to 4 °C. To
digest any remaining RNA in RNA-DNA hybrid structures, 1 pL Ribonuclease H
(RNase H) (5 U/pL in 25 mM HEPES-KOH pH 8.0, 50 mM KCI, 1 mM EDTA, 0.1
mg/mL BSA and 50% v/v glycerol) (Thermo Fisher Scientific, Loughborough, UK)
and 2 pL of accompanying 10X Reaction Buffer (200 mM Tris-HCI pH 7.8, 400mM
KCI, 80 mM MgCl2, 10 MM DTT) were added followed by incubation at 37 °C for 45

min. cDNA was stored at -20 °C.

2.2.6 Species Identification

The M. edulis complex consists of three mussel taxa (M. edulis, M.
galloprovincialis and M. trossulus) which are difficult to distinguish based on
morphology and can form hybrids. PCR was therefore used to amplify the non-
repetitive region of Mytilus foot protein-1 (mfp-1) to confirm species identity as M.
edulis (Inoue et al., 1995). The “Mel5” and “Mel6” primers used were designed by
Inoue et al. (1995) and the thermal cycling conditions were optimised by Bignell et al.

(2008). PCR products were separated by electrophoresis on a 4% TBE agarose gel
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stained with GelRed™ Nucleic Acid Gel Stain (10,000X in water) (Biotium,
Cambridge Bioscience, UK) and band sizes were assessed by comparison with

O’RangeRuler 20 bp DNA Ladder (0.1 pg/uL) (Thermo Fisher Scientific, UK).

2.2.7 PCR Primer design and selection

Specific primer sequences designed for the amplification of Clk from M.
californianus were kindly provided by Dr Andrew Gracey, University of Southern
California, as were nucleotide sequences for M. californianus Clk, Cryl, Bmall and
RORf (Personal communication, 2013) from which new primers were designed for
testing and optimisation on M. edulis (Table 2.1.). Primers for aaNAT were designed
based on a sequence from the Mediterranean mussel M. galloprovincialis (GenBank
accession FL488956.1). Primers were designed using the Primer-BLAST tool
(http://www.ncbi.nlm.nih.gov/tools/primer-blast/) and self-complementarity was
checked using Oligo Calc (www.basic.northwestern.edu/biotools/OligoCalc.html) to
ensure low likelihood of primer self-annealing and secondary structure formation.
Where Mytilus sequence data was unavailable, other sequences of the desired gene
were located on the GenBank database on the National Center for Biotechnology
Information (NCBI) website (http://www.ncbi.nlm.nih.gov/). Sequence alignments
were created using the NCBI Basic Local Alignment Search Tool (BLAST) or the

ClustalW2 sequence alignment tool (http://www.ebi.ac.uk/Tools/msa/clustalw?2/).

The following M. edulis 18S rRNA positive control primers were used: forward 5°-
GTGCTCTTGACTGAGTGTCTCG-3° and reverse 5’-
CGAGGTCCTATTCCATTATTCC-3’ (Ciocan et al., 2011). Primers were from
Eurofins Genomics (Ebersberg, Germany) or Integrated DNA Technologies (IDT)

(Leuven, Belgium) and were diluted to 200 pmol/uL or 100 pmol/pL in molecular-
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Table 2.1 PCR primers used for the amplification and sequencing of M. edulis genes.

Target . ) 2 Tm %  Amplicon
Gene Primer Sequence 5°-3 ¢C) GC Size (bp)
Clock_3F TATGCATCAGAAAGTATTAC 49.1 30.0

452
Clk Clock_ Right GGTGATGCCCTATGGTCAAG* 59.4 55.0
Clock_New_6R TCGGGTTTAGAGTTCCACTG 54.1 50.0 666
Cryl_3F GGTTGTCTGTCTGTCAGGAGG 61.8 57.1
443
Cryl 5R AATGCTGAACTGGACACCCA 57.3 50.0
Cryl_8F TGGACCCTGTAGCAGTATGGAAA 57.7 47.8
Cryl 801
Cryl_8R AGCAGGCTACAGCATGTCTAC 56.8 52.4
Cryl_14F GATGGCRAAGTWGCMGGAAC 56.6 55.0
1684
Cryl 12R GAGATTTTCTATTCCAGGACAGAG 52.7 41.7
Bmall_1F CGACCAGAGGGTAACAGCTT 59.4 55.0
ARNT 578
Bmall 3R CCGAAGCAGATTGTGGCATT 57.3 50.0
Tim_New_1F TTCCGAGAACAGARCCCWGA 56.8 52.5
475
Tim_New_1R CTCATKGCCCACAGGTAGT 55.6 55.3
Tim
Tim_New_F2 CAAAGAACCAGACTGCTTGGA 55.2 47.6
898
Tim_RACE_R1 CCTCCTGTCCTTTAATTGGTTGTGC 58.2 48.0
ROR_3F GCTGCATCACAGATCTCCCC 61.4 60.0
569
ROR_5R GGTGATACCATGCCTGTCGG 61.4 60.0
ROR_8F GCTTGATTATTTAGGTCGATCTGG 535 41.7
ROR/ — 513
HR3 ROR_8R CCCTGACTGCTGATGGGATA 56.2 55.0
ROR_9F GATCTTGGAGAAGTAAACTGAC 50.7 40.9
1053
ROR_12R AGTTCTTTCTGWARKGCAGGG 548 47.6
aaNAT_F3 CGTTTGAAGCTGACAGCACAC 57.0 52.0
aaNAT 624
aaNAT_R4 CAATGCATGCAAGTATGGGCA 56.5 47.6

*sequence provided by Dr Andrew Gracey, University of Southern California (Personal

communication, 2012). Amplicon sizes predicted from sequence lengths in other species.

Underlined degenerate nucleotides as follows: R, Gor A; W, AorT; K, Gor T.
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Figure 2.1 Partial alignment of the sea slug A. californica Timeless homolog (GenBank
accession XM_005099638.1) with polychaete P. dumerilii Timeout (KF316923.1). Vertical
lines show identical nucleotides and highlighted areas show the locations of the degenerate

primer pair, Tim_New_1F and Tim_New_1R (Table 2.1), designed for testing on M. edulis.

Numbers show the nucleotide positions in each sequence.

2.2.8 Polymerase Chain Reaction (PCR) amplification

All PCR reactions were performed on either a Techne TC-4000 Thermal

Cycler (Bibby Scientific, Stone, UK) or a Veriti 96 Well Thermal Cycler (Applied

Biosystems, Loughborough, UK). Thermal cycling programs used are shown in Table

2.2.
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Table 2.2 Thermal cycling programs used for PCR reactions.

Program A Program B
Stage N of Cycles Stage N of Cycles
94 °C for 30 sec x1 94 °C for 30 sec x1
94 °C for 30 sec 94 °C for 30 sec
55 °C for 30 sec x 35 55 °C for 30 sec x 35
72 °C for 30 sec 72 °C for 1 min
72 °C for 2 min x1 72 °C for 7 min x1
Program C Program D
Stage N*® of Cycles Stage N® of Cycles
94 °C for 30 sec x1 94 °C for 30 sec x1
94 °C for 30 sec 94 °C for 30 sec
&0 °C for 30 sec x 33 65 °C for 30 sec x 35
72 °C for 30 sec 72 °C for 30 sec
72 °C for 2 min x1 72 °C for 2 min x1
Program E
Stage N of Cycles
94 °C for 30 sec x1

94 °C for 30 sec
50 °C for 30 sec x 33

72 °C for 1 min

72 °C for 2 min x1

2.2.8.1 Isolation of Clk

The first Clk PCR product was generated by mixing 1 pL cDNA with 0.5 puL
of 200 pmol/uL Clock_3F and Clock_Right respectively (Table 2.1), 0.5 uL 40 mM
dNTP mix (Thermo Fisher Scientific, Loughborough, UK), 0.5 uL of 50X Advantage
cDNA polymerase mix (including KlenTag-1 DNA polymerase, minor amounts of a
proofreading polymerase, and 1.1 pg/pL TagStart Antibody for hot start reactions)

(Clontech, TaKaRa BioEurope SAS, Saint Germain-en-Laye, France), 2.5 pL of the
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associated 10X PCR Buffer (400mM tricine-KOH pH 9.2, 150 mM KOAc, 35 mM
Mg(OAC)2, 37.5 pg/mL Bovine serum albumin (BSA) (Clontech, France), 0.5 pL
100% dimethyl sulfoxide (DMSO) (Agilent Technologies, Wokingham, UK), 0.5 uL
25 mM MgCl> (Thermo Fisher Scientific, UK) and 18.5 pL molecular biology-grade
water (Fisher Scientific, UK). Thermal cycling program A was used (Table 2.2).

The second Clock PCR product was obtained by mixing 1 pL of cDNA with
0.5 pL of 200 pmol/uL Clock_3F, 0.5 puL 100 pmol/uL Clock_New 6R (Table 2.1),
with the following reagents from the Expand High FidelityPLUS PCR System (Roche,
UK): 0.5 uL PCR Nucleotide Mix (40 mM), 0.375 puL Expand High FidelityPLUS
Enzyme Blend (5 U/uL, containing a mixture of Taq polymerase and a proofreading
polymerase), 5.0 uL Expand High FidelityPLUS Reaction Buffer 5X (containing 7.5
mM MgCly), and molecular-grade water (Fisher Scientific, UK) to a total reaction
volume of 25 uL. Thermal cycling program E was used (Table 2.2).

After subsequent agarose gel electrophoresis (Section 2.2.9), the first product
was cloned (Section 2.2.12) and sequenced (Section 2.2.15). The second product was
purified from the gel (Section 2.2.10) and 5 pL of the resulting DNA was substituted
for cDNA as the template in a further PCR reaction under the same conditions outlined

above. This sample was also sequenced following gel purification.

2.2.8.2 lIsolation of Cryl

The first Cryl PCR product was generated by combining 1 pL cDNA, 0.5 pL
Cryl 3F and Cryl_5R (both 100 pmol/uL) (Table 2.1), 0.5 pL 40 mM dNTP mix
(Agilent Technologies, UK), 0.25 pL Herculase Il Fusion DNA Polymerase
(containing a Pfu-based DNA polymerase and ArchaeMaxx PCR enhancing factor)

(Agilent Technologies, UK), 5 uL of 5X PCR buffer (providing a final Mg+
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concentration of 2 mM) (Agilent Technologies), 0.5 pL 100% DMSO (Agilent
Technologies, UK), 0.5 pL 25 mM MgCI? (Fisher Scientific, UK) and 16.25 pL sterile
nuclease-free water (Fisher Scientific, UK). Thermal cycling program B was used
(Table 2.2). A re-PCR was later performed by substituting cDNA with 1 pL of
correctly sized purified band DNA cut from an agarose gel (see Sections 2.2.9 and
2.2.10), in order to obtain the final PCR product lacking non-specific multiple bands.

The second Cryl PCR product, designed to overlap the first, was obtained by
mixing 0.5 pL 100 pmol/puL Cryl 8F and Cryl 8R (Table 2.1) with 1 uL cDNA, 0.5
puL 40 mM dNTP mix (Agilent Technologies, UK), 0.5 uL 50X Advantage cDNA
polymerase mix (Clontech, France), 2.5 pL 10X PCR Buffer (Clontech, France) and
19.5 uL sterile nuclease-free water (Fisher Scientific, UK). The thermal cycling
conditions were as described above. The PCR product was visualised (Section 2.2.9),
quantified (Section 2.2.11) and sent directly for sequencing (Section 2.2.15).

The third Cryl PCR product was generated, purified, subjected to Re-PCR and
sequenced by performing the same protocol described for second Clk PCR product
(Section 2.2.8.1) except that the following primers were used: 100 pmol/uL of both

Cryl 14F and Cryl_12R (Table 2.1).

2.2.8.3 lIsolation of ARNT

The ARNT PCR product was obtained by combining 1 puL template cDNA with
0.5 pL of 100 pmol/pL Bmall_1F and Bmall_ 3R (Table 2.1), 0.5 pL 40 mM dNTP
mix (Agilent Technologies, UK), 0.5 pL 50X Advantage cDNA polymerase mix
(Clontech, France), 2.5 pL 10x PCR Buffer (Clontech, France), 0.5 pL 100% DMSO
(Agilent Technologies, UK), 0.5 pL 25mM MgClI; (Fisher Scientific, UK) and 18.5

UL sterile nuclease-free water (Fisher Scientific, UK). Thermal cycling program C
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was used (Table 2.2). A single PCR product was obtained which was sequenced
directly (Section 2.2.15). The remainder of the gene’s coding DNA sequence (CDS)

was obtained using RACE PCR (see Section 2.2.16).

2.2.8.4 lsolation of Tim

The Tim PCR product was obtained by mixing 1 pL cDNA with 0.5 pL 100
pmol/pL Tim_New_F1 and Tim_New_R1 primers (Table 2.1 ), 0.5 pL 40 mM dNTP
mix (Agilent Technologies, UK), 0.25 pL of Herculase Il Fusion DNA Polymerase
(Agilent Technologies, UK) and 17.25 pL sterile nuclease-free water (Fisher
Scientific, UK). Thermal cycling program D was used (Table 2.2). The PCR product
displayed multiple bands during electrophoresis so the correctly sized band was
purified from the gel (Section 2.2.10) and 5 pL purified DNA was used as a template
in a subsequent PCR. This resulting single-PCR product was purified from the gel
prior to sequencing (Section 2.2.15).

A second Tim PCR product was obtained by pairing the 100 pmol/uL primer
Tim_New_F2, which was designed from A. californica Timeless homolog (GenBank
accession XM_005099638.1), with the M. edulis Tim-specific primer Tim_RACE_1R
designed from the first Tim PCR product sequence described above (Table 2.1). The
same reagents and concentrations used previously were combined with PCR program
B (Table 2.2). After agarose gel electrophoresis (Section 2.2.9), the band was cut from

the gel and purified (Section 2.2.10) before sequencing (Section 2.2.15).

2.2.8.5 Isolation of ROR/HR3
The first ROR/HR3 PCR product was generated using the same reagents,

quantities and thermal cycling conditions used to generate the first Cryl PCR product
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(Section 2.2.8.2) except the primers were 0.5 pL of 100 pmol/uL ROR_3F and
ROR_5R respectively (Table 2.1). The second PCR product, designed to overlap the
first, was obtained using 0.5 pL 10 pmol/uL ROR_8F and ROR_8R with the same
reagents and thermal cycling conditions previously described for the second Cryl PCR
product (Section 2.2.8.2). Both ROR/HR3 PCR products were visualised (Section
2.2.9) quantified (Section 2.2.11) and sequenced (Section 2.2.15). The third PCR
product was generated, purified, subjected to Re-PCR and sequenced by performing
the same protocol that was used to isolate the second Clk PCR product (Section
2.2.8.1) except that the following primers were used: 100 pmol/uL ROR_9F and

ROR_12R (Table 2.1).

2.2.8.6 Isolation of aaNAT

An aaNAT PCR product was generated using 1 pL of cDNA, 0.5 pL of 100
pmol/uL primers aaNAT_F3 and aaNAT_R4 (Table 2.1), 0.5 pL 40 mM dNTP mix
(Agilent Technologies, UK), 0.25 pL of Herculase Il Fusion DNA Polymerase
(Agilent Technologies, UK), 5 pL of 5X PCR buffer (Agilent Technologies), and
17.25 pL molecular-grade water (Fisher Scientific, UK). Thermal cycling Program D
was used (Table 2.2). Agarose gel electrophoresis (Section 2.2.9) revealed a correctly
sized band which was cut and purified (Section 2.2.10) and 5 pL of the resulting DNA
was used as a template in a second PCR in a total reaction volume of 25 pL under the
same conditions reaction conditions. Gel electrophoresis resulted in the reappearance
of the same-sized band, which was purified from the gel and sequenced (Section

2.2.15).
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2.2.9 Agarose gel electrophoresis

All PCR products were separated and visualised by agarose-gel electrophoresis
on 1% Tris/Borate/EDTA (TBE) agarose gels. For each 100 mL of gel required, 1 g
of agarose (Fisher Scientific, UK) was combined with 100 mL 1X TBE buffer (89 mM
Tris Base, 89 mM boric acid and 2 mM ethylenediamine tetraacetic acid, EDTA)
(Fisher Scientific, UK) and heated in the microwave for 30 sec increments at 450 watts
until fully dissolved. Molten gels were cooled at room temperature until ~ 50 °C and
were stained with either SYBR® Safe DNA gel stain (10,000X concentrate in DMSO)
(Life Technologies, UK), as was the case for Clk PCR products, or with GelRed™
Nucleic Acid Gel Stain (10,000X in water) (Biotium, Cambridge Bioscience,
Cambridge, UK) for all other PCR products. Samples were prepared by mixing 10 pL
of PCR product with 2 uL 6X DNA Loading Dye (10 mM Tris-HCI pH 7.6, 0.03%
bromophenol blue, 0.03% xylene cyanol FF, 60% glycerol, 60 mM EDTA) (Thermo
Scientific, UK) to facilitate gel loading and visualisation of electrophoresis progress.
10 pL of 50 pg/mL Quick-Load® 100 bp DNA Ladder (supplied in 2.5% Ficoll-400,
11 mMEDTA, 3.3 mM Tris-HCI pH 8.0, 0.017% SDS and 0.015% bromophenol blue)
(New England BiolLabs, Hitchin, UK) was loaded onto each gel to provide a
comparable size reference for PCR products. Where larger PCR products were
anticipated, an alternate molecular weight marker was used: 1 kb DNA Ladder
(supplied in 3.3 mM Tris-HCI, 11 mM EDTA, 0.015% bromophenol blue, 0.017%
SDS, 2.5% Ficoll®-400; pH 8.0 at 25 °C) (New England Biolabs, UK). Gels were
run at 70 volts for 45 to 60 min and photographed with a UV transilluminator (Gel

Doc™ EZ System, BioRad, UK) using Image Lab™ Software (BioRad, UK).
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2.2.10 Purification of DNA from agarose gels

When multiple bands were obtained per lane from agarose gel electrophoresis,
indicating the presence of a mixed PCR product, the desired band was cut from the gel
under UV light using a scalpel and was purified using the NucleoSpin® Gel and PCR
Clean-up Kit (Macherey Nagel, UK). This technique uses a chaotropic salt solution
that disturbs the hydrogen bonding of nucleic acids and facilitates their binding to a
silica membrane. Subsequent washing steps remove contaminants including primers,
nucleotides, salts and dyes allowing pure DNA to be eluted.

For each 100 mg of excised agarose gel, 200 pL Binding Buffer NTI
(containing guanidinium thiocyanate, chaotropic salt and a pH indicator) was added.
Samples were incubated on a heat block at 50 °C for up to 10 min with intermittent
vortexing to dissolve the gel slice. The sample was loaded into a NucleoSpin® Gel
and PCR Clean-up Column and centrifuged for 30 sec at 11,000 x g. Flow-through
was discarded and 700 pL of Buffer NT3 (6 mL concentrate diluted with 24 mL
absolute ethanol) was added. After centrifugation for 30 sec at 11,000 x g, flow-
through was again discarded. This NT3 washing step was then repeated to minimise
chaotropic salt carry-over. An additional centrifugation for 1 min at the same speed
ensured removal of residual buffer from the column. For sample elution, 15 uL to 30
uL Buffer NE (5 mM Tris/HCI, pH 8.5) was added, incubated for 1 min at room
temperature, and centrifuged for 1 min at 11,000 x g. The sample was then re-applied
to the column and the final centrifugation step was repeated in order to maximise DNA

yield obtained. Samples were stored at -20 °C.

2.2.11 DNA quantification

To ascertain DNA concentration prior to sequencing, DNA quantification was
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performed using a Qubit 1.0 Fluorometer (Life Technologies, UK). The method was
the same as was previously described for RNA quantification (Section 2.2.3) except
that the dsSDNA BR Assay Kit (Life Technologies, UK), with a range of 0.01 pug/mL
to 10 pg/mL, was used. This kit consisted of Qubit dsSDNA BR Reagent (200X
concentrate in DMSO), Qubit dsDNA BR Buffer, Qubit dsDNA BR Standard #1 (0

ng/uL in TE buffer) and Qubit dsSDNA BR Standard #2 (100 ng/pL in TE buffer).

2.2.12 Cloning of PCR products

The first Clk PCR product (Section 2.2.8.1) was cloned using the Original
TOPO TA Cloning Kit for Sequencing with One Shot TOP10 Chemically Competent
Escherichia coli (Life Technologies, UK) to obtain a single product for sequencing.
The ligation reaction, in which a plasmid takes up the PCR insert, was prepared by
combining 6 pL PCR product with 1 uL T4 DNA ligase (4.0 Weiss units/pL), 2 uL of
1/10 diluted pCR®2.1 vector (25 ng/pL in 10 mM Tris-HCI, 1 mM EDTA pH 8.0)
and 1 pL 10X Ligation Buffer (60 mM Tris-HCI pH 7.5, 60 mM MgCl2, 50 mM NacCl,
1 mg/mL BSA, 70 mM, B-mercaptoethanol, 1 mM ATP, 20 mM dithiothreitol, 10 mM
spermidine) and incubated overnight at 14 °C in a Techne TC-4000 Thermal Cycler
(Bibby Scientific, UK). The following day, 2 pL of the reaction mix was added to the
chemically competent TOP10 E. coli and incubated on ice for 30 min. Heat shock at
42 °C was performed in a water bath for 30 sec to transform the E. coli with the
plasmid. Samples were then immediately placed on ice. 250 pL of room temperature
SOC medium (2% tryptone, 0.5% yeast extract, 10 mM NaCl, 2.5 mM KCI, 10 mM
MgCl,, 10 mM MgSOQOs, 20 mM glucose) was added and samples were incubated at 37
°C at 200 rpm for 1 hr to encourage cell growth.

Blue/white screening was performed to enable identification of successfully
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transformed colonies. Selective media was made by combining 37 g LB Agar Miller
granules (consisting of 10 g tryptone, 5 g yeast extract, 10 g sodium chloride, 12 g
agar) (Fisher Scientific, UK) per 1 L of purified water. Once autoclaved and cooled
to ~50 °C, kanamycin sulphate (Fisher Scientific, UK) was added to a final
concentration of 50 pg/mL. Only cells successfully transformed with the plasmid,
which contains a kanamycin-resistance gene, are able to grow on the selective media.
Plates were poured and set under aseptic conditions then spread with 40 pL of 20
mg/mL X-gal (5-bromo-4-chloro-3-indolyl-p-D-galactopyranoside) in DMSO (Fisher
Scientific, UK). Plates were pre-warmed to 37 °C prior to the addition of 50 pL
transformed E. coli and each sample was plated in duplicate. When dry, plates were
inverted and incubated at 37 °C overnight to allow colony growth.

Growth of white colonies indicates successful ligation and transformation as
disruption of the plasmid’s lacZ gene during the ligation prevents X-gal digestion
which would otherwise result in blue colonies. Individual white colonies were used
to inoculate 10 mL sterile LB Miller Broth (containing 10 g tryptone, 5 g yeast extract
and 10 g sodium chloride per litre of distilled water) (Fisher Scientific, USA)
containing 50 mg/mL kanamycin (Fisher Scientific, UK). These liquid cultures were
incubated overnight at 37 °C at 200 rpm. Cloudiness of the broth the following day

indicated successful cell growth.

2.2.13 Purification of plasmid DNA from E. coli liquid cultures

6 mL of overnight bacterial culture was centrifuged at 20,000 x g for 5 min.
The supernatant was discarded and the plasmid DNA was isolated from the E. coli cell
pellet using the Wizard® Plus SV Minipreps DNA Purification System (Promega,

Southampton, UK). Cell pellets were thoroughly resuspended in 250 pL Cell
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Resuspension Solution (50mM Tris-HC1 pH 7.5, 10mM EDTA, 100 pg/mL RNase A)
by vortexing. 250 pL of Cell Lysis Solution (2 M NaOH, 1% SDS) was added to
degrade cell membranes, and samples were inverted 4 times to gently mix. 10 pL of
Alkaline Protease Solution was added to inactivate released proteins such as
endonucleases which could negatively affect DNA quality, and samples were again
inverted 4 times to mix. Samples were incubated for 5 min at room temperature before
350 pL of Neutralisation Solution (4.09 M guanidine hydrochloride, 0.759 M
potassium acetate, and 2.12 M glacial acetic acid at a final approx. pH of 4.2) was
added to reduce sample alkalinity. Samples were inverted 4 times to mix before being
centrifuged at 20,000 x g for 10 min. Without disturbing the precipitate, the cleared
lysate was transferred into a Wizard® SV Minicolumn and centrifuged at 20,000 x g
for 1 min to bind the plasmid DNA to the column. The flow-through was discarded.
750 pL of Column Wash Solution (60% ethanol, 60 mM potassium acetate, 8.3 mM
Tris-HCI, 0.04 mM EDTA) was added to purify the DNA from remaining cellular
impurities. The samples were centrifuged for 1 min at 20,000 x g and the flow-through
was discarded. This wash step was repeated using 250 pL of the same solution
followed by 2 min centrifugation at the same speed. The column was placed in a
sterile tube and 100 pL Nuclease-Free Water was added. A final centrifugation of 1

min at 20,000 x g was used to elute the DNA which was then stored at -20 °C.

2.2.14 PCR on purified plasmid DNA

PCR was performed on purified plasmid DNA from the Clk-transformed E.
coli (Sections 2.2.12 and 2.2.13) to confirm the inclusion of the correct insert. The
gene-specific primer Clock_ 3F was paired with the MI3R primer 5’-

CAGGAAACAGCTATGAC-3’ (Invitrogen, UK) and 0.5 pL of each at 100 pmol/pL

67



Chapter 2

were mixed with 1 pL purified plasmid DNA, 2.5 puL 10X PCR Buffer (Clonetch,
France), 0.5 pL 50X Advantage cDNA polymerase mix (Clontech, France), 0.5 puL 40
mM dNTP mix (Thermo Fisher Scientific, UK), 0.5 pL 25 mM MgCl; (Thermo Fisher
Scientific, UK), 0.5 uL 100% DMSO (Agilent Technologies, UK) and 18.5 pL sterile
nuclease-free water (Fisher Scientific, UK). Thermal cycling conditions were: 94 °C
for 30 sec, followed by 35 cycles of 94 °C for 30 sec, 55 °C for 30 sec and 72 °C for
60 sec, followed by a final extension of 72 °C for 7 min. PCR products were analysed

by agarose gel electrophoresis (Section 2.2.9).

2.2.15 Sequencing

PCR products or purified band DNA were sent for sequencing using EZ-seq
DNA sequencing service (Sanger sequencing) provided by Macrogen Europe
(Amsterdam, The Netherlands), using the PCR primers as sequencing primers (Table
2.1). A minimum of 6 ng/uL DNA was combined with 0.25 pL 100 pmol/pL primer
and molecular-grade water (Fisher Scientific. UK) to a total volume of 10 pL. A
minimum of 50 ng/puL plasmid DNA containing the Clk sequence insert was
sequenced using primers M13R 5’-CAGGAAACAGCTATGAC-3’ and MI13F 5’-
GTAAAACGACGGCCAGT-3> (Invitrogen, UK). Obtained sequences were

manually edited and assembled with the software Bioedit version 7.2.5.

2.2.16 Rapid Amplification of cDNA Ends (RACE)

Rapid Amplification of cDNA Ends (RACE) PCR reactions were performed
using the SMARTer RACE cDNA Amplification Kit (Clontech, France) to isolate the
full 5> and 3’ ends of the genes of interest to obtain the full CDS. This technique

involves generating complete cDNA copies of the mRNA in reverse transcription
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reactions using modified primers, followed by RACE PCR pairing a gene-specific

primer with universal primers.

2.2.16.1 Preparation of RACE-ready cDNA

RACE-ready M. edulis cDNAs were generated according to the
manufacturer’s protocol (Clontech, France). For the 5° RACE-ready cDNA, 2.75 pL
M. edulis RNA (184 ng/uL) was combined with 1 pL 5’-RACE CDS primer A (12
uM), whereas for the 3> RACE-ready cDNA, 2.75 pL of RNA (184 ng/uL) was
combined with 1 pL 3’-RACE CDS primer A (12 pM) and 1 pL deionised water.
After briefly mixing and centrifuging, samples were heated at 72 °C for 3 min followed
by 42 °C for 2 min in a thermal cycler. After brief centrifugation, 1 uL SMARTer 1A
Oligonucleotide (12 uM) was added to the 5’ reactions only and the following was
added to all samples: 2 uL 5X First-Strand Buffer (250 mM Tris-HClI at pH 8.3, 375
mM KCI, 30 mM MgCly), 1 pL dithiothreitol (20 uM), 1 puL dNTP mix (10 mM), 0.25
pL RNase Inhibitor (40 U/pL) and 1 pL SMARTScribe Reverse Transcriptase (100
U/uL). Samples were mixed by pipetting, centrifuged briefly and heated in a thermal
cycler at 42 °C for 90 min followed by 70 °C for 10 min. Samples were then diluted
using either 20 pL or 100 pL of Tricine-EDTA buffer (10 mM Tricine-KOH at pH
8.5, 1 mM EDTA) depending on whether the initial RNA concentration used was less

than or greater than 200 ng respectively. RACE-ready cDNAs were stored at -20 °C.
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2.2.16.2 RACE PCR Reactions

ARNT RACE PCR products were obtained by combining: 2.5 uL of either 3’
or 5° RACE-ready cDNA, 5 uL 10X Universal Primer A Mix (containing 0.4 uM 5’-
CTAATACGACTCACTATAGGGCAAGCAGTGGTATCAACGCAGAGT-3’ and
2 uM 5’-CTAATACGACTCACTATAGGGC-3’), 1 uL of 100 pmol/uL gene-
specific primer (Table 2.3), 1 pL 40 mM dNTP mix (Clontech, France), 1 uL 50X
Advantage cDNA polymerase mix (Clontech, France), 5 uL 10X PCR Buffer
(Clontech, France) and 34.5 pL of PCR-grade water (Clontech, France). Thermal
cycling programs were: Touchdown A for the 3’ product and Touchdown B for the 5’

product (Table 2.4).

Table 2.3 Primers used for RACE PCR and for sequencing of RACE PCR products.

Target Tm

Gene Application  Primer Sequence 5°-3’ 0 % GC

?S’E(I;lj:ncc]?ng Bmall_ 1F  CGACCAGAGGGTAACAGCTT 594 550
Bmal/ Sequencing  Bmall_7F  GGTGCCCCTACTTATACACAGC 573 545
ARNT  5° RACE,

Sequencing Bmall_6R GCTACTGGTCCTTAGCCATACCC 58.9 56.5

Sequencing Bmall 8R ATCGACTGATGAAGAACTGGTGT 56.0 434

After agarose gel electrophoresis (Section 2.2.8), both the 3° and 5 RACE
products showed faint bands of the anticipated sizes (~1167 bp and 1306 bp
respectively), which were cut from the gel and purified (Section 2.2.9). 5 L of the
each purified DNA was then substituted for cDNA as a template in a further PCR
reaction of 25 pL total volume, using the same amplification conditions as before. The
brighter bands obtained were cut from the gel, purified and sequenced (Section 2.2.14)
with the appropriate primers (Table 2.3).
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Table 2.4 Thermal cycling conditions for RACE PCR of ARNT 5’ and 3’ ¢cDNA ends.

Program Name Touchdown A Touchdown B

Stage Tem?%;:lture Time ?;C.Ig;‘ TemElteCr?ture Time lgl;c.lg);‘
Initial denaturation 94 30 sec 94 30 sec
Annealing/Extension 68 3 min ! 68 3 min !
Denaturation 94 30 sec 94 30 sec
Annealing 60 30 sec 20 65 30 sec 5
Extension 72 3 min 72 3 min
Denaturation 94 30 sec 94 30 sec
Annealing 55 30 sec 10 60 30 sec 5
Extension 72 3 min 72 3 min
Denaturation 94 30 sec 94 30 sec
Annealing 50 30 sec 10 55 30 sec 5
Extension 72 3 min 72 3 min
Denaturation - - - 94 30 sec
Annealing - - - 50 30 sec 20
Extension - - - 72 3 min

Final Extension 72 5 min 1 72 5 min 1

2.2.17 Gene characterisation and analysis of sequence data

2.2.17.1 BLAST comparison searches
The BLAST search tool was used to compare M. edulis sequences with those

on the Genbank database (http://blast.ncbi.nlm.nih.gov/Blast.cgi) to confirm sequence

identity. Nucleotide blast searches (megablast and blastn) were used to compare
nucleotide sequences with the nucleotide database and protein blast (blastp) was used
to compare amino acid sequences to other amino acids sequences. Blastx was used to
compare translated nucleotide sequences with the protein database, allowing the
identification of functional protein domain coverage. Two-way blastn searches

allowed pairwise comparison between two nucleotide sequences.
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2.2.17.2 Multiple sequence amino acid alignments
M. edulis nucleotide sequences were conceptually translated into amino acid

sequences (http://in-silico.net/tools/biology/sequence_conversion) and aligned with

sequences of the same gene from other species, downloaded from the GenBank

database (https://www.ncbi.nlm.nih.gov/) using the ClustalW2 sequence alignment

tool (http://www.ebi.ac.uk/Tools/msa/clustalw2/). This allowed sequence similarities

and differences between different species to be visualised for each gene. Sequences
chosen included those from model species of vertebrates and insects as well as

available marine invertebrate sequences from molluscs and crustaceans.

2.2.17.3 Generation of phylogenetic trees

Phylogenetic analysis was performed for each gene using Mega5.2 software.
The outgroups selected were sequences from closely related genes from model
organisms. Sequences were aligned using the inbuilt ClustalW feature and alignments
were edited manually with the ends cropped based on the shortest sequence.
Maximum likelihood analysis was performed. The Jones-Taylor-Thornton (JTT)
model was used and for heuristic searches the Nearest Neighbor Interchange (NNI)
method was used. The bootstrap method with 1000 replicates was used to ascertain
support for the tree and bootstrap values were shown on the nodes. Species names

and Genbank accession numbers for the sequences used were displayed on the trees.

2.2.18 Identification of clock proteins

2.2.18.1 Protein extraction
A pilot study was performed to extract total proteins from portions of M. edulis
mantle tissue from the same individual that had been stored under the following three
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conditions: TRI Reagent® (Sigma Aldrich, UK) at -80 °C, RNAlater solution
(Ambion, Life Technologies, USA) at -80 °C and no buffer at -20 °C. All samples
were from the same sexually developing male at gametogenesis stage BIII (Seed,
1969), sampled from the late-morning time-point in winter 2014. Extractions from rat
liver tissue (Rattus norvegicus) and whole fruit flies (D. melanogaster) (Animal
Husbandry, Southampton, UK) stored in RNALater at -20 °C were also prepared to
serve as controls in subsequent Western blotting procedures.

Total protein was extracted by placing weighed tissue samples in 9X volume
per weight filter-sterilised ice-cold PBS solution (0.01M, pH 7.4) and homogenising
with a rotor-stator homogeniser (IKA, Staufen, Germany) before centrifugation at
20,000 x g for 5 min. The supernatant containing soluble material was retained and
the insoluble pellet was extracted by incubating with 1% sodium dodecyl sulphate
(SDS) for 10 min on ice. The centrifugation step was repeated and both the soluble

and insoluble extractions were stored at -20 °C.

2.2.18.2 Protein quantification

Protein concentrations were quantified using the Qubit 1.0 Fluorometer (Life
Technologies). Assays were performed in the same way as described previously for
RNA quantification (section 2.2.3) but with the Qubit™ Protein Assay Kit (Life
Technologies, Paisley, UK) with a detection range of 12.5 pg/mL to 5 mg/mL, being
used in this case. The kit consists of Qubit Protein Reagent (200X concentrate in 1,2-
propanediol), Qubit Protein Buffer, Qubit Protein Standard #1 (0 ng/uL in TE buffer
with 2 mM sodium azide) and Qubit Protein Standard #2 (200 ng/uL in the same

buffer) and Qubit Protein Standard #3 (400 ng/uL in the same buffer).
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2.2.18.3 SDS-PAGE

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE)
was performed to separate proteins based on their molecular weights. First a 12%
separating gel (1 mm thickness) was made by combining 1.3 mL 4X separating gel
buffer (1.5M Tris, pH 8, 0.4% SDS) with 2 mL acrylamide solution (30% w/w
acrylamide/bis-acrylamide 37.5:1) (Sigma Aldrich, UK) and 1.65 mL of purified
water. 100 pL of 10% ammonium persulphate solution (Fisher Scientific, UK) and 4
uL of Tetramethylethylenediamine (TEMED) (Fisher Scientific, UK) were then added
to catalyse the polymerisation of the gel which was then poured and left to set with an
overlay of butanol (Fisher Scientific, UK) to straighten the level the gel and remove
bubbles. After approx. 1 hr, the gel was set and the butanol was removed. A 4%
stacking gel was prepared by mixing 1.3 mL of 4X stacking buffer (0.5M Tris, pH 6.8,
0.4% SDS) with 0.65 mL acrylamide solution (30% w/w acrylamide/bis-acrylamide
37.5:1) and 3.3 mL purified water. As before, gel polymerisation was induced by the
addition of 100 pL of 10% ammonium persulphate solution and 4 pL of TEMED. The
stacking gel was poured on top of the separating gel and left to set with a comb in for
30 min. Gels were kept moist at 4 °C for a maximum of 3 days with the comb intact
before use.

Prior to gel loading, protein samples were combined with 2X Laemmli sample
buffer (4% SDS, 20% glycerol, 10% 2-mercaptoethanol, 0.004% bromophenol blue
and 0.125 M Tris HCI, pH ~6.8) and heated to 100 °C for 4 min to denature the
proteins. 20 pg total proteins were loaded per well and 5 pL (~11 ug) of broad-range
pre-stained protein marker (7-175 kDa) (New England Biolabs, UK) was run
alongside the samples. Electrophoresis was performed in 1X gel running buffer (25

mM Tris, 192 mM glycine, 0.1% SDS) at 100 v for 30 min followed by 150 v for 1 hr
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45 min in a cold room at 4 °C.

2.2.18.4 Coomassie blue staining

In order to visualise proteins separated by SDS-PAGE, Coomassie blue
staining was performed. Gels were placed in prefixing solution (50% methanol, 10%
acetic acid, 40% distilled water) for at least 1 hr before being stained in the same
solution containing 0.25% Coomassie blue R-250 (Fisher Scientific, UK) for 30 min.
Gels were then transferred to destain solution (20% methanol and 10% acetic acid in
distilled water) and heated in a microwave at 900 w for 40 sec. After 30 min this step
was repeated with fresh destain solution. The gel was de-stained at room temperature
overnight with fresh buffer to obtain a clear background. The gel was then transferred

to distilled water and photographed.

2.2.18.5 Western blotting

As antibodies are not commercially available for blue mussel clock proteins,
species cross-reactivity was tested using the following rabbit polyclonal antibodies
with reactivity in humans to the following proteins: CLOCK, CRY1, BMALL, TIM
and ROR2 (Bethyl Laboratories, Texas, USA). SDS-PAGE was performed as
described in section 2.2.18.3. Rat and fruit fly protein extractions were used as
mammalian and invertebrate controls respectively.

Electroblotting was performed at 4 °C to transfer the proteins from the gel onto
a nitrocellulose membrane (GE Heathcare Life Sciences, UK) by submersion in
transfer buffer (20 mM Tris, 150 mM glycine, 20% methanol, pH8) and applying 100
v for 1 hr 15 min. The membrane was washed with Tris Buffered Saline with Tween®

20 (TBST) buffer (0.5 M Tris, 0.138M NacCl, and 0.0027M KCI at pH8, with 0.05%
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Tween® 20) for 5 min. Blocking was performed in TBST buffer containing 5% wi/v
skimmed dry milk powder (blocking buffer) for 3 hr with constant gentle agitation at
room temperature. The primary antibodies were diluted 1:1000 in blocking buffer as
per manufacturer’s instructions. Membranes were incubated with 10 ml of the
antibody dilutions at 4 °C overnight with gentle spinning.

The following day, membranes were washed 3 times with TBST buffer for 10
min each time. The secondary antibody, Goat anti-Rabbit 1gG-heavy and light chain
Alkaline Phosphatase Conjugated Antibody (Bethyl Laboratories, Texas, USA) was
diluted 1:5000 and incubated with the membrane for 1 hr at room temperature. As
before, 3 TBST wash steps were performed followed by a rinse with distilled water.
Finally, 2 mL Western Blue® Stabilized Substrate for Alkaline Phosphatase
(Promega, Southampton, UK) was added to the membrane which was developed at
room temperature and washed with distilled water when clear bands appeared.

Protein molecular weights were predicted by inputting full amino acid
sequences into the online Protein  Molecular Weight calculator

http://www.bioinformatics.org/sms/prot mw.html. In cases where the full amino acid

sequence was unavailable for a species, such as was the case for M. edulis clock genes,

a sequence from a closely related species available was used as an alternative.

2.3 RESULTS

2.3.1 Isolation of M. edulis target genes
Sequencing of the mfp-1 gene confirmed species identity as M. edulis.
Nucleotide sequences were obtained via PCR and RACE PCR for the six M. edulis

circadian rhythm-related genes: CIlk, Cryl, ARNT, Tim, ROR/HR3 and aaNAT.
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Sequence length, coverage and Genbank accession numbers are given in Table 2.5.

The top three blastn (nucleotide vs nucleotide database comparison) and blastx

(translated nucleotide vs protein database comparison) matches for each of the

sequences are summarised in Table 2.6.

Table 2.5 Sizes of the isolated gene sequences (cDNA) from M. edulis along with their

corresponding GenBank accession numbers.

GenBank

Conceptual

Gene Igﬁgtuhe?gs) Accession tra_nslatic_m coS/:eDr:ge
Number (amino acids)
Clk 626 KJ671527 208 Partial
Cryl 1087 KJ671528 362 Partial
ARNT 2037 KJ671529 679 Complete
Tim 851 KX576716 283 Partial
ROR/HR3 1825 KJ671530 608 Complete
aaNAT 540 KX576715 179 Complete

7



Table 2.6 Summary of blastn and blastx GenBank database search results. Query cover is the percentage coverage of the M. edulis query sequence which

overlaps the database hit sequence, and ident is the percentage of matches within the coverage area. *molluscs

M. edulis

Blastn search results

Blastx search results

sequence _ GenBank Query | ient _ GenBank Query | dent
(bp) Species Gene Accession Cover (%) Species Gene Accession Cover (%)
Number (%) ° Number (%) 0
C. gigas* Clock-like XM_01131329.1 29 78 C. gigas* CLOCK ECK28478.1 99 48
?6”2(6 bp) Gavia stellata Clock variant X1 XM_009819246.1 20 81 C. gigas* CLOCK-like XP_011429631.1 99 48
G. stellata Clock variant X2 XM_009819245.1 20 81 Sus scrofa CLOCK XP_003356992.1 99 48
C. gigas* Cry1-like variant X2 XM_011424995.1 92 67 C. gigas* CRY1-like isoform X2 =~ XP_011423247.1 99 67
88%7 bp) C. gigas* Cryl-like variant X1 XM_011424944.1 88 75 C. gigas* CRY1-like isoform X1 XP_011423246.1 99 65
C. gigas* Cry1-like protein GQ415324.1 56 69 C. gigas* CRY-like protein ACU53158.1 94 65
Lottia gigantea™ bHLH & PAS family ~ XM_009063510 38 79 C. gigas* ARNT-like EKC32806 95 70
ARNT Chlamys farreri* ARNT IN166934 19 81 | H.diversicolor*  ARNT AGG55386 76 74
(2037 bp) Haliotis .
A . ARNT KC256820 29 84 A. californica* ARNT homolog XP_005096897 95 61
diversicolor
C. gigas* Timeless homolog XM_011443276.1 99 71 C. gigas* TIMELESS homolog XP_011441580.1 99 77
Tim - - Hypothetical protein - - Hypothetical protein
(851 bp) L. gigantea (Timeless) XM_0090481151 90 69 L. gigantea (TIMELESS) XP_009046363.1 99 65
A. californica* Timeless homolog XM_005099638.1 69 67 A. californica* TIMELESS homolog XP_005099695.1 99 62
L. gigantea* Unnamed XM_009064558.1 39 82 | C.gigas* ;rfbab'e HR3 isoform  yp 0114372831 70 66
ROR/HR3 - Probable HR3, N .
(1825 bp) C. gigas transcript variant X1 XM_011438981.1 47 67 C. gigas Putative HR3 EKC18621.1 69 66
. Probable HR3 . Probable HR3 isoform
* 1 *
C. gigas transcript variant X5 XM_011438980.1 17 77 C. gigas X2 XP_011437284.1 70 64
Danio rerio Unnamed clone BX927368.13 8 83 P. dumerilii aaNAT AlIT11917.1 86 49
aaNAT Anisakis simplex Genome assembly LL319197.1 7 88 ﬁra_n chiostoma N-Acyltransferase XP_002608038.1 88 50
(540 bp) s oridae superfamily protein
Clostridium Complete genome CP006721.1 6 91 Capitella teleta N-Acyltransferase ELU18274.1 88 47

saccharobutylicum

superfamily protein
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2.3.1.1 Characterisation of Clk

The 626 bp M. edulis partial Clk sequence (Table 2.5) matched other Clk
sequences, with the best overall match (78%) being to Clock-like from C. gigas (Table
2.6). In addition, a two-way blastn comparison showed that there was a 93% identity
similarity between this M. edulis sequence and Clk from M. californianus. A multiple-
species amino acid alignment of CLK revealed partial coverage of two PAS functional
protein domains by the translated M. edulis Clk sequence (Figure 2.2), providing
further supporting evidence that it belongs to the bHLH-PAS family. The
phylogenetic tree showed that M. edulis CLK clustered most closely with CLK from
the other molluscs C. gigas and A. californica, which formed a clade distinct from

arthropods and comparatively more similar to vertebrate CLK (Figure 2.3).

bHLH Domain |  NLS (Putative)

M.edulis = 06— Eemmssssmmsms ==
C.gigas —-MNYGERIKLVLEPSRSESEYSLGDEYDDDGES SKREVNENL SEKEERDOFNMLVHNELCS S8
M.musculus MVFIVSCSKRMSSIVIRDDS S IFDGLVEEDDEDEARRVSENESHEEERDOFNVLIEELGSY ©0
NES (Putative)
M.edulis 0 —————————- s
C.gigas VSTSSEEMIDRSTVLESTIAYIETYOETAVOROAHE TREDWKPSFLSNDEFMHLMIEALDE 18
M.musculus LPGHARKMIMSTVLOKS IDFIBKHRETTAQSDASEIRQDWE PTFLSNEEFTQLMILEALDE 20
PAS Domain
M.=2dulis === F============== SLLGHLPTDLVNQOVYDFIEDKERSQLYNLICHVSML ———- 37
C.gigas CLINVFTOOGNILYVSESTT SLLGYLPADLTROS VYN FMHENEKONLYNILYHY SML.5——- 175
M.musculus FFLATMIDGSI I¥VSESVI SLLEHLPSDLVDOS IFNFIPEGEHSEVYRILSTHLLESDSL 180
EEE pREoRE ok prrRror o RrrrRaran :
M.=dulis PEN--LNDNOVSF SCHFERGSLGPODKFPPVYETVEF I G————FEHWHN-—-FHNDDDDWNYG 338
C.gigas PEIRAKERDQLCCTCHFRRGAISPSSSPLYEVVSLSG——-—FOHWSRDELSSVEEESSQY 231
M.musculus TPEYLESENOLEFCCHMLRGTIDPEEPSTYEYVRF IGHNFESLTSVST STHNGFEGL IQRT 240
. L FEL OREIL LR, L.. FR R LR : . . .
PAS Domain
M.esdulis MMAOVEDDMSFCCTVOIENAQF IREMSITIDEAR AR FTISEHSLENKFLYLDHRASPITGYL 148
C.gigas SLEGPEREDTCFCCTVELONPOF IREMSMVDESKTEFTSEHSLENKFLFLDHBEASPTIIGYL 291
M.musculus HEPSYEDRVCFVATVELAT POF IKEMCTVEEPNEEFISEHSLENKFLFLOHBAPPIIGYL 300
_!c _k*:: __kkk:!ck_ ::*_: *k**k****k*kk:kkkkk_kk*kk*
M.=dulis PFEVLGT SGYDYYHPDDLENLSECHEQIMOKGEET SRYYRFLTRKGOOWIWLETRYYITYH 208
C.gigas FFEVLGT SGYEYYHPDDLDQTAKSHEQIMOTGEGT SSYYRFLTRGQOWINIEKTEYYITYH 351
M.musculus PFEVLGI SGYDYYHVDDLENLAKCHEHIMOYGKGKSCY YRFLTRGOOWIWLOTHYYITYH 360
kkk*k**k**:**k incix: . ::k_kk:k*k *: _Jc *k****k*kkkkk: :k:kk*kk*
M.edulis @ = @ 0
C.gigas QWNSKPEF IV CTHVVVRLNE CCT = = — == mm = e e e 374
M.musculus OWNSRPEFIVCTHIVVSYAEVRAERRRELGIEESLPETARDKSQDSGSONRINTVSLEER 420
CEI: phosphorylation
(Putative)
M.ednlis = ———————— e - —
C.gigas -—-FIWFPGNHMSDEESVEE————————- PSHITHDLPHTMTQHEHLQLLLOQR-—-Y 418
M.musculus LERFDHSPTPEASSRSSEKSSHTAVSDPSSTPTEIPTDTSTPFROHLPAHERMTORRSSF 480
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M.edplizs @ 0 0 —————————-———— e ———
C.gigas LHNQATHSEPKAHRYTE PTANSHN—————=———————————— LIQAGPDRMET—-—--TCL 455
M.musculus 5505 INS0QSVGPSLTOPAMSO0AANLP T POGMSQFOF SAQLGAMOHLEDOQLEQRTEMIEAN 540
M.edulis = -
C.gigas IKEVWENFRRI————————————— e e e ———— 4§ §
M.musculus IHROQEELEKIQEQLOMVHGOGLOMFLOQSNPGLNFGSVOLSSGNSNIQQLTPVRMQGOV 600

Figure 2.2 Partial multiple species amino acid alignment of partial blue mussel M. edulis CLK
(GenBank accession KJ671527) with CLK from the Pacific oyster C. gigas (EKC28478) and
the mouse M. musculus (AAD30565). The 3’ end of the alignment has been cropped. Dashes
represent gaps in the alignment, asterisks represent homology, colons represent conserved
amino acid substitutions (similar chemical properties) and dots represent semi-conserved
amino acid substitutions (similar conformation). Functional protein domains are denoted by
both the shaded (Marchler-Bauer et al., 2011) and boxed (Hirayama and Sassone-Corsi, 2005)
regions. Abbreviations: bHLH, basic helix-loop-helix; NLS, nuclear localisation signal; NES,
nuclear export signal; PAS, PER-ARNT-SIM; CKI, casein kinase I.

g3 | Homo_sapiens_CLOCK_(NP_004889.1)
Mus_musculus_CLOCK_(AAD30565.1)
Gavia_stellata_CLOCK_(X\_009819246.1)
Podarcis_siculus_CLOCK_partial_(ABD36590.1)
Danio_rerio_CLOCK_(AAI63244.1)
Xenopus_(Silurana)_tropicalis_CLOCK_(NP_001122127.1)

Aplysia_californica_CLOCK_(XP_005112430.1)
43 E Mytilus_edulis
( 85 Crassostrea_gigas_CLOCK_(EKC28478.1)
L Macrobrachium_rosenbergii_CLOCK_{AAX44045.1)
Drosophila_melanogaster_ CLOCK_(AAC82234.1)
Thermobia_domestica_ CLOCK_(BAJ16353.1)

57 Antheraea_pernyi_CLOCK_(AAR14936.1)
Mus_musculus_NCO1_(NP_035011.1)

63

52

70

0.2

Figure 2.3 Phylogenetic tree of partial CLK amino acid sequences manually edited to a length
of 230 amino acids with gaps with 1000 bootstrap replicates. Sequence GenBank accession
numbers shown in brackets. Shading represents: vertebrates, red; molluscs, green;
crustaceans, purple; insects, blue. A Nuclear Receptor Coactivator 1 (NCOA1) sequence,

another member of the bHLH transcription factor family, was used as the outgroup.
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2.3.1.2 Characterisation of Cryl

Blast searches using the 1087 bp partial Cryl nucleotide sequence obtained
from M. edulis (Table 2.5) showed that the top three matches were all to Cryl-like
sequences from the oyster C. gigas (Table 2.6). Furthermore, there was a 92% identity
similarity between the M. edulis and M. californianus Cryl nucleotide sequences
when compared directly with pairwise blastn. A multiple-species amino acid
alignment of molluscan CRY sequences revealed partial coverage of a flavin adenine
dinucleotide-binding domain 7 (FAD-binding 7) by the translated M. edulis sequence
(Figure 2.4). The phylogenetic tree for cryptochrome sequences demonstrated
clustering of the M. edulis sequence with that of CRY1 from the squid E. scolopes,
whereas squid CRY2, which was more closely related to insect-type CRY?2 and
vertebrate-type CRY sequences, grouped separately. This indicates that the M. edulis

sequence is most similar to insect-type CRY 1 sequences (Figure 2.5).

M.edulis = @ —eemm e e
C.gigas -MNTHEEEVVVHWFRHGLRFHONPSLIDELSECDRFYPVFI FDGEVAGTETAGYNEFREFL 59
E.scolopes MOVEMEEE T AVHWFRRGORT HDNPALIDATKDCDEFYPTFI FOGEVAGTEICGYNEHRFL &0
M.edulis 0 o————- DLORNILREFGGRLYVFHGOPVDILTN LFKEW GVIKL TFEQD PERVHEORDDAVEE 55
C.gigas LECLODLDEN LEARGTRELYCFOG0PTDILERLIEEN GVTKVIFELAD FEPTWOERDELVEE 119
E.scolopes LENLEDLDDT F30FGGELYC FHGOPVDIFENMFEEW GVNY I TAEED FEPTWKEREDDSARE 120
L I * kkk Kakkk kkr | wrekk Ak ok kK kkF akerkE ek
M.edulis LCERKEIECVERVSHILYEPMEI IEKNDGOP PLTYSLFNLVASALGDPPEPVSYPVFHNI 115
C.gigas LLDEENVOCVERVSHTLWDPYELIIENNGESPPLTFSLFNLVISTIGPPFEFVEDFDFTDI 179
E.scolopes LCEESGITCEFFTSHTILYSPODIISENGETPPLTLELFOLVISSLGDEFMEPI FEFNLEGY 130
& T . o * _***k:_* _k*_:*_!r * ok EE _**:** *::* * **: * . -
M.edulis DLPVYPOHEEKFGI PKPOTVEGVEPFDCEKEQNNEINEWKGGESEALDLLEERLATERKEAYED 175
C.gigas SLEVSONHDEQFGI PTLEDLNVRPE CEEQNEELVEW LGGESEALELLATEMKHEETAYEN 239
E.scolopes NMPVFENFEE-FALPNLSYFGIEFECEEQKEPINVE VGEEKEALAL LEARLEKEKLFFEQ 239
LA S L I T - T L R i
i FAD-Binding 7
M.edulis GYVLFN-QYI FDLLGEFPMSMSEHLE FGCLSVERFHWTIHDLFE—— —————— KVEFPEE 223
C.gigas GYVMEN-OYHPDLLI FFLSLSAHLE FGCLSVEKFYW SIHDKFEEQN TRSTALHFEVE PRSI 292
E.scolopes G5CLEFNHOEN FELLAKAT SLSPFYLRFGCVSI EKTYWGICDT YE———————— —vC 288
& :** * *:**_ _:*:*_:*****:*:*: :!« * x o :* .
M.edulis SEPDALTCOLIWEEY FYVMSANNINYDEMEGHNPICLNIPWY ENDEVLEEWEMGOTGY PWI 2323
C.gigas GAPV LA LMWEEY FYTMATHNINYDEMETNPICLNIPWY DNFEHEEEWTKGETGY PWI 352
E.scolopes T-PSEVICOLHWEEY FYVMCVGENINFDRIEGHPICLEINWAENDEL LKEWEFGOTGY PWI 347
¥ x Kk khkkkkk Kk kkkakerk kkkkkek *  k k  ckk  KekkhkkE
M.edulis DATMNOLRHE GWIHHVGRHAVACFLTRGDLW ISWVDGLEI FLEYLT DRDWSVSSCHNWMAY 343
C.gigas DATMEULRYE GWVHHVARHAVSCFLTRGDLW LNWEVGLEVE YEYLL DADHSVCAGHNWMEY 415
E.scolopes DATMNOLRFEGWNHHVGRHAVICFLTRGDLW I SWEE GLEVE LEYQL DADWSVCAGNWMEY 407

Rhdkk rhkhkh FEhkE kEkk KEkkhohkEkkhhkhhkEE . ok Fhkedk HEk o hEkEEkAE Kk khkk
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M.edulis 555AFEEVLOCPECF CEViG— —— 362
C.gigas SSSAFEEVLQCENCEF CEVRY GKEMD PSGEYVRRYLFVLEDMEPFLEYLFEPWEAFLEVOQER 473
E.scolopes SSSAFEKRLQCETCY SPIMY GMEMDENGEFVRTYLFVLEDM FLEKYLFCEWEAFLGVOEER 467

kkddddh Fdkdd kw du

M.edulis e, ——— —— — — ———
C.gigas KCIVGVDY PE PMVDH OKRSKECTONMEREVED ALMGKEI PHCAPSEE TERRRF SWLPDHTP 538
E.scolopes NCIIGEDYFEFPICSHEDMSEENMAKMYKTKE ELLKGHT PHCAFTCEMEVWEF VWLP-——P 524
M.edylis = 0——————————
C.gigas SGEHCTANFLCDGLEDMN 556

Fic E.scolopes IEHHEFAHNL ——=—=——- 534 1K

accession KJ671528) with CRY1 from the Hawaiian bobtail squid E. scolopes (AGJ94014)
and CRY-like protein from the Pacific oyster C. gigas (ACV53158). Symbols are as
described for Figure 2.2. Shading denotes a functional protein domain identified based on the
M. edulis sequence. Abbreviation: FAD, flavin adenine dinucleotide.

Aplysia_califomica_CRY1-ike_isoform_X1_(XP_005089742.1)
Lottia_gigantea_protein_(XP_009051269.1)

Strongylocentrotus_purpuratus_CRY1_(XP_786331.2)
Platynereis_dumerilii_Putatie_light-receptive CRY _(AEJ87227.1)
Crassostrea_gigas CRY-like_partial_(ACV53158.1) > Insect-type
Mytilus_edulis CRY1
Euprymna_scolopes_CRY1_(AGJ94014.1)
Drosophila_melanogaster CRY_(NP_732407.1)

Aedes_aegypti CRY1 (Q17DK5.1)

100 [
100 Culex _guinguefasciatus_CRY1_{BOWRR9.1)

99

04 Antheraea_pernyi_CRY2_(ABO38435.1) )
50 Apis_mellifera_CRY2_(ABO28437.1) Insect-type
Euphausia_superba CRY (CAQB6665.1) CRY2
a0 Euprymna_scolopes_CRY2_(AGJ94015.1) |
- Danio_rerio_CRY1_(NP_571865.4) R
57| Xenopus_laevis_CRY1<NP_001081129.1)
o1][ Gallus_gallus_CRY1_(NP_989576.1) b Vertebrate
=1 Homo_sapiens_CRY1_(NP_004066.1) CRY
2L Mus_musculus_CRY1_(NP_031797.1)
Danio_rerio_CRY-DASH_(AAHQ8514.1)
—

02
Figure 2.5 Phylogenetic tree of partial CRY amino acid sequences manually edited to a length
of 359 amino acids with gaps with 1000 bootstrap replicates. GenBank accession numbers are
shown in brackets. Shading represents: molluscs, green; echinoderms, aqua; annelids, yellow;
insects, blue; vertebrates, red. A CRY-DASH sequence, another member of the

photolyase/cryptochrome protein family, was used as the outgroup.
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2.3.1.3 Characterisation of ARNT

BLAST search results using the full 2037 bp CDS of M. edulis ARNT (Table
2.5) showed matches to Aryl Hydrocarbon Receptor Nuclear Translocator (ARNT)
and ARNT-like (ARNTL, alternatively known as Bmall) sequences (Table 2.6), two
different but closely related genes belonging to the same group of bHLH-PAS
transcription factors. A multiple-species amino acid alignment using the translated M.
edulis sequence revealed coverage of a basic helix-loop-helix (bHLH) domain, two
PER-ARNT-SIM (PAS) protein domains and a PAS-associated c-terminal motif

(PAC) (Figure 2.6), all characteristic of bHLH-PAS transcription factors.
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M_mdnlis ———— e NPATKAJTE TNTESHEPRELETIMLGMTSSSER 475
H_diversicalar ——————————e e NPCT}SAEFTETINT¥E-——-—-ANRTMETDIRE 466
N _ musculuos QLS RO HT ELIMVE GR DEL AS THH 30 SV UEVBSAGE EHS FFLEKSEGLE RQDEDE 537
[ .melanogaster ————————— - —— =BV OO OUE U T AR PGV ARREL TEVEIA 226
N.edul:is DY ANQYSHPEAGGYP SVLTSTRQVGCIMYG- —= === ENSSAQMKYPSPNVSAMMPQSA 529
H.diversicolor DYAEAPSYPSD--------TSREIAPDVYS------QYQQPTIRYP3S --H33SUGLIQTS S10
N.zusculus REPEIYPSITADQSKGISSSTVPATQQLESQGS SEPPNPRPAENERNSGLTPPVTIVQPS S97
D.zelanogaster TNDGMYQTEMLAMOA PTPQQQQQQQQRPGS - ~= -~ -AQTT PVGYTYDT THSPY SAGGPS 489
M_admlic SERCGEMSHLBR EPHPES R N AGFB0 ——————NJRANYTHN S0 35F 30 L3PHEE 579
H.divercicolor TV PSP GMER SPAJPS G S—- = — == = — - m e e = GAY SREVS SIMSWLAY FVT S50
N _ musculos S5 AGUILAQI SRHSH A G AFTWI 333 RPGFCAQUVET QATAKTRS S EFGVHNEQT 333 657
D malanogaster PLAKIFESET SPTPVAPH S ARLRP Q00 ———————— Q0 QOPVTEGY QY QUT SEA 526
M. eadolig S-—--PAGAPTY TOLGENJT APN 20 FHE EEH 35 ARG SGF VIWEP AS— —— ——-HiQGGGEAD 625
H.diversicolor -————————————————————————-Hl ENTHF A}- -————————————————————— 538
M _mnccolos F3AMELPGAPTABSETAR YPALPHRGENEFFPET 60T TG FUART AREGWGWWE W QE00FH T17
D .melancgaster 581

RS PEGETYTQLE AGHGHR Q0 AQE GAYORA GEP PP PHA PRMWD W0 AGE ————— HPHFPHET

M. adulig
H_diversiscolor
N moscolons

[ .melanogaster

VB0 UTO PO UT TRO Q00 QU TEE ES ML (ML ) PG— ——— GEEESDETMENEFLGD 675
——QEWILRCLNIFRHFLP ISTRV fHECPVEVAS ——— ——— —— ————————————— 500
HR.BESEEQHTOOTORA QAP 30 FEVEEML BML GOSN TTNHEEEPILTMEFFESE TT1
AHFHHEHAHE & PAG AR POGIE ES ML MLINTE- —-T TEEDLHINME STEEE 622

Figure 2.6 Multiple species amino acid alignment of blue mussel M. edulis ARNT (GenBank
accession KJ671529) with abalone H. diversicolor ARNT (AGG55386.1), mouse M.
musculus ARNT (U14333.1) and fruit fly D. melanogaster TANGO (NM_169254.2).
Symbols are as described for Figure 2.2. Shaded and boxed areas represent functional protein
domains identified in the M. edulis sequence. Abbreviations: bHLH, basic helix-loop-helix;
PAS, PER-ARNT-SIM; PAC, PAS-associated C-terminal motif.

A phylogenetic tree containing sequences from two closely related bHLH-PAS
transcription factor proteins, ARNT/TANGO (TANGO being the insect homolog of
ARNT) and ARNTL/BMAL1/CYCLE showed that the M. edulis sequence clustered
within a group of molluscan ARNT-homologs and was more closely related to other
ARNT/TANGO sequences than to the ARNTL/BMAL1/CYCLE sequences, which
clearly formed a separate clade (Figure 2.7). This suggests that the M. edulis sequence
is ARNT; the 70% blastx identity match to C. gigas ARNT-like (EKC32806) (Table
2.6) may be the result of confusing gene nomenclature where the suffix “-like” may
mean “similar to” rather than in reference to the gene named ARNT-like (ARNTL) in

its own right, as this sequence is 100% identical to the C. gigas ARNT-homolog
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sequence (XP_011419459.1) which clustered with the M. edulis sequence on the

phylogenetic tree (Figure 2.7).
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Figure 2.7 Phylogenetic tree of ARNT/TANGO and ARNTL/CYC/BMALL amino acid
sequences manually edited to a length of 395 amino acids with gaps using 1000 bootstrap
replicates with values displayed on the nodes. GenBank accession numbers shown in brackets.
Shading represents: molluscs, green; crustacean, purple; insects, blue; grey, lancelet; red,
vertebrates; orange, tunicate; yellow, annelid. A CLOCK sequence, another member of the

bHLH transcription factor family, was used as the outgroup (unshaded).

2.3.1.4 Characterisation of M. edulis Tim-like

BLAST searches using the 851 bp Timeless-Timeout family nucleotide
sequence (Table 2.5) showed high percentage matches to Tim homologs from different
mollusc species (Table 2.6). TIM proteins lack conspicuous functional domains
however a partial-gene multiple species alignment of molluscan TIM amino acid

sequences showed sequence similarities (Figure 2.8).
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Figure 2.8 Multiple species amino acid alignment of partial M. edulis TIM (GenBank
accession KX576716) with Pacific oyster C. gigas predicted Timeless homolog
(XP_011441580.1) which has a full length of 1416 amino acids (not shown here in full) and
sea slug (A. californica) predicted Timeless homolog (XM_005099638.1) which has a full
length of 685 amino acids (also not shown in full). Symbols as described for Figure 2.2.

TIMEOUT) shows that the partial M. edulis sequence clusters most closely with
particularly C. gigas TIM homolog
(XP_011441580.1), and is more closely related to TIMEOUT sequences than to TIM
sequences, which form a distinct group which includes C. gigas TIM (EKC41755.1)
(Figure 2.9). This suggests that the M. edulis sequence is TIMEOUT rather than the
more ancestral homolog TIM, although the full gene protein sequence would be

required in order to more conclusively determine which of the two homologs it bears
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Figure 2.9 Phylogenetic tree of amino acid sequences of the homologs TIM and TIMEOUT
manually edited to a length of 293 amino acids with gaps (based on the length of the partial
M. edulis sequence), using 1000 bootstrap replicates with values displayed on the nodes.
Sequence GenBank accession numbers shown in brackets. Shading represents: molluscs,
green; annelid, yellow; vertebrates, red; insects, blue; echinoderm, brown; cnidarians, black.

A plant TIM sequence was used as the outgroup (unshaded).

2.3.1.5 Characterisation of ROR/HR3

The isolated 1825 bp M. edulis ROR/HR3 sequence, covering the complete
CDS (Table 2.5), matched HR3 sequences from the oyster C. gigas evidenced by
BLAST searches (Table 2.6). Furthermore, blastn results showed that there was a 92%
similarity between the M. edulis sequence and M. californianus RORS. A multiple-
species amino acid alignment of the conceptually translated M. edulis sequence with
other invertebrate HR3 amino acid sequences shows coverage of two functional
protein domains (a nuclear receptor DNA binding ROR domain and nuclear receptor
ligand ROR binding domain-like), placing the sequence within the ROR/HR3

subfamily of nuclear receptors (Figure 2.10).

87



M =dulis
C.gigas
D_m=lanogastsr

Chapter 2

METIMKENS SFPESE PNQNVSY SMEQGENO STSQTF SMAFKP - —————————-——-————ENV
MERYRREY--FSATALDOTPVE SLDHGEVRAMSSERMMOIIP P EAVEVHE S PHGEGHMPLDHNL

44
cg

M sdulis SARFESIEDMATFOLG-GLRDGIS-———————————- AOMLOJLTPEQOOMLIRERVEE- &3
C.gigas KIQIEVIPCEVCGOESSGVHIGIITCEGCKGFFRRSQAGFVNYOCPRNFNCVIDRVNRNE 118
D.mslancgastgr @ --—————-———————————————————————————— -MITOBMFIMWSSVIESE- 1l
M sgdnlis @~ 0—-—-——-——- LMEEN--————————-——TENMEDNCNFQLLVEREQSELLLOQRLEQTISD 12&€
C.gigas COFCRLOFCLALGISRDAVE FGRMSKEIRERVEDEANY VED SRMNGT DT SCGHMPPSNNNN 178
D.mslancgaster - ————-———————————————————————— LEAERNNLGISH-————— VOSPRGONNS 38
- - *
M edulis QYTDAEMVESEASILEES LEHQQ S -G OSE0LHI QLR SPTTGF-—————————— LENDV 173
C.gigas QFSIFHGES IFMEF VG LIHELINED FSATATOTRVESLOHEEVAMSSEQMOTIIPDER 238
D.melancgaster —--——-—-————-—-—-—————————— oo SE— s s e 40

M. sdulis
C.gigas
D.melancgastsr

M sdulis
C.gigas
D.mslancgastsr

MR_DBD_ROR Domain
ESEVDS S SDRE PHENMEAQIEVI PCEVCGDESSGVHYGVITCEGCEGEFRES QARG EVIYD
VEVHES PR PLON LETOIEVI PCEVCGDESSGVHYG I ITCEGCEGFFRES QARG EVIHYD
———— - - STKAQTEI T ECKVCGEDK SSGVHYGT ITCEGCK G FFRES QS SVVH YD

e e e o R e o R o e R e - BT

253
358
1l4&

M. sdulis HEYDPTSPTERVEPNNN SQF TS PAFPEPPOQOONEFVYT SHEYTYRLOSPME---DETPVE 350

C.gigas NE¥DTS-—-CEMPPSNHNNOF 5——————— IYNDCHIMYT SHGYRYTMPSPRSESQPETEVE 403

D.melancgaster LOSDARPDS SVYDTQTPS S50 ——————({LHHNNYNSY SGEY SNHEVEY GEPYEYSASVI 155
- - . - -

M. sdulis
C.gigas
D.melancgastsr

M sdolis
C.gigas
D.melanocgastsr

M =dulis
C.gigas
D.mslanocgastsr

W k- * - -

NR_LBD_ROR-like Domain

PGDPPRAYPIT-———-- PTTAP-HPVALLERI
P-EPPAYSTTO-—-APTTOPPHPIALLRE
POOTMOYDI SADYVDSTTYEPRSTIIDPEFT

- - - I - - - - e

. = = e e e

e e e e R e -

o e ko e e L

400
18l
255

4&0
521
318

E20
581
378

M sdulis 877

C.gigas €37

D_m=lanogastsr 438
TIR kIR _zooer (v ez bbb S S il

M o=duylis EIMOILWILENLSROHIVLLNEFEMSAPIME ---—--—-———---———-—— el8

C.gigas FPRLHFELFSVEGLEGS- €85

D.melancgastsr

FPALYFELFSIDSQODLT 487

T T

Figure 2.10 Multiple species amino acid alignment of partial M. edulis ROR/HR3 (GenBank
accession KJ671530) with putative HR3 from the oyster C. gigas (EKC18621.1) and
Drosophila HR3 (DHR3) from the fruit fly D. melanogaster (AAA28461). Symbols as
described for Figure 2.2. Shading represents functional protein domains. Abbreviations:
NR_DBD_ROR, Nuclear Receptor DNA-Binding Domain of Retinoid Orphan Receptors;
NR_LBD_ROR-like, Nuclear Receptor Ligand-Binding Domain of Retinoid Orphan
Receptors.
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A phylogeny including invertebrate HR3 amino acid sequences and vertebrate
RORa, RORP and RORYy sequences, showed that M. edulis ROR/HR3 clustered with
other mollusc sequences. Vertebrate RORs and insect HR3 grouped separately

(Figure 2.11).

100 |:ManducafsextaﬁMHRSf(CAAﬁ?ﬁEil,1)
100 Bombyx_mor_HR3_(NP_001037012.1)
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Figure 2.11 Phylogenetic tree of partial ROR/HR3amino acid sequences manually edited to a
length of 450 amino acids with gaps with 1000 bootstrap replicates (See Section 2.2.17.3).
Sequence GenBank accession numbers shown in brackets. Shaded boxes represent: insects,
blue; crustacean, purple; molluscs, green; vertebrates, red; echinoderm, brown. The nuclear

receptor gene NR1D1 which encodes the protein Rev-ErbA alpha was used as the outgroup.

2.3.1.6 Characterisation of M. edulis aaNAT

A 540 bp nucleotide sequence covering the full CDS was obtained for M.
edulis aaNAT (Table 2.5), which conceptually translates to a 179 amino acid sequence.
Blastx searches revealed the amino acid sequence shared 49% similarity with the
marine ragworm P. dumerilii Arylalkylamine N-acetyltransferase, 50% with a marine
lancelet (amphioxus) B. floridae N-Acyltransferase superfamily protein, and 47% with
a C. teleta N-Acyltransferase superfamily protein (Table 2.6). Furthermore, there was
found to be a 98.9% amino acid sequence similarity between the M. edulis sequence
and the M. galloprovincialis sequence from which the PCR primers were originally
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designed (GenBank accession FL488956.1). Coverage of an Acetyltransferase/GNAT
domain was detected in the M. edulis sequence and the multiple-species amino acid
alignment shows that, even among only invertebrates, there are low levels of

homology overall between protein sequences (Figure 2.12).

Acetyltransferase / GNAT domain
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* . e * * % * % % ‘k‘k**: . .. ‘k: ._‘k * ‘k_ . ‘k:
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B.floridae GEFVCATSTDADRLTEESMHTHIPHGETICIHS DQSVQRQGI KLLKEFVHNVKGSE 118
drdr: * % H :..‘k:‘k * *.**::*******.:: :‘k‘k‘k:* ::**.‘k . E
M.edulis KDAHRILLICKSKLIPLYTRAGFIFKCKSNVVHGKETWYELEVQLKSRENCEELTYNGY 179
P.dumerilii SGVERIALLCHERLIPLYSKAGEQFVGKSSIVHGQESWFEMVMLV —————————————— 163
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Figure 2.12 Multiple species alignment of the full CDS of M. edulis aaNAT amino acid
sequence (GenBank accession KX576715) with lancelet B. floridae protein
(XP_002608038.1) and marine ragworm P. dumerilii arylalkylamine N-acetyltransferase
(AIT11917.1). Symbols as described for Figure 2.2. The shaded area shows coverage of the
Acetyltransferase/GNAT domain in the M. edulis sequence and the coloured text shows a

Coenzyme A (CoA) binding pocket.

A phylogenetic tree of aaNAT protein sequences shows that, as expected, the
M. edulis sequence groups with that of M. galloprovincialis (Figure 2.13). Insects are
clearly shown to form their own clade, which does not contain sequences from other
invertebrates. Vertebrate aaNAT sequences also form their own clade, with the

exception of cartilaginous fish that are distinct and are shown to group separately.
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Figure 2.13 Phylogenetic tree generated using the full amino acid sequences of aaNAT
homologs from different species manually edited to a length of 231 amino acids with gaps
with 1000 bootstrap replicates. GenBank accession numbers shown in brackets. Shaded
boxes represent cartilaginous fish, pink; plants, white; lancelets, grey; annelids, yellow;

unshaded, yeast; molluscs, green; vertebrates excluding cartilaginous fish, red; insects, blue.

2.3.2 Protein extraction comparison

A comparison made between total protein extractions from M. edulis gonad
tissue dissected from a single individual but stored under different conditions,
indicated the suitability of tissue stored in RNAlater solution at -80 °C in particular
for protein extraction, as demonstrated by the strong staining on a Coomassie blue

stained SDS PAGE gel (Figure 2.14).
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Figure 2.14 SDS-PAGE gel (12%) loaded with 5 pg protein per well and stained with
Coomassie blue R-250. Lanes 1-3 show PBS extractions from mussel tissue stored in TRI
reagent (-80 °C), RNALater (-80 °C) and no buffer (-20 °C) and lanes 5-7 show the
corresponding insoluble cell-pellet extractions using 1% SDS. Lane 4 is a positive control
PBS extraction from rat liver and lane 8 is the corresponding cell-pellet extraction. Lane 9
shows the broad-range pre-stained protein marker (7-175 kDa) (New England Biolabs, UK).

2.3.3 Western blotting to detect clock proteins

As antibodies for mollusc clock genes are not commercially available to be
tested, antibodies designed to detect human clock genes were tested against protein
extractions from mussel (M. edulis), as well as rat (R. norvegicus) and fruit fly (D.
melanogaster), to test cross-species reactivity using Western blotting. Cross-species
reactivity with at least one species was detected by CLOCK, CRY1, BMALL1 and
TIMELESS, but not ROR2 (Figure 2.15; Table 2.7). In particular, a mussel protein of
~76 kDa was detected by the CLOCK antibodies (Figure 2.15b) and a protein of ~108
kDa was detected by the TIMELESS antibodies (Figure 2.15e), both of which are
consistent with the molecular weights predicted for Pacific oyster C. gigas (Table 2.7);
the full M. edulis amino acids sequences are unavailable. Both of these proteins were

only detected in the soluble protein extract and not the insoluble faction (Figure 2.15b,
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e). This was also the case for a ~47 kDa protein detected in D. melanogaster by
BMALL antibodies (Figure 2.15d). Proteins consistent with the predicated molecular
weight of CLOCK, CRY1 and BMAL1 from R. norvegicus were detected in both

protein extraction factions (Figure 2.15b-d).

Table 2.7 Predicted molecular weights of clock gene proteins (kDa) in mussel, rat and fruit fly
based on amino acid sequence composition with GenBank accession numbers given. Where
full protein sequences were unavailable, predictions were based on C. gigas* and Drosophila

serratat. Proteins consistent with these sizes identified by Western blotting are highlighted

in grey.

Predicted size (kDa)

Protein Mussel Rat Fruit fly
cLoCK aTioras Agos250.1 AFOBR997
CRY1 K;ggiggl NM??ég;lso.z AF%§§?§4.1
BMALL aTiors W 0343622 AFDR206.
TIMELESS  srionn, N 0313401 e
ROR? ~97.18* 105.04 ~82.07+

XP_011441184.1

NM_001107339.1

XM_020959253.1
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Figure 2.15 SDS PAGE gel showing total proteins stained with (a) Coomassie blue and Western
blots showing reactivity of antibodies for human (b) CLOCK, (c) CRY1, (d) BMAL1, (e)
TIMELESS and (e) ROR2 with aqueous and non-aqueous protein extraction fractions from M.
edulis (lanes 1-2 respectively), rat liver (lanes 3-4) and whole D. melanogaster (lanes 5-6)
alongside broad-range pre-stained protein marker (7-175 kDa) (New England Biolabs, UK).

Arrowheads indicate bands consistent with the predicted molecular weights.
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2.4 DISCUSSION

In this chapter, genes with putative molecular clock function were isolated
from the blue mussel M. edulis for the first time as follows: Clk, Cryl, ARNT, Timeout-
like, ROR/HR3 and aaNAT (Table 2.5). Gene identities were confirmed by BLAST
sequence comparison searches, multiple species amino acid alignments and
construction of phylogenetic trees (Section 2.3). Furthermore, Western blotting
detected M. edulis proteins consistent with the predicted molecular weights of CLOCK
and TIMELESS (Figure 2.15; Table 2.7). Each gene will be discussed briefly in turn.

The Clk sequence isolated from M. edulis in this chapter (Table 2.5) shared a
high degree of similarity with Clk from M. californianus (93%) and other bivalves
(Table 2.6). The sequence encoded PAS domains characteristic of the bHLH-PAS
family (Figure 2.2) and, like other mollusc CLK sequences, grouped closer
phylogenetically to vertebrate sequences than insects (Figure 2.3). CIk is crucial to
circadian function in diverse phyla as it is a key component of the transcription-
translation interactions at the heart of the molecular clock mechanism (Allada et al,
2001).

The partial M. edulis cryptochrome sequence isolated here, encoded part of a
FAD-Binding 7 protein domain (Figure 2.4) characteristic of flavoproteins, of which
cryptochromes are a class (Cashmore et al.,, 1999). The conceptually translated
sequence was most similar to C. gigas CRY1 (Table 2.6) and clustered with
invertebrate CRY1 homologs on the phylogenetic tree rather than with insect-type
CRY?2 or vertebrate-type CRY sequences (Figure 2.5). This indicates a greater degree
of shared sequence similarity between M. edulis CRY1 and insect CRY1 (Type |
cryptochrome), encoding a photosensitive signal molecule that relays environmental

light information to the clock mechanism (Peschel et al., 2009), than to vertebrate
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CRY (Type Il cryptochrome) which acts as a light-independent core clock component
(Griffin et al., 1999). Other types of cryptochromes that have been identified in
molluscs based on sequence similarities include Cry2 (Heath-Heckman et al., 2013),
Cry5 believed to encode a 64 photolyase enzyme (Haug et al., 2015), and Cry6 which
is specific to invertebrates (Haug et al., 2015).

The full CDS of a second gene encoding a bHLH protein was isolated from M.
edulis (Figure 2.6), which showed a high degree of similarity to mollusc ARNT
homologs (Table 2.6). Phylogenetic analysis of the M. edulis sequence revealed
grouping among ARNT and its Drosophila homolog TANGO, whereas sequences for
BMALL/ARNT-LIKE and its insect homolog CYC grouped separately (Figure 2.7).
This evidence supports the identification of the M. edulis gene as ARNT. Of the three
mammalian ARNT isoforms, ARNT1 and ARNT2 encode homologous proteins with
the same functions, whereas Bmall/ARNT-like (ARNTL) shares less sequence
homology and its protein dimerises with fewer partners, CLK being one such example
(Brunnberg et al., 2003). The multiple bHLH-PAS partners of mammalian ARNT1
and 2 include the ligand-activated AhR, involved in xenobiotic response, the hypoxia
inducible factor alpha (HIF-a) involved hypoxia response, and the single-minded
(SIM) protein linked to neural development (Kewley et al., 2004). Gene sequences of
these ARNT partner-proteins have also previously been isolated from bivalves as
follows: AhR (Butler et al., 2004; Liu et al., 2010; Zhou et al., 2010), HIF-«
(Piontkivska et al., 2011) and SIM (XM _011422636.1).

The partial Timeless-Timeout family sequence isolated from M. edulis herein
(Table 2.5) grouped among TIMEOUT/TIM2 sequences when translated, rather than
with the distinct TIM group (Figure 2.9), supporting the identification of the gene as

Timeout-like. Both Timeless and Timeout/Tim2 paralogs occur in molluscs including
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L. gigantea and C. gigas as a result of gene-duplication before the protostome-
deuterostome divergence, with subsequent gene loss of one or more paralog evident
in more recently evolved phyla such as chordates (Reitzel et al., 2010). Mammalian
Tim (mTim) is actually thought to be a homolog of Drosophila Timeout (Reitzel et al.,
2010) explaining the non-circadian vs. circadian roles respectively. Both genes are of
developmental importance with experimental disruption resulting in embryonic
lethality in mice (Gotter et al., 2000), worms (Chan et al., 2003) and Drosophila
(Benna et al., 2010). Whereas Tim is involved in the core-clock interactions of many
insects (Pavelka et al., 2003; Tomioka et al., 2012) mTim is not expressed rhythmically
and is involved in responding to replication fork damage during DNA synthesis
(Gotter et al, 2007), assisting chromosome cohesion (Benna et al., 2010; Errico and
Costanzo, 2010) and embryonic cell death (O’Reilly et al., 2011). However, additional
evidence points towards Timeout involvement in the circadian clock too. In mammals,
the longer of the two mTim isoforms can bind with both PER (Barnes et al., 2003) and
CRY1 (Engelen et al., 2013), and downregulation of mTIM results in an altered period
for the cells (Engelen et al., 2013). Furthermore, Drosophila Timeout is thought to
play a role in light entrainment of the circadian clock (Benna et al., 2010).

HR3, encoding an invertebrate orphan nuclear receptor, is the ortholog of the
RORs found in vertebrates (Giguére et al., 1994). The ROR/HR3 sequence isolated
from M. edulis (Table 2.6) matched other bivalve HR3 sequences (Figure 2.11) and
contained the characteristic DNA and ligand binding domains (Figure 2.10). HR3 s
mainly involved in regulating moulting-hormone pathways in insects (Carney et al.,
1997), nematodes (Kostrouchova et al., 2001) and crustaceans (Hannas and LeBlanc,
2010) as its expression is induced by the molting/sex hormone ecdysteroid. It is also

essential for insect embryogenesis (Carney et al., 1997). ROR is required for normal

97



Chapter 2

circadian function in vertebrates as its interaction with Bmall forms a transcription-
translation feedback loop of the core clock mechanism (Jetten, 2009; Guillaumond et
al., 2005). This function is not exclusive to vertebrates as, HR3 and E75 rhythmicity
are required for locomotor rhythms in the insect T. domestica, with HR3 disruption
altering the expression patterns of Cyc, Tim, and Clk (Kamae et al., 2014). This is
consistent with the roles of the vertebrate orthologs of HR3 (ROR) and E75 (Rev-Erb)
(Jetten, 2009).

Finally, the full CDS of M. edulis aaNAT was isolated (Table 2.5; Table 2.6),
covering an Acetyltransferase/GNAT domain characteristic of the gene family (Figure
2.12). The conceptually translated sequence grouped closest to non-insect invertebrate
sequences, with insects, cartilaginous fish, and other vertebrates forming distinct
clades (Figure 2.13). This is consistent with previous findings that the vertebrate
version of the gene, VT-aaNAT, arose from a duplication event, and evolved separately
from the more ancestral NV-aaNAT (Falcon et al., 2014), with a distinct isoform
forming a separate clade in cartilaginous fish (Cazamea-Catalan et al., 2014). aaNAT
is involved in circadian melatonin synthesis in vertebrates (Foulkes et al., 1997) and
is also a CCG linking photoperiodism with the endocrine system in some insects
(Mohamed et al., 2014), however the M. edulis aaNAT sequence does not cluster with
these groups (Figure 2.13). Circadian function has been dismissed for aaNAT from
the lancelet B. floridae in favour of detoxification and neurotransmitter functions, as
its expression does not cycle rhythmically and there is no evidence of melatonin or
melatonin receptors in the species (Pavlicek et al., 2010). This, however, contrasts
with molluscs as melatonin, including rhythmically fluctuating content, has been
documented, as have melatonin receptor sequences (Abran et al., 1994; Blanc et al.,

2003; Mufioz et al., 2011).
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Western blotting using human antibodies revealed cross-species reactivity with
M. edulis in the case of CLOCK and TIMELESS antibodies where ~76 kDa and ~108
kDa proteins were detected respectively (Figure 2.15). These proteins were consistent
with the predicted molecular weights (Table 2.7), though other sized bands were also
obtained (Figure 2.15). No consistent proteins were detected in M. edulis for CRY1,
BMALL1 or ROR2 using this non-species specific antibody approach (Figure 2.15;
Table 2.7). The development of species-specific antibodies would therefore be a

valuable tool to isolate and quantify mussel clock proteins in the future.

2.5 CONCLUSIONS

The relationship between rhythmic biological processes and external
environmental cycles is a little studied aspect of bivalve ecology despite the ecological
and commercial importance of many bivalve species. In this chapter, CIk, Cryl,
ARNT, Timeout-like, ROR/HR3 and aaNAT sequences were isolated from the blue
mussel, M. edulis, for the first time. The isolation of these circadian rhythm-related
genes is the first step in identifying the putative components of the mussel circadian
pacemaker. M. edulis proteins consistent with the anticipated molecular weights of
CLOCK and TIMELESS were also detected. As such, this work provides a foundation
for the further characterization of the blue mussel clock mechanism, which is
expanded upon by investigating quantitative gene expression patterns in subsequent

chapters.
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Development of quantitative real-time qPCR assays for
circadian rhythm-related genes and reference genes from

seasonally sampled M. edulis

3.1 INTRODUCTION

The mechanisms regulating circadian timekeeping operate on a molecular level,
with rhythmic clock gene mRNA expression being an essential component.
Quantification of clock mMRNAs has revealed temporal and spatial expression patterns
and has helped characterise the molecular clock mechanisms of diverse organisms
(Allada et al., 2001). Quantitative Real-Time PCR (gPCR) is a powerful molecular
technique allowing the detection and quantification of nucleic acids including mRNA.
The benefits of this widely-used approach include a high degree of specificity and
sensitivity over a wide dynamic range, producing reproducible results (Wong and
Medrano, 2005). The approach is preferable to other techniques such as RNase
protection assays and Northern blotting analysis as more detailed real-time data is
generated, rather than end-point data, and even low abundance RNAs can be
quantified in a time-efficient manner (Wang and Brown, 1999).

A number of different detection chemistries have been developed for qPCR
including non-sequence-specific DNA binding dyes and different types of

fluorescently labelled sequence-specific probes or primers (VanGuilder et al., 2008;
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Wong and Medrano, 2005). SYBR Green | detection, one of the most commonly used
approaches, utilises a dye molecule which fluoresces when intercalated with dsDNA,
allowing fluorescence data to be used as a proxy for target DNA content. This
technique has the advantage of being cost-effective to set up and run, as expensive
sequence-specific fluorescent probes are not required, and it is flexible as the same
dye reagent can be used to measure the expression of different target genes
(VanGuilder et al., 2008).  Furthermore, g°PCR may be performed as either a one-
step or a two-step reaction; cDNA synthesis and PCR may occur in a single protocol
or be carried out separately. The two-step method, though more time consuming,
minimises the handling of temperature-sensitive RNA and provides greater flexibility
in terms of assay optimisation (Wong and Medrano, 2005). In all cases, the
quantitative data are generated during the exponential phase of qPCR where an
optimised reaction will experience a doubling of target DNA with each thermal cycle;
Ct values (also known as Cq values) are the cycle at which a sample’s exponential
amplification crosses a threshold set above background fluorescence levels (Bustin et
al., 2009).

An important consideration of gPCR assay optimisation is that the quality and
integrity of the RNA must be as high as possible to ensure a high degree of accuracy
(Bustin et al., 2009). RNA concentrations should be quantified and standardised for
all samples (Bustin et al., 2009). Additionally, due to the non-specific nature of SYBR
Green I-dsDNA intercalation, any dsDNA present will indiscriminately contribute to
detectable fluorescence in SYBR reactions. It is therefore essential to the validity of
the technique that SYBR Green | gPCR reactions are highly optimised to eliminate
the presence of non-target DNA (Bustin et al., 2009). It is for this reason that the

sample preparation method used prior gPCR must include a step to digest genomic
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DNA and gPCR reactions must include sequence-specific primers with no propensity
to self-anneal or to form hairpin structures (Taylor et al., 2010). Furthermore, primer
and cDNA concentrations must be carefully selected to avoid creating reaction
conditions where non-specific primer-binding, such as that which results in primer
dimers, is likely to occur. Non-template negative controls must therefore be included
alongside the samples of each run to confirm the absence of amplification including a
lack of dimer formation and a lack of contamination. Melt curves must also be
generated for all samples at reaction completion to confirm the successful
amplification of the single desired gPCR product and the absence of non-specific
primer binding. This is achieved by heating the DNA over a range of temperature
increments and measuring the temperature at which fluorescence decreases, indicative
of the dye dissociating from the denatured dsDNA (BioRad Laboratories, 2006). Also,
to reduce any potential variation in the fluorescence that is detected, the qPCR
machine, plates and plate-seals used should also be standardised for all samples
(Bustin et al., 2009).

The relative quantification approach to gPCR is a widely-used method
whereby expression levels for each gene of interest are normalised with stably-
expressed reference genes. This counteracts the contribution of any variation in
reverse-transcription efficiency between samples and allows comparisons of total
relative gene expression levels between different treatments to be investigated (Hruz
et al., 2011). This approach provides biologically relevant data without the need to
guantify absolute values, however selection of reliable reference genes is integrally
important to the method and their suitability in the relevant tissues from organisms
exposed to each of the experimental treatment conditions must be verified (Bustin et

al., 2009). The use of combined data from multiple reference genes is recommended
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to improve accuracy (Vandesompele et al, 2002). Relative quantification is commonly
performed by using the comparative Ct method, also known as the 224t method
(Livak and Schmittgen, 2001), or one of its variations such as the 22t method
(Schmittgen and Livak, 2008). An assumption of these approaches, which must be
satisfied, is that the efficiency of the primer pairs used to detect both the genes of
interest and the reference genes are the same; efficiencies are ideally as close to 100%
as possible, indicating an exponential increase in template with each PCR cycle. This
can be demonstrated by creating standard curves based on fluorescence values
generated over a template cDNA dilution series, ideally spanning at least three orders
of magnitude (Bustin et al., 2009; Taylor et al., 2010). Differences in PCR efficiency
would mean that the ratio of expression of the gene of interest and the reference gene
would not be the same at different template concentrations, leading to inaccuracies
(Bustin et al., 2009) and must therefore be avoided.

The aim of this chapter is to develop and optimise gPCR assays for seasonally-
collected wild M. edulis circadian rhythm-related genes: Clock, Cryl, ARNT, Timeout-
like, ROR/HR3 and aaNAT. Stable reference genes will also be selected and
optimised. The rationale and application of these optimised qPCRs as a tool to
investigate seasonal variation in M. edulis clock gene expression is discussed at length
in Chapter 4. In brief, natural photoperiod progression can confer seasonal
information by influencing clock gene expression patterns (Herrero and Lepesant
2014; Ikeno et al., 2010; Tournier et al., 2003). For example, seasonal photoperiod
differences modulate the expression of Clk, Bmall, Per2, and Cry2 in Atlantic salmon,
Salmo salar, (Davie et al., 2009) and the same genes in addition to Perl, Per3 and
Cryl are also modulated by photoperiod in the core clock of the hamster (Tournier et

al., 2003). Photoperiod and latitude also affect the circadian oscillation patterns of
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CIk, Cyc, Per and Cry2 in the wasp Nasonia vitripennis (Benetta et al., 2019).
Sampling wild mussels exposed to short and long photoperiods (winter and summer
solstices) will allow the seasonal expression patterns of M. edulis clock genes to be

investigated for the first time, as presented in Chapter 4.

3.2 MATERIALS AND METHODS

3.2.1 Sample collection

Wild adult blue mussels, M. edulis were collected from the intertidal zone at
low tide from Filey Bay, North Yorkshire, UK (54° 13' longitude and 0° 16' latitude)
in winter (20/22.12.14), spring (18/20.03.15), summer (14/16.06.15) and autumn
(11/13.09.15) (Figure 3.1). Full details of the sampling regime and rationale are given

in Chapter 4, Section 4.2.1.
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Figure 3.1 The sampling site at Filey Beach Brigg, North Yorkshire, UK (54° 13' longitude
and 0° 16' latitude) on a map of (A) the UK and (B) the North Yorkshire coast. Photographs
of (C) the intertidal zone sampling site and (D) blue mussels, M. edulis, attached to a rocky
substrate.
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3.2.2 Mussel dissection, tissue storage and species identification

The length of each mussel was measured before ~1 cm? portions of mantle
tissue were dissected and stored for subsequent analyses as follows: in 1 mL of neutral
buffered 10% formalin solution (Sigma Aldrich, Gillingham, UK) at room temperature
to preserve tissue for histological determination of sex and gametogenesis stage for
samples from all seasons (see Chapter 4, Section 4.2.2), in 1 mL RNAlater solution
(Ambion, Life Technologies, USA) at -20 °C to preserve RNA for molecular analyses
for winter and summer samples, and in 1 mL TRI Reagent® (Sigma Aldrich, UK) at -
20 °C to preserve proteins in winter and summer samples. In each case, the same
portion of gonad tissue was removed from each mussel for each type of analysis to
minimise variation resulting from potential tissue heterogeneity. Mussel mantle tissue
was selected for analysis in order to examine seasonal clock gene expression patterns
in the tissue which houses the seasonally developing gonads — a biological rhythm
operating on an infradian (greater than 24 hr) timescale (Seed, 1969). Species
identification was determined by performing PCR on mfp-1 for a random 5% of the
sample set as previously described (Section 2.2.6). Samples were confirmed as being

M. edulis.

3.2.3 Total RNA extraction and concentration

Samples from winter and summer were used for molecular work and were
randomly numbered for blind analysis. Tissue samples were not thawed until
immediately prior to the RNA extraction procedure to avoid freeze-thaw RNA
degradation, and the maximum number of extractions performed in one batch was 16
which is within the range of 10-20 recommended by Taylor et al. (2010), to reduce the

time spent working with these sensitive samples. Total RNA isolation was performed
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on M. edulis mantle tissue that had been preserved in RNAlater solution (Qiagen Ltd.,
UK), using the High Pure RNA Tissue Kit (Roche, UK) as previously described
(Section 2.2.2.) The protocol included a DNase | digestion step to digest genomic
DNA. RNA integrity was checked for a random 5% subset of samples using a
denaturing FA gel (Section 2.2.4). RNA concentrations were measured using the
Qubit 1.0 Fluorometer (Life Technologies, UK) as previously described (Section
2.2.3.). RNA was successfully extracted from all samples with concentrations ranging

from 20 ng/pL to 1020 ng/uL.

3.2.4 cDNA Synthesis for gene expression analysis

A two-step gPCR procedure was used where cDNA was synthesised prior to
performing the gPCR reactions. cDNA was synthesised using the Transcriptor High
Fidelity ¢cDNA Synthesis Kit (Roche, UK) according to the manufacturer’s
instructions. To standardise the samples as recommended (Bustin et al., 2009), the
same concentration of RNA (190 ng) was used for all cDNA reactions. RNA was
combined with 2 pL 600 pmol/pL random hexamer primers and PCR-grade water to
a total volume to 11.4 pL. This template-primer mix was then denatured by heating
at 65 °C for 10 min in a thermal cycler and then immediately chilled on ice. The
following reagents were then added: 4 pL 5X concentrated Transcriptor High Fidelity
Reverse Transcriptase Reaction Buffer (250 mM Tris/HCI, 150 mM KCI, 40 mM
MgCly, pH approx. 8.5 at 25 °C), 0.5 pL Protector RNase Inhibitor (40 U/uL) (in a
storage buffer containing 20 mM HEPES-KOH, 50 mMKCI, 8 mM dithiothreitol
(DTT), 50% glycerol (v/v), pH approx. 7.6 at 4 °C), 2 uL dNTP mix (10 mM each), 1
puL 0.1 M DTT, and 1.1 pL Transcriptor High Fidelity Reverse Transcriptase (9.09

U/uL) (in a storage buffer containing 200 mM potassium phosphate, 2 mM DTT, 0.2%
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Triton X-100 (v/v), 50% glycerol (v/v), pH approx. 7.2). After brief mixing, samples
were incubated as follows: 29 °C for 10 min, 48 °C for 60 min and 85 °C for 5 min

before chilling at 4 °C. Samples were then stored at -20 °C.

3.2.5 (PCR primer design and selection

As qPCR works well with small amplicon sizes (Bustin et al., 2009), new
primers were designed from the sequences obtained from the six genes of interest (CIk,
Cryl, ARNT, Timeout-like, ROR/HR3 and aaNAT) in the previous chapter. The online

tool Primer-BLAST (http://www.ncbi.nlm.nih.gov/tools/primer-blast/) was used to

generate gene- and species-specific primers with an optimum annealing temperature
in close to 60 °C. The reference genes selected for validation were elongation factor
1-alpha (EF1a), alpha tubulin (TUB), and 18S which have previously been validated
in wild-caught UK M. edulis at different stages of gametogenesis, based on their stable
gene expression in the gonads (Cubero-Leon et al., 2012). Primer sequences for EFla
and TUB were designed by Cubero-Leon et al. (2012) and for 18S by Ciocan et al.
(2011). Although pg-actin is commonly used as a reference gene, its variable
expression levels detected in the gonads of seasonally collected Mytilus mussels in
previous studies makes it an unreliable choice (Jarque et al., 2014; Cubero-Leon et al.,
2012) and it is therefore not considered here. Lyophilised primers (IDT, Belgium)
were resuspended in molecular grade water (Fisher Scientific, UK) to a concentration

of 100 uM prior to being aliquoted and stored at -20 °C.
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Table 3.1 qPCR primers for M. edulis genes of interest and reference genes.
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Gene of Primer Sequence (57-3") ™ % Product

interest g (°C) GC size (bp)
Clock_gPCR_F1  CAG AAT TCACAT CAAGGCACA 534 429

Clock 188
Clock gPCR_R1 TGAGGTTTCCTCCCCTTTCT 55.6 50.0
Cryl_6F CCTGCTTTCTGACCAGAGG 55.3 57.8

Cryl 113
Cryl 7R CCA CAT CCA ATT CCC AGA AG 53.4 50.0
Bmall 7Fa TGA CTG GGT ATG GCT AAG GA 57.6 55.0

ARNT 119
Bmall_8Rq GGCCTGCTG AACCTT GTT GA 58.1 55.0
Timeout_F TGG GAA CAC AGA CAG GAAGAG 593 524

Tim-like 125
Timeout_R TGG ACT GTAGCATCATCGTCTG 59.9 50.0
ROR_6F CCC ACGTAAACCACATGA AA 53.1 45.0

ROR/ - 125

HR3 ROR_7R TGA AGA ATC CCTTGCAACCT 543 450
aaNAT_F2 AGG ACG AAG CAG CCACTT AC 57.2 55.0

aaNAT 214
aaNAT_R2 CGT CGACGCGATTCTTTG AC 56.5 55.0
Me_for* GTGCTCTTGACT GAGTGTCTCG 574 545

18S 116
Me_rev* CGAGGT CCTATTCCATTATTCC 525 455
EFlo_Ft CAC CACGAG TCT CTC CCAGA 58.2 60.0

EF1 106
EFlo_RfY GCT GTC ACC ACAGAC CAT TCC 58.2 57.1
TUB_F+ TTG CAACCATCA AGACCA AG 53.6 45.0

Tub 165
TUB_RY TGC AGA CGG GCT CTC TGT 58.0 61.1

*Designed by Ciocan et al. (2011); 1 Designed by Cubero-Leon et al. (2012).

melting temperature, Tm; percentage guanine-cytosine content, % GC

3.2.6 gPCR assay optimisation

Abbreviations:

gPCR reactions were optimised for each target and reference gene to ensure

accurate and efficient quantification according to the standards set out in the MIQE

guidelines (Bustin et al., 2009). For each reaction, amplification plots were generated

showing fluorescence (a proxy for g°PCR product concentration) during successive
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thermal cycles. The intersect between the amplification curve and the threshold level,
which crosses the exponential phase of all reactions, generates a Cq value. The Cq
value is therefore the cycle number at which the fluorescent signal is detected and is
the raw data output used in relative quantification analyses. Cq values were assessed
to confirm they occurred prior to 40 cycles — a cut-off point generally used to exclude
low-efficiency reactions (Bustin et al., 2009).

gPCR reactions were set up as follows: 10 pL FastStart Universal SYBR Green
Master (Rox) (Roche, UK), 7 uL molecular-grade water (Fisher Scientific, UK), 1 uL
of each primer (Table 3.1) creating final concentrations ranging between 100 nM —
500 nM and 1 pL of cDNA (derived from 190 ng RNA). To determine the optimal
primer concentrations of the genes of interest and the reference genes, primers were
tested at final assay concentrations of 100 nM, 300 nM and 500 nM. Assays providing
specific gPCR products at the lowest Cq value were selected for subsequent
optimisation and were as follows: 100 nM (Cryl, ARNT, EFla, TUB, 18S), 300 nM
(Clock, Timeout-like, ROR/HR3) or 500 nM (aaNAT).

Primer specificity was demonstrated by generating melt peak plots upon
reaction completion. This was achieved by heating the gPCR products in 0.5 °C
increments from 60 °C to 95 °C to denature the dsDNA, causing a resultant decrease
in fluorescence as the dye dissociates. Single peaks on the plots were indicative of a
single gPCR product lacking contamination and undesirable secondary products. In
addition, template-negative controls were performed for every primer pair to further
confirm the absence of primer dimer formation and contamination. Results were
checked using agarose gel electrophoresis on a 1% agarose TBE gel stained with
GelRed™ Nucleic Acid Gel Stain (10,000X in water) (Biotium, Cambridge

Bioscience, UK) (Section 2.2.9) and DNA sequence identity was confirmed using the
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EZ-seq DNA Sanger sequencing service (Macrogen Europe, Amsterdam, The
Netherlands) (Section 2.2.15).

All reactions were set up using the following plates and seals to standardise
fluorescence reflection across samples: Hard-Shell® Low-Profile Thin-Wall 96-Well
Skirted PCR Plates with white wells (BioRad, UK) and Microseal® 'B' Adhesive Seals
(BioRad, UK). Reactions were performed on a CFX96 Real Time PCR Detection
System (BioRad, Hemel Hempstead, UK) using the following thermal cycling
conditions: 95 °C for 2 min, followed by 45 cycles 95 °C for 10 sec, 60 °C for 1 min
and 72 °C for 1 min. Raw data, amplification plots and melt curve peaks were

generated by the BioRad CFX Manager V1.6.541.1028 software.

3.2.7 Generation of standard curves to test qPCR efficiency

For each gene, primer efficiencies were tested by assessing qPCR product
amplification over at least a 4X cDNA dilution range. Standard curve graphs of Cq
value against log cDNA dilution were generated using Microsoft Office Excel 2007
and the slope of the line of best fit (y-intercept) was input into the g°PCR Standard
Curve Slope to Efficiency Calculator Tool

(http://www.genomics.aqgilent.com/biocalculators/calcSlopeEfficiency.jsp? requestid

=851955), an online bioinformatics tool used to ascertain the primer amplification
efficiency using the following equation: Efficiency = -1+10C2s1¢) |deal primer
efficiencies fall into the range of 90% to 110% (Taylor et al., 2010) and must be similar
between the gene of interest and the reference gene (Livak and Schmittgen, 2001) i.e.
both fall within this desirable range. Efficiencies greater than 100% can occur due to

pipetting inaccuracies or presence of inhibitors.
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3.2.8 Reference gene selection

Amplification data (Cq values) for the reference genes EFla, TUB and 18S
were generated for 25% of the mussel samples (n=8 randomly selected from each time-
point) using the optimised reaction conditions determined in this chapter. To test
whether the reference genes exhibited stable expression levels across all time-points,
the non-parametric Kruskal-Wallis test was performed in all cases using GraphPad
InStat v3 (GraphPad Software Inc., La Jolla, USA), as the data showed unequal
variance between groups. To ascertain which of the reference genes showed the most
stable expression levels across treatments, and should therefore be selected for
normalisation  of this sample-set for  future analyses, RefFinder

(http://fulxie.Ofees.us/?type=reference) (Xie et al., 2012) was used to rank the

reference genes from most to least stable.

3.3 RESULTS

3.3.1 gPCR product amplification and primer specificity

gPCR products were successfully generated for the genes of interest and the
reference genes as shown by the amplification plots (Figure 3.2). The presence of a
single plot per reaction on both the amplification and melt peak graphs (Figure 3.3),
in addition to single bands detected on the agarose gel (Figure 3.4), indicates
successful, specific amplification. The absence of fluorescent signal in template-
negative controls, run alongside the samples, also indicates the lack of secondary
product formation. Melt peak plots for each amplified mRNA always showed the
same temperature peak indicating gene-specificity of the primers; identical DNA
sequences share the same length and guanine/cytosine content and therefore the same

melting temperature. Finally, Sanger sequencing (EZ Seq, Macrogen Europe, The
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Netherlands) and comparison of the obtained M. edulis sequences against the

GenBank database confirmed that the amplicons were from the desired genes.

(a) Clock (b) Cryl (c) ARNT

3 £ g

(d) Timeout-like (e) ROR/HR3 (f) aaNAT
- .

(9) EFla (h) TUB (i) 18S

RFU
RFU
RFU

Cycles

Figure 3.2 Representative results of cDNA amplification plots (log scale) generated from
gPCR reactions containing M. edulis cDNA, FastStart Universal SYBR Green Master (Rox)
(Roche, UK) and primers at either 100 nM (b), (c), (9), (h) and (i), 300 nM (a), (d) and (e), or
500 nM (f). Abbreviations: RFU, Relative Fluorescence Units.
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Figure 3.3 Representative results of melt peak plots generated from gPCR reactions containing
M. edulis cDNA, FastStart Universal SYBR Green Master (Rox) (Roche, UK) and primers at
either 100 nM (b), (c), (g), (h) and (i), 300 nM (a), (d) and (e), or 500 nM (f). Abbreviations:
RFU, Relative Fluorescence Units.
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500 bp

100 bp

Figure 3.4 Gel image of 1% TBE agarose gel stained with GelRed™ Nucleic Acid Gel Stain
(Biotium, Cambridge Bioscience, UK) showing 5 pL of qPCR product for the following
genes: Lane 1, Clock; 2, Cryl; 3, ARNT,; 4, Tim-like; 5, ROR/HR3; 6, aaNAT; 7, EFla; 8,
TUB; 9, 18S; 10, GeneRuler 100 bp DNA Ladder (Thermo Fisher Scientific, UK).

3.3.2 Standard curves and amplification efficiencies

The standard curves for each gene show that there is a linear relationship
between log cDNA dilution factor and Cq value (Figure 3.5). The R? values (which
can range between 0 and 1) are all in close proximity to 1 (Table 3.2) indicating that
cDNA dilution factor is a good predictor of Cq value as expected. This also indicates
that there was a high standard of pipetting accuracy in the preparation of the qPCR
reactions. All of the primer efficiencies fall into the desired 90% to 110% range (Table

3.2).
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Figure 3.5 Standard curves showing qPCR amplification efficiency of M. edulis primers for

different genes over a cDNA dilution series with R2 values displayed.
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Table 3.2 R2 values of standard curve slopes from Figure 3.5 and the associated primer

amplification efficiencies.

Final primer Amplification
Category Gene Primers concentration R? np
efficiency (%0)
(nM)
Clock gPCR_F1
Clock Clock gPCR R1 300 0.967 94.1
Cryl_6F
Cryl Cryl 7R 100 0.988 103.5
Bmall_7Fa
Genes of ARNT Bmall 8Rq 100 0.984 105.4
INErest  rim-like Timeout F1 300 0.999 107.8
Timeout R1
ROR_6F
ROR/HR3 ROR 7R 300 0.977 95.5
aaNAT_F2
aaNAT aaNAT R2 500 0.983 106.7
EFla_F
EFla EFlo R 100 0.994 91.4
Reference TUB_F
genes TUB TUB R 100 0.994 91.6
185 Me for 100 0.976 93.3
Me rev

3.3.3 Reference gene selection

The comprehensive ranking of gene expression stability for EF/a, TUB, and
18S generated by RefFinder (Xie et al., 2012) is shown in Figure 3.6. EFla has the
lowest geomean of ranking values and is therefore the most stable of the genes tested,
whereas TUB has the highest value and is the least stable (Figure 3.6). Furthermore,
for each gene, the Kolmogorov-Smirnov test indicated that the data were normally
distributed, however the standard deviations of the groups (time-points) were
significantly different for all three genes (18S: Bartlett statistic=29.952, p=0.0004;
EFla: Bartlett statistic=34.460, p<0.0001; TUB: Bartlett statistic=17.360, p=0.0434)
so the non-parametric Kruskal-Wallis Test was performed in each case. Both 18S
(KW=15.368, p=0.0813) and EF'1o. (KW=11.239, p=0.2597) showed stable expression
levels across time-points as no significant difference was detected. A significant

difference between time-points was, however, detected for TUB (KW=22.529,
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p=0.0073), indicating that it is not suitable as a reference gene for this sample set. As
it is preferable for multiple reference genes to be used in combination (Bustin et al.,
2009; Vandesompele et al, 2002), both 18S and EF' 1o were selected for normalisation

of gene expression data for this sample set.

Geomean of ranking values

EFla 185 TuB

<== Most stable genes Least stable genes ==>

Reference Gene

Figure 3.6 Comprehensive gene stability ranking of EF/a, TUB, and 18S from a subset of
seasonally-collected mussel samples (n=71) according to the geomean of ranking values
assessed by RefFinder (Xie et al., 2012).

3.4 DISCUSSION

In this chapter, sequence-specific gPCR primers were designed, tested and
optimised for the six M. edulis clock genes (CIk, Cryl, ROR/HR3, Per and Rev-erb)
and clock-associated genes (ARNT, Timeout-like and aaNAT), and three reference
genes (EFla, TUB, and 18S) using cDNA from a seasonally collected sample set.
gPCR reactions were optimised for each primer pair to successfully amplify the genes
of interest (Figure 3.2 to Figure 3.4) and primer specificity was further demonstrated
by the lack of non-specific products present during melt peak generation (Figure 3.3)
and by Sanger sequencing of gqPCR products. Standard curves for all genes

demonstrated that primer efficiencies were within the desired 90-110% range (Figure
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3.5, Table 3.2) (Taylor et al., 2010; Bustin et al., 2009). The reference genes EFla
and 18S were ranked the most stable combination out of the three tested (Figure 3.6)
and, unlike TUB, they showed stable expression levels across all time-points (18S
[KW=15.368, p=0.0813] and EF' 1o [KW=11.239, p=0.2597]). The geometric mean of
EFlo and 18S expression values will therefore be used for qPCR data normalisation
of this sample-set in Chapter 4.

An important consideration of gPCR is that RNA concentration and quality are
as high as possible and that approximately the same quantity of RNA is used per
reaction (Bustin et al., 2009). To address these requirements, mussel tissue samples
were stored appropriately by being immediately placed in RNAlater stabilisation
solution (Ambion, Life Technologies, USA) after dissection and then stored at -80 °C
to preserve the RNA. Freeze-thaw cycles were avoided and the treatment of surfaces
and equipment with RNase Away (Molecular Bioproducts, UK) helped to protect the
samples from degradation from Ribonuclease (RNase) contamination. RNA integrity
was assessed by performing agarose gel electrophoresis under denaturing conditions.
However, contrary to many other phyla, the 28S fraction of mollusc RNA does not
appear as a discreet band on denaturing formaldehyde agarose gels, even in high-
quality samples, which makes this popular method of assessing RNA integrity less
informative than in mammals (Barcia et al., 1997). RNA concentrations were
quantified in randomised sample batches and a standardised concentration of 190 ng
RNA was added to cDNA synthesis reactions to remove discrepancies in sample
concentration (Bustin et al., 2009).

As the SYBR Green | technique was used, a caveat of which is that false
positives may occur from the detection of any dsDNA present (Bustin et al., 2009),

RNA was prepared using a DNase | incubation step to degrade both dsDNA and
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sSDNA sources of contaminating genomic DNA. To further reduce the presence of
false-positives, the gene-specific primers used in the gPCR reactions were optimised
to amplify only single, specific products and to produce no secondary structures as
demonstrated by the clean amplification plots, single melt peaks and single
electrophoresis bands (Figure 3.2. to Figure 3.4). qPCR products were sequenced to
confirm primer specificity. Furthermore, no fluorescence signals were detected from
template-negative controls. These factors indicate that confounding factors such as
secondary structure like primer dimers or sources of contamination did not contribute
to the fluorescence detected from the optimised reactions.

Finally, a key requirement of the comparative Ct gqPCR analysis method, which
will be used to normalise relative expression data generated from this sample-set in
the subsequent chapter, is that the primers for the genes of interest and the reference
genes have an efficiency as close to 100% as possible (Taylor et al., 2010; Bustin et
al., 2009; Livak and Schmittgen, 2001). This was demonstrated for all nine genes
tested (Figure 3.5. and Table 3.2). The dynamic range over which aaNAT could be
tested was slightly lower compared to the other genes as the Cqg obtained for the
undiluted cDNA sample was already quite late (>Cq 35) and the generally accepted
maximal cut-off for reliable gene expression data is Cq 40 (Bustin et al., 2009). A
final consideration for generating a full gPCR dataset for the seasonal mussel samples
is that a minimum of three biological replicates and two technical replicates are
recommended for gPCR (Taylor et al., 2010). This requirement will be met by
analysing 30 individuals at each time-point and performing all gPCR reactions in

duplicate.
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3.5 CONCLUSION

gPCR is a powerful tool allowing the quantification of mMRNA expression levels
provided that the standardised MIQE Guidelines are followed. In this chapter, g°PCR
assays were developed and optimised for M. edulis clock genes (Clk, Cryl, ARNT,
ROR/HR3, Timeout-like and aaNAT) on seasonally collected samples. Reference
genes were selected and validated as stable for normalisation. In Chapter 4, this
quantitative molecular approach is used as a tool to assess seasonal clock gene
expression levels in the gonads of the seasonally reproductive M. edulis at different
points of an annual cycle. The molecular clock mechanism is predicted to provide the

link between environmental seasonal cues and biological rhythms.
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Influence of season on MRNA expression patterns of

M. edulis circadian rhythm-related genes

4.1 INTRODUCTION

The natural changes in photoperiod and temperature that occur throughout the
year are reliable environmental cues of season, which often act in conjunction in
aquatic habitats (Numata and Udaka, 2010). The seasonal influences of these factors
on molluscs are most commonly documented for reproductive activities such as
growth, gametogenesis and oviposition (Numata and Udaka, 2010; Osada et al., 2007,
Bohlken and Joosse, 1981; Seed, 1969) as many species undergo seasonal cycles of
reproductive development. The effects of environmental factors, in particular
photoperiod, temperature and food availability, on bivalve gametogenesis have been
investigated in oysters (Maneiro et al., 2017; Fabioux et al., 2005; Chavez-Villalba et
al., 2002; Li et al., 2000), scallops (Osada et al., 2007; Duinker et al., 2000; Saout et
al., 1999; Martinez and Pérez, 2003), clams (Rodriguez-Rua et al., 2003) and mussels
(Dominguez et al., 2010; Fearman and Moltschaniwskyj, 2010; Galbraith and Vaughn,
2009; Pronker et al., 2008; Newell et al., 1982; Bayne et al., 1978; Seed, 1969). Itis
clear that timing and success of bivalve gametogenesis is influenced by a variety of
exogenous and endogenous factors including photoperiod, temperature, food
availability, genotype and neuroendocrine control (Gosling, 2005). For example,

gradient increases in temperature and photoperiod resulted in higher percentages of
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germinal cells in the oyster Ostrea edulis and longer photoperiod gradients resulted in
greater total larval production (Maneiro et al., 2017). Gonad rebuilding was greater
in spent P. maximus scallops kept under constant or increasing photoperiod regimes
than under a natural decreasing regime (Duinker et al., 2000). Food availability and
quality also influences gametogenesis as it is an energetically demanding process
(Gosling, 2015; Galbraith and VVaughn, 2009; Pronker et al., 2008). The duration of
conditioning, using optimal temperature and food supply, affected spawn number in
M. galloprovincialis, though the effect of photoperiod requires further investigation
(Dominguez et al., 2010). However, warm temperatures within the natural range can
also reduce gametogenesis rates in the species as they manage their energy balance
(Fearman and Moltschaniwskyj, 2010). Bivalves including mussels exhibit trade-offs
between reproductive development and growth; greater growth rates are apparent in
sterile triploids compared to fertile diploids undergoing seasonal gametogenesis
(Payton et al., 2017c; Petes et al., 2008b; Brake et al., 2004).

In addition to environmental influences, bivalve reproductive development is
controlled by neurohormones and steroids that affect gonad physiology (Gosling,
2015). For example, gonadotropin-releasing hormone (GnRH) triggers mitosis in
primitive germ cells (Morishita et al., 2010) and serotonin is involved in diverse
functions including oocyte maturation (Tanabe et al., 2006) and triggering spawning
(Ram et al., 1993). The activity of neurosecretory cells in the cerebral, pedal and
visceral ganglia of M. edulis coincides with reproductive development (de Zwann and
Mathieu, 1992). Homologs of vertebrate sex steroids, and many of the genes encoding
enzymes involved in their production from cholesterol, have also been identified in a
number of bivalves including mussels (Blalock et al., 2018) and are generally accepted

to be involved in reproductive development (Croll and Wang, 2007; Lafont and
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Mathieu, 2007).

M. edulis have separate sexes and sexual maturity is reached within the first
year (Duinker et al, 2008; Seed, 1969). The seasonal nature of reproductive
development in the edible blue mussel M. edulis (Seed, 1969) leads to seasonal
variation in both the recruitment of mussel spat (larval stages) and the value of adults,
as the lower meat content of spawned mussels, and their shorter shelf life, makes them
less desirable (Brake et al., 2004). As a result of the environmental influences on
bivalve reproduction, the timing of seasonal gametogenesis in M. edulis varies both
annually and geographically (Gosling, 2015; Chipperfield, 1953; Seed, 1976), as is
the case for other bivalves including oysters (Zarnoch and Schreibman, 2012; Ruiz et
al., 1992), clams (Kang et al., 2007; Laruelle et al., 1994) and scallops (DiBacco et al.,
1995; MacDonald and Thompson, 1988). Mussel gametogenesis starts with the
development of gametes in follicles, primarily in the mantle tissues (Lowe et al., 1982;
Seed, 1976; Seed, 1969). In the UK, this generally commences in late autumn/winter
with spawning usually occurring in the spring, often followed by redevelopment and
additional spawning events under favourable local conditions (Chipperfield, 1953;
Seed, 1969). However, geographic variation is apparent in the timing of
gametogenesis as well as in the timing and frequency of spawning (Villalba, 1994;
Newell et al., 1982; Bayne et al., 1976; Seed, 1976). For example, M. edulis collected
from Anglesey, North Wales spawned once per year over a period of 3 years whereas
a population from Plymouth, South England spawned at least twice a year over the
same period (Lowe et al., 1982). Multiple spawning events in a year may produce
consistent or variable numbers of spawned gametes (Rodhouse, 1984). Furthermore,
even at the same location, differences in the timing of reproductive events can be

observed due to the effects of microhabitat; in Killary Harbour in west Ireland wild
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M. edulis spawn partially in early spring and fully in summer whereas two summer
spawning events occur in rope-cultured mussels (Rodhouse et al., 1984). Variability
in gametogenesis also occurs annually at the same site (Lowe et al., 1982; Seed, 1969).
Mussels are therefore considered to have a flexible reproductive strategy in response
to local environmental conditions (Gosling, 2015).

It has been well documented in other species that the circadian molecular clock
mechanism can be entrained by environmental cues including light, temperature and
food availability in order to maintain synchrony with external environmental cycles
(Mohawk et al., 2012; Dubruille and Emery, 2008; Rensing and Ruoff, 2002). Though
the clock mechanism is predominantly associated with the regulation of circadian
rhythms, clock genes have been linked to photoperiodism in mammals (Bradshaw and
Holzapfel, 2007; Tournier et al., 2003), fish (Herrero and Lepesant, 2014; Davie et al.,
2009) and insects (Meuti et al., 2015; Pegoraro et al., 2014; Goto, 2013; lkeno et al.,
2010; Pavelka et al., 2003), suggesting involvement in longer-term seasonal rhythms,
though further investigation is required (Danks, 2005). Photoperiod can act as a
seasonal cue to inform biological time-keeping by influencing clock gene expression
patterns resulting in differences in amplitude, phase, peak duration and rhythmicity
(Benetta et al., 2019; Davie et al., 2009; Tournier et al., 2007; Goto and Denlinger,
2002). For example, seasonal differences in clock gene expression patterns are
apparent in the pituitary of the sea bass Dicentrarchus labrax (Herrero and Lepesant,
2014) and photoperiod modulates the expression patterns of Clock, Bmall, Per2, and
Cry2 in the brains of the Atlantic salmon Salmo salar (Davie et al., 2009). Photoperiod
influences the expression of multiple clock genes in the suprachiasmatic nucleus
(SCN) of the Syrian hamster Mesocricetus auratus in which the mammalian master

circadian pacemaker is located (Tournier et al., 2003); effects on clock mRNA
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expression include altered amplitude, phase and peak duration (Tournier et al., 2003).
In addition, RNAI disruption of Per in the insect Riptortus pedestris leads to diapause
aversion under a diapause-inducing photoperiod whereas the opposite is the case for
Cyc RNAI under a diapause-averting photoperiod (Ikeno et al., 2010). Temperature
is also known to affect different aspects of the molecular clock mechanism (Dubruille
and Emery, 2008; Rensing and Ruoff, 2002), for example by affecting the prevalence
of different clock gene isoforms in Drosophila, resulting in phase shifts of the clock
(Helfrich-Forster et al., 2018).

No tissue type containing a “master clock” mechanism, such as the SCN in
mammals (Mohawk et al., 2012), has been identified in bivalves to date. However, a
peripheral tissue in which seasonal rhythms occur in M. edulis is the mantle tissue,
which undergoes annual reproductive development (Seed, 1969). The extent to which
circadian clock genes are involved in the regulation of such seasonal rhythms is
unknown; seasonal differences in clock gene expression are yet to be investigated in
molluscs and there are only a few studies in which daily patterns have been
investigated, revealing oscillations of the following: Cryl and RORf in the gills of M.
californianus (Connor and Gracey, 2011), Cryl and Cry2 in the head of the squid E.
scolopes (Heath-Heckman et al., 2013), Per in the clock neurons of the sea snail B.
gouldiana (Constance et al., 2002), Cry1 in certain tissue types of the adductor muscle
of C. gigas (Mat et al.,, 2016) and multiple clock genes in the gills of C. gigas
(Perrigault and Tran, 2017). It is hypothesised that clock (Clk, Cryl, ROR/HR3, Per
and Rev-erb) and clock-associated genes (ARNT, Timeout-like and aaNAT) will be
expressed in M. edulis mantle tissue, a peripheral tissue that undergoes seasonal cycles
of gametogenesis.

Phase shifts in the peaks of clock gene mRNA oscillations, which are commonly
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entrained by light as a zeitgeber (Liu and Panda, 2017; Golombek and Rosenstein,
2010; Tomioka and Matsumoto, 2010; Hiebert et al., 2000), can shift between seasons
in response to sunrise/sunset, and provide information on photoperiod length (Nunes
and Saunders, 1999; Pittendrigh, 1960). If photoperiod is involved in the provisioning
of seasonal information via the molecular clock mechanism in mussel mantles, clock
MRNA expression may be expected to differ between winter (short photoperiod) and
summer (long photoperiod), particularly at morning and evening time-points near the
light/dark transitions. If light triggers clock gene expression, mMRNA levels may peak
sooner in the day than in winter as sunrise is earlier in summer. However, specific
predictions of elevated or decreased gene expression at comparable time-points in
different seasons provide a challenge as clock gene expression patterns vary between
species (Tomioka and Matsumoto, 2015) and tissue type (Mat et al, 2016; Tomioka et
al., 2012; Tobback et al., 2011), and photoperiod is known to affect multiple
characteristics of their rhythms including amplitude, phase and peak duration (Benetta
etal., 2019; Davie et al., 2009; Tournier et al., 2007; Goto and Denlinger, 2002). Itis
hypothesised that the expression levels of M. edulis clock and clock-associated genes
will vary significantly at the same time of day between winter and summer, which
exhibit short and long photoperiods respectively.

The aim of this chapter is to assess whether seasonal differences, encompassing
natural photoperiod differences, influence expression patterns of circadian clock-
associated genes in the reproductive tissues of blue mussels in the wild. It will be
ascertained whether clock-associated genes are (1) expressed in the reproductive
tissues (mantle) of both sexes, (2) show seasonal differences in expression patterns at
the same time of day, and (3) show sex-specific expression patterns. To achieve this,

male and female M. edulis from the same population were collected at comparable
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daily time-points during winter and summer. Histological techniques were used to
identify mussel sex and gametogenesis stage, and the qPCR assays optimised in
Chapter 3 were used to quantify the expression of Clock, Cryl, ARNT, Timeout-like,
ROR/HR3 and aaNAT. Seasonal differences in mRNA expression levels at
comparable daily time-points is indicative of a change in amplitude and/or a phase

shift in the timing of peak gene expression, consistent with a photoperiodic response.

4.2 MATERIALS AND METHODS

4.2.1 Sample collection

Wild adult M. edulis were collected at low tide from the intertidal zone of
Filey Bay, North Yorkshire, UK (54° 13" longitude and 0° 16' latitude) (Figure 3.1).
In order to investigate the effects of seasonal photoperiod differences, sampling was
conducted at the times of year when photoperiod difference was most pronounced; the
winter and summer solstices are the shortest and longest days of the year respectively
and the intervening equinoxes have effectively equal day and night lengths (Khavrus
and Shelevytsky, 2010). As lunar cycles and tidal cycles can act as zeitgebers to
entrain rhythms in some marine organisms (Tessmar-Raible et al., 2011; Naylor,
2010), sampling was conducted at the same time of the lunar month (new moon, spring
tide phase) and at the same point in the tidal cycle (low tide) in all cases to standardise
for these potentially confounding factors, whilst occurring as close to the solstices and
equinoxes as possible. Sampling was carried out one day prior to and one day
subsequent to the closest new moon to the winter (2014) and summer (2015) solstices
and the spring and autumn equinoxes (2015). All sampling occurred within at least
13 days of a solstice or equinox (Dolby, 2014).

As photoperiod can affect the phase as well as the amplitude and total levels
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of clock gene MRNA expression in vertebrates (Herrero and Lepesant, 2014; Davie et
al., 2009; Tournier et al., 2007) and invertebrates (Benetta et al., 2019; Syrova et al.,
2003; Goto and Denlinger, 2002), the sampling of multiple daily time-points allowed
different points of the putative rhythmic cycle to be compared between season. To
determine whether day length significantly affected M. edulis clock gene expression
patterns, three time-points covering different times of day, were sampled during the
winter and summer when seasonal differences in photoperiod are most extreme (7.5
hr in winter and 17 hr in summer). As the sample site could only be accessed during
the two low tides per day, the following sample regime was adopted: three time-points
were chosen for sampling in winter and summer, two of which were during early
morning and evening low tides on the first day of sampling (20.12.14 in winter and
14.06.15 in summer), and the third was during the first low tide two days later
(22.12.14 and 16.06.15 respectively) during the late morning (Figure 4.1). The two-
day gap was sufficient for the timing of the low tide to shift enough for this third,
different time-point to be sampled, with differences in daily photoperiod between the
two days being negligible. n=30 individuals were sampled at each time-point. Finally,
sampling was also conducted in the spring and autumn to confirm that the mantle
tissue exhibits seasonal gametogenesis over the course of the year, demonstrating the
relevance of this tissue type for this investigation into the effects of photoperiod on
components of the molecular clock system. Likewise, in both the spring and autumn,
sampling was performed during the early morning low tide (18.03.15 in spring and
11.09.15 in autumn) and two days later during the late morning (20.03.15 and 13.09.15
respectively) (Figure 4.1). Again, n=30 individuals were sampled at each time-point.
The evening time-points were omitted at the equinoxes as multiple time-points were

not required for seasonal histological investigation; equinox samples were not used
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for gene expression analysis. In all cases, n=30 individuals were sampled at each time-

point.
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Figure 4.1 Diagram of mussel collection times from Filey Beach (during low tide) in each of
the different seasons in relation to daylight hours (white areas) and darkness (shaded). Times
are adjusted to Greenwich Mean Time (GMT). Early morning (red markers) and evening
(yellow) were sampled on the same day and late morning (blue) was sampled two days later.
n=30 individuals were sampled at each time-point.

After collection, the mussels were immediately taken to the laboratory for
dissection. Mussel dissection and tissue storage conditions for both histological and
molecular investigations are outlined in detail in Chapter 3 (Section 3.2.2). In all
cases, mussel mantle tissue was sampled as this the tissue which undergoes seasonal
cycles of reproductive gametogenesis (Seed, 1969). Early morning, late morning and
evening time-points sampled at the winter and summer solstices (Figure 4.1), were

used for gene expression analyses and mussels sampled in all four seasons were used

for histological analyses to determine sex and gametogenesis stage.

4.2.2 Histology

4.2.2.1 Sample processing and wax embedding
Histological observations of the mantle tissue, containing the gonads in
sexually developing mussels, are required to accurately assess sex (Petes et al., 2008a),

and to determine the reproductive development stage. Histological examinations were
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conducted on all mussel samples collected from all time-points from all four seasons
(Figure 4.1). Mantle tissue samples, which were previously fixed in buffered 10%
formalin solution (Sigma-Aldrich, Gillingham, UK) (Section 3.2.2.), were washed
with 0.01M phosphate buffered saline (PBS) (Sigma Aldrich, Irvine, UK) for 15 min
before being dehydrated in a series of ethanol (VWR, Lutterworth, UK) solutions as
follows: 70% ethanol for 15 min, 90% for 15 min, 2 steps of 100% for 15 min, and
finally 100% for 30 min. Clearing was performed to replace the alcohol with a
miscible agent to allow wax infiltration; tissues were immersed in fresh aliquots of
Histoclear Il (National Diagnostics, UK) for 20 min and then overnight. The following
day, two paraffin wax (VWR, UK) infiltration steps were performed, the first for 30
min and the second for 45 min. Samples were wax embedded using an EG 1160
Paraffin Wax Embedding Center (Leica Microsystems, Milton Keynes, UK) and left
to set on the chilled work surface for 1 hr. A Shandon Finesse® Manual Rotary
Microtome 325 (Thermo Scientific, UK) was used to cut 10 um sections of wax-
embedded tissue, which were then placed briefly in a water bath at 50 °C to warm the
wax before being positioned on a microscope slide. Slides were dried overnight in a

37 °C oven to remove water and to allow removal of paraffin prior to staining.

4.2.2.2 Mayer’s Haematoxylin and Eosin (H&E) Staining

Slides containing mussel mantle tissue sections were passed through the flame
of a Bunsen burner to melt the paraffin wax and placed in Histoclear Il (National
Diagnostics, UK) for 10 min to clear. Samples were rehydrated by being placed for 3
min each in the following concentrations of ethanol: 100%, 95%, 75%, 45% and 25%.
Samples were then placed in Mayer’s Haematoxylin Solution (Sigma-Aldrich, UK)

for 5 min to stain acidic structures, such as the nucleus a red/purple colour and a
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“bluing” step was performed by rinsing samples in running tap water for 10 min to
change the colouration to purple/blue to improve the contrast. Samples were then
dehydrated by being placed for 2 min each in the following concentrations of ethanol:
25%, 45%, 75%, and 95%. Samples were counter-stained for 1 min in alcoholic eosin
Y solution (Sigma-Aldrich, UK) which is an acidic dye that stains basic (acidophilic)
structures, such as the cytoplasm and extracellular fibres, pink. Samples were then
rinsed in 95% ethanol then 100% ethanol before being cleared in Histoclear Il for 5
min. Finally, slides were mounted with DPX Mountant for histology (Sigma-Aldrich,

UK) and left to set in the fume cupboard for 3 days.

4.2.2.3 Sex and gametogenesis stage determination

Mounted slides were viewed under a light microscope and both mussel sex and
gametogenesis phase were assessed based on the “Scheme of Classification of Gonad
Condition” described by Seed (1969) and summarised in Table 4.1. In this case,
individuals were categorised as either developing (stages BlI-1V), mature (stage pV),
spawning (stages yIV-I), or resting/spawned (stage o0) (Table 4.1). Histological sex
determination of resting/spawned mussels was not possible due to the absence of
sexual structures. Photomicrographs were taken with the Nikon Eclipse 80i Advanced
Research Microscope using Image Pro Premier software (Media Cybernetics, Marlow,

UK).
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Table 4.1 Brief summary of the “Scheme of Classification of Gonad Condition” proposed by

Seed (1969) to identify arbitrary stages of gametogenesis for both sexes of blue mussel when

microscopically examining stained sections of gonad tissue.

Category Symbol  Stage Brief Description of Gonads
Resting/ o 0 No sexual characteristics are present.
Spent
| Gametogenesis has commenced within dense connective tissue
but no spermatozoa or ova are present.
I The majority of each follicle contains gametes in the early stages
of development with some mature gametes present.
Approximately half of each follicle contains mature gametes and
Developing B Il the volume of mantle tissue containing gonad tissue is
approximately half that of mature individuals (BV).
v The majority of each follicle now contains mature gametes but
gametogenesis is still occurring.
\Y/ Fully ripe conditions have been reached.
v Spawning has commenced and density of gametes is less than in
fully ripe individuals.
Approximately half of each follicle has been emptied of mature
Il gametes and a reduced area of gonad tissue is present in the
Spawning Y mantle.

The majority of each follicle is empty and still less area of the
mantle is now comprised by gonad tissue.

Lingering gametes are present and phagocytosis may often be
observed.

4.2.3 Gene expression analysis

Gene expression was investigated in male and female M. edulis collected from

early morning, late morning and evening time-points in winter 2014 and summer 2015.

These samples were from the sample set which was optimised for gPCR analysis in

Chapter 3.

4.2.3.1 Total RNA Isolation and quantification

The protocols and reagents used for total RNA isolation using the High Pure

RNA Tissue Kit with DNase | treatment (Roche, UK) and RNA quantification using

a Qubit 1.0 Fluorometer (Life Technologies) are described in detail in Chapter 3.
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4.2.3.2 cDNA synthesis
The cDNA synthesis procedure using the Transcriptor High Fidelity cDNA
Synthesis Kit (Roche, UK) with a standardised RNA concentration of 190 ng, which

was used for all cDNA reactions, is described in detail in Section 3.2.4.

4.2.3.3 Primer design and gPCR optimisations
Details of primer design, reaction efficiencies and qPCR optimisations are
detailed at length in Chapter 3 where the specificity and efficiency of all primers have

been demonstrated.

4.2.3.4 gPCR amplification

gPCR reactions for the genes of interest (Clk, Cryl, ARNT, ROR/HRS,
Timeout-like and aaNAT) and the validated reference genes (18S and EF1) were set
up using the optimised conditions described in detail in Chapter 3. Reactions were
performed in duplicate and melt-curves were generated for all samples. Template-

negative controls for each gene were included on each plate.

4.2.3.5 Analysis of gPCR data

Amplification plots and melt peaks were checked for every reaction and only
successful, specific reactions were used in subsequent analyses. For each sample, the
mean Ct of the gene of interest duplicates was normalised with the geometric mean of
the reference gene mean duplicates (18S and EFIa) using the 22 derivation of the
comparative Ct method (Livak and Schmittgen, 2001; Schmittgen and Livak, 2008).

This combination of reference genes (18S and EF1a) was determined to be the most

134



Chapter 4

stable of the genes tested (18S, EF' 1o and TUB), and neither varied significantly across
time-points (Section 3.3.3). Primer efficiency was tested in the previous chapter to be
within the optimal range, where 2 in the equation represents a doubling of template
with each cycle (Bio-Rad Laboratories, 2006). ACt was calculated from the mean
values as follows: Ct gene of interest — Ct reference genes (Livak and Schmittgen,
2001). This version of the comparative Ct approach is appropriate for datasets where
different individuals are sampled from each experimental group (Schmittgen and
Livak, 2008). Calculations were performed in Microsoft Office Excel 2007, which
was also used to display the data graphically. Statistical analysis was performed using
GraphPad InStat v3 (GraphPad Software Inc., La Jolla, USA). Where data did not
exhibit normality or equality of variance, the non-parametric Kruskal-Wallis test was
performed and a p value of <0.05 was considered significant. Post hoc Dunn’s
Multiple Comparisons tests, appropriate for groups with unequal numbers of
observations, were applied to biologically relevant comparisons (n=8-17). To test for
seasonal differences, comparisons were made between equivalent time-points between
winter and summer for males and females respectively (e.g. evening winter males vs
evening summer males etc.). To test for daily differences, comparisons were made
between daily time-points (early morning, late morning and evening) within each
seasons for male and females respectively. Finally, to test for sex differences, male-
female comparisons were performed at each individual time-point in both seasons.
GraphPad InStat v3 automatically accounts for the number of comparisons using
Dunn’s test when calculating p values (GraphPad Software, Inc., 1990). Fold changes
were calculated according to the 244¢t method (Schmittgen and Livak, 2008; Livak

and Schmittgen, 2001).
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43 RESULTS

4.3.1 Biometric data

Mean mussel shell length differed between seasons (Kruskal-Wallis
KW=14.8933(n, p=0.0019); mussels collected in winter had a significantly longer shell
length than those collected in both summer (p<0.05) and autumn (p<0.01), revealed
by Dunn’s Multiple Comparisons Tests (Figure 4.2). This difference, possibly due to
predation (personal observation, 2015), this is not expected to be a confounding factor
on the reproductive development or regulation of biological timing in these samples;
M. edulis shell length has no effect on the timing of gonad development (Chipperfield,

1953) or the spawning period (Seed, 1969).
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Figure 4.2 Mean shell length of mussels (+ SEM) collected from four consecutive seasons
commencing winter 2014. Significance detected by Kruskal-Wallis Test followed by Dunn’s
Multiple Comparisons Test; *denotes significance at the p<0.05 level and ** at the p<0.01

level.

In total, 300 mussels were sampled of which 34% were female, 46% were
male, and 20% were resting/spawned (undetermined sex). No instances of

hermaphrodism were recorded. The proportions of developing, mature, spawning and
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resting/spawned individuals sampled from each season are shown in Figure 4.3 and
representative photo micrographs of gonad tissue sections at these different stages of

gametogenesis are shown in Figure 4.4.

Winter I

Autumn

0% 20% 40% 60% 80% 100%

Resting/spawned Developing female m Mature female B Spawning female

Developing male Mature male H Spawning male

Figure 4.3 Sex and gametogenesis stages of M. edulis from Filey Beach, UK, during winter
2014 (n=90) and spring (n=60), summer (n=90) and autumn 2015 (n=60).
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500 um

Figure 4.4 Photomicrographs of 10 um M. edulis gonad sections at different stages of
gametogenesis stained with Mayer’s Haematoxylin and Eosin. Abbreviations: VCT, vesicular
connective tissue cells; AG, adipogranular cells; Od, developing oocyte; Om, mature ova; Sc,

spermatocytes; Sz, ripe spermatozoa; Fs, partially spawned follicles.
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4.3.2 Seasonal gene expression patterns

Significant differences in gene expression were detected for five of the six
genes investigated, as revealed by Kruskal-Wallis tests applied to all sampled time-
points (n=8 to 17): Clk (KW=53.915114f), p<0.0001), Cry1 (KW=48.04011, p<0.0001),
ARNT (KW=25.04311, p=0.0090), ROR/HR3 (KW=50.30311, p<0.0001) and aaNAT
(KW=31.43441, p=0.0009). No significant differences were detected between time-
point or sex for Timeout-like expression (KW=4.17811, p=0.9644) (Figure 4.5d).

Dunn’s Multiple Comparisons tests, incorporating corrections for multiple
comparisons (GraphPad Software, Inc., 1990), revealed seasonal differences in the
expression of Clk, Cryl and ROR/HR3 at equivalent time-points between winter and
summer (Figure 4.5). Specifically, Clk expression was significantly higher in winter
males in early morning than in summer males in both early (p<0.001) and late morning
(p<0.001); both winter time-points were 3.4 fold lower than the summer time-point
(Figure 4.5a). The expression of Cryl was also significantly higher in winter males
from early morning compared to summer males from late morning (p<0.01); the latter
was 3.8 fold lower (Figure 4.5b). The expression of ROR/HR3 was significantly
higher in early morning winter males than in early (p<0.001) and late morning
(p<0.001) summer males, which were 4.3 and 3.9 fold lower respectively (Figure
4.5e). Results also indicated sex-specific differences in the expression of Clk and Cryl
at individual time-points; Clk expression was significantly (2.2 fold) higher in females
than males in late morning in the winter (p<0.05) and Cry1 was significantly (6.0 fold)
higher in females than males in late morning summer (p<0.001). A trend during the
summer for greater Cryl expression in females was also present in early morning and
evening, but was not significant. No significant differences between any of the pairs

of groups tested were found for ARNT (Figure 4.5c) or aaNAT (Figure 4.5f).
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(d) Timeout-like
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(f) aaNAT
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Figure 4.5 Daily and seasonal MRNA expression in M. edulis mantle tissue. Mean data +SEM
(black) with individual data-points (winter, blue; summer, green); n=8 to 17. Significance

determined by Dunn’s Multiple Comparisons Tests: * p<0.05, ** p<0.01 and *** p<0.001.
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4.4 DISCUSSION

In this chapter, the expression of all six M. edulis clock (Clk, Cryl, ROR/HRS,
Per and Rev-erb) and clock-associated genes (ARNT, Timeout-like and aaNAT) were
detected in the gonads of both sexes, believed to be the first time their expression has
been demonstrated in the reproductive tissues of a bivalve. Histological investigation
showed seasonal progression of M. edulis gametogenesis commencing in winter for
both sexes (Figure 4.3; Figure 4.4), confirming an annual biological rhythm in the
mantle tissues used for gene expression, as expected (Seed, 1969). Statistically
significant differences in mMRNA expression levels were detected between winter and
summer at the same time of day for males (Clk, Cryl, ROR/HR3) indicating a seasonal
effect on gene expression (Figure 4.5a, b, and f). In addition, significant differences
were also detected between sexes at individual time-points (Clk and Cryl), indicating
sex-specific gene function/regulation (Figure 4.5a, b).

The expression of clock genes (Clk, Cryl and ROR/HR3) and clock-associated
genes in M. edulis mantle tissue indicates the potential for a regulatory molecular
clock-mechanism to exist in this peripheral tissue type, though circadian investigation
is required. Such peripheral clocks have been documented in mammals (Mohawk and
Green, 2012; Schibler et al., 2003), birds (Renthlei et al., 2019), fish (Whitmore et al.,
1998) and insects (Tomioka et al., 2012), for example. The results of this chapter also
revealed significant seasonal differences in the expression of Clk, Cryl and ROR/HR3
at equivalent time-points between winter and summer; expression was significantly
greater in winter males from early morning compared to summer males from early
morning (Clk and ROR/HR3) and late morning (CIk, Cryl, ROR/HR3) (Figure 4.5a, b,
f). These seasonal differences are consistent with the hypothesis that seasonal

variables, such as photoperiod, influence the mMRNA expression pattern of M. edulis
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clock genes. Elevated expression of Clk, Cryl and ROR/HR3 during the winter
morning compared to the summer morning could indicate a change in expression
amplitude, a phase shift in peak gene expression, and/or loss of clock mRNA
rhythmicity between seasons. However, a greater number of sampling time-points
over a 24 hr period in each season would be required to first ascertain circadian
rhythmicity and then distinguish between these perturbations. Photoperiod has
previously been shown to seasonally affect clock gene expression patterns resulting in
differences in amplitude, phase, peak duration and rhythmicity (Benetta et al., 2019;
Davie et al., 2009; Tournier et al., 2007; Goto and Denlinger, 2002). In the Atlantic
salmon S. salar, Cry2 is phase-delayed under long-day photoperiods, whereas this
photoperiod induced arrhythmicity in Clk, Bmall, and Per2 compared to under a short-
day photoperiod (Davie et al., 2009). In the sea bass D. labrax, Clk, Bmall, Perl and
Cry1 showed diurnal variations in expression in summer, autumn and winter but not
in the autumn (Herrero and Lepesant., 2014). In insects, the weak diurnal rhythm in
Clk and Per expression under long days was lost under short days in the linden bug P.
apterus (Syrova et al., 2003), and the expression of Clk, Cry2, Per and Cyc are
influenced by photoperiod and the latitude from which the wasp N. vitripennis
originates (Benetta et al., 2019). In the flesh fly Sarcophaga crassipalpis, the timing
of the scotophase (dark period) shifts peak Per expression, and long day length
dampened the amplitude of Tim mRNA expression (Goto and Denlinger, 2002).
Finally, in the hamster C. cricetus, the levels of CIk mRNA in the SCN were reduced
under short days, and the expression of Bmall became arrhythmic (Tournier et al.,
2007). The work in this chapter is the first time seasonal clock mMRNA expression has
been investigated in a mollusc.

Clk, in addition to being an integral component of the circadian molecular
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clock mechanism (Young, 2000), is required to prevent reproductive defects (Beaver
et al., 2002; Miller et al., 2004) and avoid potentially lethal effects (Tobback et al.,
2011). In addition, Clk RNAI disruption in the insect R. pedestris suppressed
photoperiodic ovarian development (lkeno et al., 2013). CIlk expression was
significantly higher in the testes and ovaries of the locust Schistocerca gregariai
compared to non-reproductive tissues (Tobback et al., 2011). However, even among
insects, Clk mRNA expression can be either circadian or constant depending on the
species (Tomioka and Matsumoto, 2015) and the tissue type (Whitmore et al., 1998).
This is also the case for bivalves where constant Clk expression was apparent in M.
californianus gills (Connor and Gracey, 2011) whereas diurnal variation has recently
been observed in the gills of C. gigas (Perrigault and Tran, 2017). In this chapter,
early morning winter males had significantly greater Clk expression than early and
late morning summer males (Figure 4.5a); expression was reduced 3.4 fold in each
case. Clk expression patterns are also known to be influenced by day length in fish,
which is also the case for the other clock genes Bmall, Per2 and Cry2 (Davie et al.
2009; Herrero and Lepesant 2014).

M. edulis Cryl bears sequence similarities to other invertebrate Type |
cryptochromes, which encode photoreceptors sensitive to blue light (see Chapter 2).
Cryl exhibits a daily expression pattern in M. californianus (Connor and Gracey 2011)
in addition to other bivalves (Perrigault and Tran 2017; Mat et al. 2016) and was found
to exhibit seasonal MRNA expression differences herein.  Expression was
significantly lower (3.8 fold) in summer males from late morning than winter males
from early and late morning (Figure 4.5b). Furthermore, two instances of sex-specific
differences in expression at the same time-point were found in the case of Clk and

Cry1; Clk expression was significantly higher (2.2 fold) in late morning winter females
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compared to males (Figure 4.5a), and Cryl expression was significantly higher (6.0
fold) in late morning summer females than males (Figure 4.5b). This suggests sex-
specific clock function and/or regulation. Differential regulation of the gene between
sexes under the same environmental conditions suggests a sex-specific function of
Cryl in mussel gonads. Cryl expression in M. edulis gonad tissue from both sexes
contrasts with the absence of Cryl expression detected in the ovarian tissues of
Drosophila (Rush et al., 2006). The expression of vertebrate Cryl is much higher in
the ovary of the amphibian Xenopus tropicalis than in other tissue types (Kubo et al.
2010), and functional mammalian-type Cry expression is thought to be a requirement
for photoperiodic ovarian development in the insect R. pedestris (Ikeno et al., 2011b).
The gene also appears to have non-cyclic clock-independent roles in mouse oocyte
development (Amano et al., 2009) and spermatogenesis (Alvarez et al., 2003).

ROR acts as a core clock gene in mammals (Jetten et al., 2001) and RORS is
required for vision and reproductive success (André et al.,, 1998). HR3, the
invertebrate ortholog, is also involved in regulating rhythms along with E75/Rev-Erb
in some species; HR3 disruption impacts the expression of Cyc, Tim and CIk in the
insect Thermobia domestica (Kamae et al., 2014). HR3 has additional roles in
moulting and embryogenesis (Carney et al., 1997). ROR exhibits a circadian pattern
of mMRNA expression in the mussel M. californianus (Connor and Gracey, 2011) and
seasonal expression differences were found in M. edulis herein (Figure 4.5e).
ROR/HR3 expression was significantly higher in males from early morning in the
winter compared to males from early and late morning in the summer (4.3 and 3.9 fold
lower than winter respectively) (Figure 4.5e). ROR/HR3 has previously been
investigated in reproductive tissues of other species. In the mosquito Aedes aegypti

HR3 is expressed in fat bodies and ovaries and appears to be involved in the regulation

149



Chapter 4

of ecdysone-triggered vitellogenin response (Kapitskaya et al., 2000) and both HR3
and E75/Rev-Erb are required for vitellogenesis and oogenesis in the beetle Ribolium
castaneum (Xu et al., 2010). In mice, RORA expression is differentially regulated by
male and female hormones, with testosterone exhibiting negative feedback and
estradiol exhibiting positive feedback (Sarachana et al., 2011). Mouse RORA was also
found to regulate the transcription of the enzyme aromatase which catalyses estrogen
biosynthesis from testosterone (Sarachana et al., 2011). Aromatase activity has
previously been detected in bivalves using an aromatase assay approach (Matsumoto
et al.,, 1997) and with immunohistochemistry using anti-human P450 aromatase
antibodies (Prisco et al., 2017; Rosati et al., 2019). Though a molluscan homolog of
the CYP19 gene that encodes aromatase is yet to be identified (Liu et al., 2017),
homologs of many of the other vertebrate steroidogenesis genes have now been
identified in M. edulis (Blalock et al., 2018), though interactions with ROR/HR3
remain to be investigated.

No significant differences in mMRNA expression were detected between time-
point or between sex for ARNT, Timeout-like and aaNAT (Figure 4.5¢c, d, and f). This
may reflect their putative functions as clock-associated genes, involved in interactions
with clock components, rather than acting as core molecular clock components. M.
edulis ARNT shares most sequence similarity with ARNT/TANGO rather than the
closely related gene ARNTL/CYC/BMALL (see Chapter 2). The latter is involved in
the core clock mechanism of vertebrates and invertebrates (Young, 2000) and is
required for mammalian reproductive development (Alvarez et al., 2008) and insect
photoperiodic response (lkeno et al., 2011a). However, like ARNTL/BMALL,
mammalian ARNTL1 and 2 can dimerise with the protein encoded by the melatonin-

activated NPAS4 gene creating a herterodimer which triggers Cry1 expression, linking
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ARNT to circadian regulation (West et al., 2013). Dimerisation with other binding
partners means ARNT/TANGO is involved in a variety of other processes including
neural development (Kewley et al., 2004; Sonnenfeld et al., 1997), estrogen receptor
transcription (Brunnberg et al., 2003), and response to hypoxia and xenobiotics
(Kewley et al., 2004). Gene knockout of either of the two mammalian forms of ARNT
result in death in mice embryos, further emphasising its developmental importance
(Kewley et al., 2004). The function of ARNT is not yet know in molluscs.

Tim is a core insect clock gene involved in light-mediated reactions (Peschel
et al., 2009), whereas its paralog Timeout is involved in chromosome cohesion (Benna
et al., 2010) and mediating the effects of damage to the replication fork during DNA
synthesis (Errico and Costanzo, 2010). However, Timeout mRNA is expressed in a
circadian pattern in some insects (Tomioka and Matsumoto, 2015) and its function has
been linked to light entrainment of the clock in Drosophila (Benna et al., 2010).
Conversely rhythmic expression of Timeout was not apparent in the sea anemone N.
vectensis (Reitzel et al., 2010). Similarly, mammalian Tim, the ortholog of Timeout
(Gotter, 2006), does not have a circadian rhythm in the brains of mice (Koike et al.,
1998), however a Tim isoform interacts with the clock mechanism in the brains of rats
(Barnes et al., 2003). Tim is yet to be isolated from mussels, and the function of
Timeout-like requires further investigation.

Finally, M. edulis aaNAT, encoding the non-vertebrate type (NV-aaNAT) also
did not vary significantly between the time-points tested or between males and females
at the same time-point (Figure 4.5f). Though the vertebrate type VT-aaNAT catalyses
the rate limiting step of circadian melatonin production (Klein, 2007), and the insect
type (iaaNAT) links the circadian and photoperiodic systems (Hiragaki et al., 2015;

Mohamed et al., 2014), it is unclear whether the more ancestral NV-aaNAT is involved
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in processes beyond neurotransmission and detoxification (Pavlicek et al., 2010).
However, among cnidaria aaNAT appears to regulate rhythmic melatonin production
in the gonads of the sea star E. brasiliensis (Peres et al., 2014) and though melatonin
does not rhythmically cycle in the sea pansy R. kéllikeri, a seasonal correlation was
found between gonad maturation and melatonin increase, suggesting a potential role
as a seasonal messenger (Mechawar and Anctil, 1997). Rhythmic melatonin content
has also been previously detected in molluscs (Abran et al., 1994; Blanc et al., 2003;
Mufioz et al., 2011) though the function requires further investigation.

Finally, as M. edulis were sampled from the wild for this experiment, the
seasonal differences in mMRNA expression observed may be caused by many seasonal
cues such as photoperiod, temperature, food availability and social cues (Paul et al.,
2008). Photoperiod, an important seasonal cue in multiple taxa (Denlinger, 2009)
including molluscs (Numata and Udaka, 2010; Bohlken and Joosse, 1981) varied
between 7.5 hr in winter and 17 hr in summer (Figure 4.1) however no data collection
was performed for non-photoperiodic seasonal cues like temperature, which would be
required to confirm seasonal patterns in these variables. Furthermore, additional
investigation is required to establish whether the expression of M. edulis clock genes
exhibit rhythmic circadian patterns. Though no daily variation in mMRNA expression
was discovered for any of the genes analysed, a greater sampling frequency over a 24
hr period is required to capture such circadian changes. Sampling in this field
experiment was constrained by natural tidal cycles and was designed to capture
seasonal differences rather than diurnal variation in expression, which was the focus

of a laboratory-based exposure experiment in Chapter 5.
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45 CONCLUSIONS

MRNA expression of all six clock and clock-associated genes was detected in
the mantle tissue of both sexes, indicating the potential for a peripheral molecular
clock mechanism to be present. Seasonal clock mMRNA expression differences indicate
that seasonal environmental changes impact upon molecular clock components as a
possible mechanism of providing seasonal cues to inform rhythmic biological
processes. Differential Clk and Cryl expression between males and females indicates
sex-specific regulation and/or function. Investigation into the 24 hr expression
patterns of M. edulis clock genes will provide further insights into the molecular-level
regulation of biological timekeeping in this species, which will be addressed in

Chapter 5.
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Effect of light and temperature cycles on circadian rhythm-

related genes in M. edulis under laboratory conditions

51 INTRODUCTION

Circadian rhythms are endogenously regulated on a molecular level by a
circadian clock mechanism. As discussed in previous chapters, this negative feedback
system comprises interactions between clock genes and their proteins, which regulate
their own expression throughout a 24 hr cycle (Allada et al., 2001; Young and Kay,
2001). Though these endogenous interactions can persist in the absence of external
stimuli, synchronisation (entrainment) between internal molecular rhythms and
external environmental cycles e.g. light and temperature, is an essential feature of
circadian rhythms (Golombek and Rosenstein, 2010; Dubruille and Emery, 2008;
Rensing and Ruoff, 2002) considered to confer adaptive advantage (Vaze and Sharma,
2013).

Clock genes play a vital role in regulating endogenous biological rhythms in
diverse phyla (Hardin, 2005; Allada et al., 2001; Young and Kay, 2001; Young, 2000),
however the mechanisms underpinning the timekeeping ability of molluscs are an
understudied aspect of their biology. The few studies to date in which clock genes
have been characterised in molluscs are as follows: cephalopods (Heath-Heckman et
al., 2013), gastropods (Cook et al., 2018; Duback et al., 2018; Schnytzer et al., 2018;

Bao et al., 2017; Constance et al., 2002), and bivalves (Schnytzer et al., 2018;
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Perrigault and Tran, 2017; Sun et al., 2016; Pairett and Serb, 2013; Connor and
Gracey, 2011). Clock genes, and those with clock-associated functions, have also
been isolated from the blue mussel in this thesis (see Chapters 2 to 4). Rhythmic
biological processes occurring in this commercially important genus (Mytilus) include
valve movements with circadian (Gnyubkin, 2010; Robson et al., 2010; Wilson et al.,
2005; Ameyaw-Akumfi and Naylor, 1987) and ultradian periodicities (Rodland et al.,
2006), circatidal cell renewal (Zaldibar et al., 2004), seasonal sexual development
(Seed, 1969), and rhythmic gene expression where circadian periodicity is more
prevalent than tidal (Connor and Gracey, 2011). The rhythmic expression of
molluscan clock genes includes Cryl and ROR which exhibit circadian expression in
M. californianus gills (Connor and Gracey, 2011). Inthe head of the squid E. scolopes
Cryl and Cry2 are also rhythmically expressed (Heath-Heckman et al., 2013). In the
clock neurons of sea snail B. gouldiana, Per is rhythmically expressed under light/dark
cycles but does not oscillate in constant darkness (Constance et al., 2002). Only weak
oscillations or constant expression were detected for clock genes in the limpet Cellana
rota (Schnytzer et al., 2018) whereas the expression cycles of numerous oyster clock
genes indicate endogenous circadian activity in C. gigas (Perrigault and Tran, 2017;
Mat et al., 2016). It is yet to be ascertained whether the molecular circadian clock of
the blue mussel is endogenous in nature — an important aspect of the chronobiology of
the species, pertaining to the regulation of multiple physiological and behavioural
rhythms.

Temperature compensation is another key feature of circadian rhythms,
meaning that their endogenous ~24 hr period is able to be maintained over a range of
constant temperatures (Ruoff, 2004; Rensing et al., 2001). Despite this, the function

of the molecular clock mechanism can be both directly and indirectly affected by
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temperature changes, that are either pulses or periodic, by influencing input pathways,
molecular interactions, phase shifts, amplitude and entrainment (Rensing and Ruoff,
2002). Inaddition, rhythms can be entrained by temperature cues in both invertebrates
and vertebrates (Waite et al., 2017; Glaser and Stanewsky, 2005; Lahiri et al., 2005)
with daily temperature cycles of just 1-2 °C able to entrain ectotherms (Rensing and
Ruoff, 2002). Thermocycles modulate clock gene expression in mosquitos, with
temperature and light sensitivity of clock components varying between species (Rivas
etal., 2018). In molluscs, temperature pulses can disrupt gene expression rhythms as
some tidal and circadian transcripts in M. californianus lose their rhythmicity
following experimental heating events (Connor and Gracey, 2011), however the effect
of thermocycles on the clock gene activity of bivalves is not known. In Chapter 4, it
was revealed that intertidal mussels exposed to natural seasons, encompassing shifts
in photoperiod, show differences in clock gene (CIk, Cryl, ROR/HR3) expression
between seasons however the relative importance of light and temperature are yet to
be investigated.

The purpose of this chapter was to investigate whether M. edulis clock genes
(1) show variation in mMRNA expression under cycling light/dark conditions simulating
day/night, (2) show persistent endogenous rhythmicity in the absence of light and (3)
are influenced by diurnal thermocycles in the absence of light. It was hypothesised
that diurnal clock gene expression occurs in M. edulis under LD conditions and
persists under DD, indicative of endogenous regulation. It was also hypothesised that
temperature cycles can modulate clock gene expression patterns. For this purpose, a
laboratory-based experiment was performed using hypothetical lighting and
temperature regimes to investigate the effect of diurnal light and temperature cycles

on clock mRNA expression patterns. In addition to the clock genes (Clock, Cryl,
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ROR/HR3) and clock-associated genes (ARNT, Timeout-like, aaNAT) isolated and
discussed at length in previous chapters, two additional clock genes were also targeted:
Period (Per) and Rev-erb/NR1D1. The endogenous nature of blue mussel clock
MRNA expression is revealed for the first time herein. This work is also the first
investigation into the effect of temperature, in particular diurnal temperature cycles,

on the molecular clock mechanism of a bivalve.

5.2 MATERIALS AND METHODS

5.2.1 Mussel collection and laboratory acclimation

Wild, adult M. edulis (mean length (mm) £ SEM: 40.53 + 0.25, n=498) were
collected from the rocky shore intertidal zone at Filey Beach, North Yorkshire, UK
(54° 13' longitude and 0° 16" latitude) during low tide on the evening of 24.11.16,
which was 5 days before the new moon lunar phase. Mussels were transferred to the
laboratory on the same day and divided into 9 independent glass tanks (n=56 each)
containing 30 L of 35 ppt artificial seawater (Tropic Marin, Germany). Mussels were
kept constantly submerged and each tank was aerated by two air stones to maintain

water quality (Figure 5.1).

Figure 5.1 Photo of 3 of the 9 tanks of M. edulis used in the exposure experiment.
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Mussels were acclimated to laboratory conditions for 10 days. It is important
that organisms being examined for their rhythmic activities are maintained in
experimental conditions for over a week before being assessed, as rhythms exhibited
initially are those which were entrained by the source habitat (Robson et al., 2010;
Kim et al., 1999). During the acclimation period, water temperature was maintained
at 9.7 £ 0.4 °C (mean * SD) in a climate-controlled room and a light regime of 10 hrs
light/14 hrs dark was chosen, in accordance with a previous study on bivalves in which
daily and tidal activity, in addition to Cryl expression rhythms, were investigated in
C. gigas (Mat et al., 2016). This lighting regime was not selected to replicate a
particular time of year, but was used an artificial setup to investigate the effect of LD
and DD on clock gene expression patterns in a controlled experimental environment.
Throughout both the acclimation and experimental periods, 50% water changes, using
35 ppt artificial seawater (Tropic Marin, Germany) pre-chilled to
acclimation/experimental temperature as appropriate, were conducted on alternate
days. Mussels were fed daily with PhytoGreen-M suspension (Brightwell Aquatics,
UK) containing 10 — 15 pm Tetraselmis sp. phytoplankton added to a final
concentration of ~0.43 million cells per ml, as per manufacturer’s instructions. Half-
tank water changes, conducted at irregular times to avoid introducing a regular tidal
cue, ensured mussels remained constantly submerged, removing the effect of emersion
as a potential zeitgeber (Mat et al., 2016). Similarly, feeding times were irregular to
reduce the likelihood of food acting as a zeitgeber (Robson et al., 2010). Physical
properties of the seawater were monitored daily using an “ama-digit ad 15" Electronic
Thermometer” (Amarell Electronic, Kreuzwertheim, Germany), a 3510 pH Meter
(Jenway, Bibby Scientific Limited, Stone, UK) and a V2 salinity refractometer (TMC,

UK). Water parameters in the tanks did not require adjusting during the acclimation
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or experiments periods.

5.2.2 Experimental treatments and sampling

After the acclimation period, 3 tanks of mussels per room (n=56 in each tank)
were concurrently exposed to one of the following conditions in independent
climate/light-controlled rooms: 10:14 hr light/dark cycles at constant 9 °C temperature
(LD), constant darkness at 9 °C (DD) or constant darkness with thermocycles of 10:14
hr thermophase:cryophase differing by 3.6 £ 0.2 °C where 9 °C was the cryophase
(DDTC). Light and temperature conditions were hypothetical regimes and are

summarised in Figure 5.2.

LD

07:00 10:00 13:00 16:00 19:00 22:00 01:00 04:00 07:00 Time

LD

Sampling

9°C

Time
DD
Sampling

9°C

Time

DD

Sampling

9/12.5°C

Figure 5.2 Treatment conditions and sampling regime for circadian mussel exposure
experiment. Ticks represent sampling times. Abbreviations: LD, light/dark; DD, dark/dark;
DDTC, dark/dark temperature cycles.
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Light intensity was measured with a Hi 97500 Portable Luxmeter (Hanna
Instruments Ltd, Leighton Buzzard, UK) and was 500 lux during the LD light phase
(photophase) and 0 lux during the dark phase (scotophase), DD and DDTC. Water
changes during dark periods were performed using a dim red LED headlamp (3 lux)
to minimise light disturbance as much as possible. Water temperature was measured
with a ama-digit ad 15th Electronic Thermometer (Amarell Electronic,
Kreuzwertheim, Germany) and was as follows (mean + SD): 9.7 °C £ 0.5 in LD and
DD, 10.1 °C + 0.4 at the end of DDTC cryophase, and 13.7 °C + 0.4 at the end of
DDTC thermophase. Temperature cycles were created by controlling the ambient air
temperature resulting in a gradual change in water temperature. There was a 3.6 +
0.2 °C (mean * SD) difference between cryophase and thermophase which is within
the range of naturally occurring day/night sea surface temperature variation occurring
in different locations around the world (Kawai and Wada, 2007) such as the 3 °C
diurnal variation in SST recorded off northern Japan (Sakaida et al. (2000). However,
diurnal sea surface temperature (SST) measurements were not collected at the Filey
Bay sampling site so the thermocycles used herein are an artificial experimental
condition. The duration of the cryophase and thermophase were chosen to match the
respective durations of the dark and light periods in the LD treatment. Salinity was
measured using a V2 salinity refractometer (TMC, UK) and was 35.4 + 0.6 ppt across
all tanks and pH was measured using a 3510 pH Meter (Jenway, Bibby Scientific
Limited, Stone, UK) and was 7.8 £ 0.1.

For all treatments, mussels were sampled at zeitgeber/circadian times ZT 23
(7 am), ZT 1 (9 am), ZT 5 (1 pm), ZT 9 (5 pm), ZT 11 (7 pm) and ZT 15 (11 pm)
where ZT 0 (8 am) was lights on and ZT 10 (6 pm) was lights off in the control

treatment, and temperature up and temperature down in the thermocycles treatment
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Figure 5.2. These time-points were chosen based on Mat et al. (2016) which is
designed to strategically sample different points of the putative rhythm: sampling is
targeted to time-points before and after each zeitgeber transition (e.g. lights on, lights
off) in addition to 5 hr after each transition. Exposure duration was 13 days for the
control and thermocycles treatment, and 14 days for constant darkness treatment as
the large sample sizes made it impractical to dissect all mussels on the same day.
Mussel shell lengths were measured the longest dimension prior to dissection. At each
of the 6 sampling time-points, tissue from the mantle, foot, posterior adductor muscle
and gill was dissected (Figure 5.3) from n=28 mussels from each treatment and stored
in 1 mL RNAIlater solution (Ambion, Life Technologies, USA) at -20 °C for molecular
work. Mantle tissue was also collected from each individual and stored for
histological and chemical analyses described in Section 3.2.2. Mantle tissue was also
collected at sampling points ZT 23 (7 am) and ZT 9 (5 pm) from all treatments, and

stored in TRI Reagent®at -20 °C to preserve proteins.

Foot

1 em

Posterior
adductor muscle

Figure 5.3 Photo of a mussel which has been cut open with the tissues dissected labelled

5.2.3 Histology
To assess mussel sex, histology was performed on formalin-preserved mantle

tissue samples using ethanol dehydration, paraffin wax embedding, microtome
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sectioning and H&E staining as previously described (Section 4.2.2).

5.2.4 Total RNA isolation and quantification

Male mussels (n=7-9) were randomly selected from each time-point from each
of the 3 treatments for molecular work. Male mussels were selected for investigation
as males previously showed significant seasonal differences for a number for clock
genes (CIk, Cryl, ROR/HR3) at equivalent times of day suggesting a potential
involvement in the regulation of biological timekeeping (see Chapter 4). Samples
were randomised and analysed blind. In each case, total RNA was extracted from ~10
mg mantle tissue using the High Pure RNA Tissue Kit reagents (Roche, UK) including
DNase | treatment as previously described (Section 2.2.2.). RNA concentrations were

measured using the Qubit 1.0 Fluorometer (Life Technologies, UK) (Section 2.2.3.).

5.2.5 CcDNA synthesis

cDNA was synthesised using the Precision Nanoscript2 Reverse Transcription
Kit (PrimerDesign, Southampton, UK). Each reaction contained 180 ng RNA, 1 pL
random nonamer (9 bp oligonucleotide) primer mix and RNase/DNase free water to a
total volume of 10 pL. Samples were incubated at 65 °C for 5 min, before being
placed immediately on ice. The following reagents were added: 5 uL NanoScript2 4x
RT reaction buffer, 1 pL dNTP mix (10 mM each), 3 pL RNase/DNase free water and
1 pL of 160 U/ul NanoScript2 reverse transcriptase enzyme. Samples were mixed and
centrifuged prior to incubation at 25 °C for 5 min, 42 °C for 20 min and 75 °C for 10

min. Samples were stored at -20 °C.
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5.2.6 Isolation and characterisation of Per and Rev-erb

In addition to the clock and clock-associated genes isolated in the previous
chapters (CIk, Cryl, ARNT, Tim-like, ROR/HR3 and aaNAT), two other clock genes,
Per and Rev-erb which are involved in core clock interactions in diverse phyla (Kamae
et al., 2014; Guillaumond et al., 2005; Young and Kay, 2001; Zeng et al., 1996), were
isolated herein so a wider range of clock genes could be investigated. An alignment
of Per sequences from the scallop Mizuhopecten yessoensis (Genbank accession
XM _021519834.1) and the oyster C. gigas (JH816853.1) was created from which
degenerate primers were designed (Table 5.1). PCR conditions, using 1 puL of M.
edulis cDNA, were as follows: 2.5 uL Fisher BioReagent 10x Taq Buffer A, 0.5 puL
dNTP mix (40 mM), 0.5 pL of each 10 uM primer, 0.25 pL of 5U/uL Fisher
BioReagents™ Taq DNA Polymerase, 0.5 uL. MgCl2 (25 mM), and molecular-grade
water (Fisher Scientific, UK) to a total volume of 25 uL.. Thermal cycling conditions
were 94 °C for 2 min, followed by 35 cycles of 94 °C for 30 sec, 45 °C for 30 sec and
72 °C for 30 sec, with a final extension of 72 °C for 2 min. A second PCR was
performed under the same conditions using 5 uL of the original PCR product and the
band obtained from electrophoresis was purified from the gel with the Macherey Nagel
NucleoSpin Gel and PCR Clean-up Kit (Fisher Scientific, UK) and eluted in 20 puL 5

mM Tris/HCI buffer.

Table 5.1 Primers used for isolating partial M. edulis clock gene sequences.

Predicted
Target gene Primer Sequence (5°-3°) amplicon size

(bp)

p ecPER_F3 AAG ACAGAATGG TCCAGTTTTA £51.606
er ~ -
ecPER_R5 ACCTTKGTACTG CTM CCA AA

E75 F1 CTA GCG GCT TCC ACT ATG GG
Rev-erb 463
E75 R2 GGG TCT CTG GCAAGTTGG G

Degenerate nucleotides shown in bold
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Primers for Rev-erb (Table 5.1) were designed based on the M.
galloprovincialis Rev-erb sequence (Raingeard et al., 2013) and were tested on 1 uL
of M. edulis cDNA with the following PCR reagents: 5 uLL 5X Herculase II Reaction
Buffer (Agilent Technologies, UK), 0.5 uL dNTP mix (40 mM), 0.5 puL of each primer
(10 uM), 0.25 uL Herculase II Fusion DNA Polymerase (Agilent Technologies) and
molecular-grade water (Fisher Scientific, UK) to a total volume of 25 uL.. Thermal
cycling conditions were 94 °C for 5 min, followed by 35 cycles of 94 °C for 30 sec,
55 °C for 30 sec and 72 °C for 30 sec, with a final extension of 72 °C for 5 min. PCR
products for both genes were separated on 1% agarose TBE gels stained with Gel Red
Nucleic Acid Gel Stain (Cambridge Bioscience, Cambridge, UK) and were sequenced
using the EZ Seq Sanger sequencing service (Macrogen Europe, Amsterdam, The
Netherlands). Resulting sequences were manually edited and aligned with BioEdit
(Version 7.0.9.0).

To confirm sequence identities, blastn/blastx searches were performed against

the NCBI GenBank database (https://blast.ncbi.nlm.nih.gov/Blast.cgi) and multiple

species amino acid sequence alignments were created for PER and REV-ERB using

Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/). Phylogenetic trees using

maximum likelihood analysis were generated using MEGA7 version 7.0 (Kumar et
al., 2016). The Jones-Taylor-Thornton (JTT) model and the Nearest Neighbour
Interchange (NNI) method for heuristic searches were used, with support for the tree

indicated by bootstrap values from 1000 replicates displayed on the nodes.

5.2.7 gPCR optimisation and amplification
Real-time gPCR reactions were optimised and performed for the following M.

edulis target genes: Clk, Cryl, ROR/HR3, Per, Rev-erb, ARNT, Timeout-like and
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aaNAT, in addition to reference genes 18S and EF1 assessed as stable in previous M.
edulis gPCR experiments (Chapter 4, Cubero-Leon et al., 2012; Ciocan et al., 2011)
and their geometric mean expression did not vary significantly between groups
(KW=27.199:7, p=0.0552). The qPCR primers, which are detailed in Table 5.2, were
designed using the Primer-BLAST tool (http://www.nchi.nlm.nih.gov/tools/primer-
blast/). gPCR assays were performed using 10 pL PrecisionPLUS 2X gPCR
MasterMix with SYBR Green for the ICycler (PrimerDesign, UK) combined with 7
puL molecular-grade water, 2 pL primer mix and 1 pL 1:2 diluted cDNA (derived from
180 ng RNA). Optimised final primer concentrations were 100 nM for the genes of
interest and 50 nM for the reference genes and standard curves confirmed primer
efficiencies of 90-110% in line with the MIQE guidelines (Taylor et al., 2010; Bustin
et al., 2009). gPCR reactions were performed in duplicate on a CFX96 Real Time
PCR Detection System (Bio-Rad, Hemel Hempstead, UK) and thermal cycling
conditions were as follows: 95 °C for 2 min, followed by 40 cycles of 95 °C for 10
sec, 60 °C for 1 min and 72 °C for 1 min. Negative controls were included on each
plate for all primer pairs and melt peaks were generated for all samples upon reaction
completion to confirm primer specificity, lack of contamination and absence of primer
dimers. Agarose gel electrophoresis was used to confirm the presence of single PCR

products for assays and no amplification in template-negative controls.
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Table 5.2 Primers used for gPCR amplification of M. edulis genes with primer melting

temperatures (Tm), percentage guanine-cytosine content (% GC) and gPCR product sizes

shown.
Size of
Gene of . . Tm %
interest Primer Sequence (5°-3) ¢C) GC product
(bp)

Clock gPCR_F3 GCAGAATTC ACATCAAGG CACA 56.1 455

Clk 115
Clock_gPCR_R3 AGT CAT ACCCAG ACGTCCCT 574 55.0
Cryl_gPCR_F2  GTCTGT CAG GAG GTT CCACTG 572 57.1

Cryl 85
Cryl gPCR_R2 ACA GGT CAA AGC ATCTGG CT 56.9 50.0
ARNT.gPCR.F3 CAG CAGGTGCCCCTACTTAT 56.8 55.0

ARNT 117
ARNT.qPCR.R3 CAG GCG GCCATATAACTGGT 57.3 55.0

. Timeout_F3 ATG TTC AGG GAA CAG AAC CCA 56.3 47.6

Timeout- - 107

like Timeout_R3 TCCTGCTCT CTAACCATCTCC 55.6 52.4
ROR_gPCR_F1 AGA GAC GCT GTG AAG TTT GGT 56.6 47.6

ROR/ 117

HR3 ROR QPCR R  GCC TGT CGG TGA TGT TGG AT 577 550
aaNAT_F2 AGG ACG AAG CAG CCACTT AC 57.2 55.0

aaNAT 214
aaNAT_R2 CGT CGACGCGATTCTTTG AC 56.5 55.0
Per_gPCR_F1 TCA TCA GAC AAG AGA AGC GGG 56.7 52.4

Per 92
Per_gPCR_R1 GGA ATG TCG ACT CCAAAATCAGG 559 47.8
E75_F5 AGT TGG TAT GTC CAG GGATGC 57.0 524

Rev-erb 107
E75_R5 GGT TCA CCT GAG TCT GAC AGT 56.4 524
EFla_F5 GAT GGG TTG GTA CAA GGG GT 57.0 55.0

EFla 119
EFla_R5 GGAGAGCTTTGT CTGTGG GT 57.1 55.0
18S F4 TGA CTC AAC ACG GGA AAAC 52.9 474

18S 120
185 R4 GAC AAATCGCTCCACCAAC 542 52.6
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5.2.8 Analysis of gPCR data

RT-gPCR data of mRNA expression of the genes of interest (Clk, Cryl,
ROR/HR3, Per, Rev-erb, ARNT, Timeout-like and aaNAT) at each of the 6 time-points
from LD, DD and DDTC, were normalised to the geometric mean of the reference
genes (18S and EF1) and presented graphically using Microsoft Excel. Statistical
analyses were performed in GraphPad InStat v3 on the normalised expression values
to compare the 6 time-points for each treatment respectively to test for significant
diurnal variation in each treatment. Significance was assessed for each treatment
either by One-way Analysis of Variance (ANOVA) followed by the post hoc Tukey-
Kramer Multiple Comparisons Test when significance (p<0.05) was detected, or by
the non-parametric Kruskal-Wallis test, when the Bartlett's test detected unequal
variance, followed by the post-hoc Dunn's Multiple Comparisons Test when
significant differences were found (p<0.05). The GraphPad InStat v3 software used
incorporates corrections for multiple comparisons using post hoc tests (GraphPad
Software, Inc., 1990). mRNA expression was considered rhythmic when significant

variation was detected across the 6 time points assessed.

53 RESULTS

5.3.1 Isolation of Per and Rev-erb

The top three sequence matches to M. edulis Per and Rev-erb on the NCBI
sequence database revealed by blastn (nucleotide database) and blastx (protein
database) searches are summarised in Table 5.3. A partial 575 bp Per sequence was
isolated from M. edulis (GenBank Accession MH836580) which conceptually
translates to an amino acid sequence sharing 41% similarity with a period-like isoform

from the oyster Crassostrea virginica (XP_022345656.1) and 38% with period from
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the sea snail B. gouldiana (AAK97374.1). Per was then identified in M.
galloprovincialis by comparing the M. edulis Per sequence against the transcriptome
database generated by Moreira et al. (2005); a 96% similarity match was obtained with
a 3,360 bp sequence (Unigene27326). A PAS domain and Period C terminal region
was identified in the PER multiple-species amino acid alignment which indicated
relatively low sequence homology even among bivalves (Figure 5.4), as has been
noted previously for other bivalve species (Pairett and Serb, 2013). A phylogenetic
tree, constructed using the longer of the two Mytilus PER sequences identified (M.
galloprovincialis), showed grouping of Mytilus PER with other mollusc sequences,
including bivalves, and closer relationships to other invertebrate sequences compared
to vertebrates (Figure 5.5).

A 427 bp partial Rev-erb/NR1D1 sequence (MH748543) was also isolated
which, when conceptually translated, shared 96% amino acid similarity with both M.
galloprovincialis NR1D1 (ABU89807.2) and NR1D2 (ABU89808.2) and 72%
similarity with C. gigas NR1D (AHV90297.1) (Table 5.3). A DNA-binding domain
of REV-ERB receptor-like was found in the multiple-species amino acid sequence
alignment (Figure 5.6) and phylogenetic analysis grouped Mytilus PER among other

bivalve PER sequences (Figure 5.5).
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Table 5.3 Summary of top blastn (hucleotide) and blastx (protein) GenBank database search

results, all of which are molluscs. Query cover is the percentage coverage of the M. edulis

query sequence which overlaps the database hit sequence, and ident is the percentage of

matches within the coverage area.

M. edulis Species Gene 222;;?:1 83\61?; dent
sequence Number (%) (%)
M. yessoensis Period homolog 2-like XM_021519834.1 14 84
% Tochuina tetraquetra  Period MG427049.1 14 80
Per @ B. gouldiana Period AF353619.1 23 78
SﬁB%%)SBO 5 C. vi.rginica PER-like isoform X2 XP_022345656.1 99 41
2 C. gigas PER AQM57604.1 99 39
M B. gouldiana PER AAK97374.1 98 38
M. galloprovincialis NR1D2 EF644355.2 99 96
% M. galloprovincialis NR1D1 EF644354.2 99 96
Rev-erb @ M. galloprovincialis ~ NR1DA EF644353.2 42 99
A2 ) s _ M-galloprovincialis  NR1D? ABUS9808.2 % 9%
2 M. galloprovincialis NR1D1 ABU89807.2 99 96
m  C.gigas NR1D AHV90297.1 99 73
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Figure 5.4 Multiple species amino acid alignment of partial M. edulis PER (MH836580)

aligned with PER (Unigene27326) from M. galloprovincialis (Moreira et al., 2005), period

circadian protein-like isoform X2 from the oyster C. virginica (XP_022345656.1) and a period

homolog from the scallop M. yessoensis (XP_021375509.1).

Symbols represent the

following: dashes, alignment gaps; asterisks, homology; colons, conserved amino acid

substitutions (similar chemical properties); full stops, semi-conserved amino acid substitutions

(similar conformation). Functional protein domains are shaded/ labelled.
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555 Melibe leonina PER (AWY10930.1)
99 Trtonia diomedea PER (AWY 10931.1)

L Hemissenda crassicomis PER (AWY10929.1)

Bulla gouldiana PER (AAK97374 1)

Mizuhopecten yessoensis PER (OWF39824 1)

= Mytilus galloprovincialis PER (Unigene27326)
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42 71 ’j
] 100 Crassostrea virginica PER (P 022345656.1)
100 Eurydice pulchra PER (AGV28714.1)
ﬂr’achium nipponense PER (ANN13870.1)
100 Bombyx mon PER (NP 001036975.1)
— 100 Drosophila melanogaster PER (NP 525056.2)
£Aedes aegypti PER (P 021710526 1)
Branchiostoma lanceolatum PER (ABY26956.1)
100 Homo sapiens PER3 (NP 001276791.1)
99 l: Mus musculus PER3 (NP 001276806.1)
96 L Danio rerio PER3 (NP 571659.1)
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71 4L7Homo sapiens PER2 (NP 073728.1)
Xenopus laewis PER2 (AAAG1732.1)
Danio rerio PER2 (NP 878277 .2)
Danio rerio PER1 (NP 997604.2)
—— Xenopus laevis PER1 (AAQ18143.1)
62 Mus musculus PER1 (NP 001152839.1)
W[Homo sapiens PER1 (NP 002607 2)

Mus musculus ARNT (AAAGT732.1)

100

—
020

Figure 5.5 Phylogenetic tree of PER amino acid sequences (455 amino acid positions,
gaps eliminated) using the Maximum Likelihood method based on the Jones-Taylor-
Thornton model, conducted in MEGA7. Percentages displayed on branches are from
1000 bootstrap replicates. Branches are to scale with lengths measured in number of
substitutions per site. Shaded boxes show PER from molluscs, green; crustaceans,
purple; insects, blue; lancelet, grey; vertebrates, red. The tree was rooted with mouse

ARNT as the outgroup.
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Figure 5.6 Multiple species amino acid alignment of partial M. edulis REV-ERB (Accession
MH748543) aligned with mussel M. galloprovincialis REV-ERB (ABU89807.2), oyster C.
gigas REV-ERB (AHV90297.1) and scallop M. yessoensis E75 (OWF42026.1). Symbols
represent the following: dashes, alignment gaps; asterisks, homology; colons, conserved

amino acid substitutions (similar chemical properties); full stops, semi-conserved amino acid

substitutions (similar conformation). Functional protein domains are shaded and labelled. The

3’ end of the alignment is cropped.
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—ggi B Bombyx mori ET5 (NP 001106080.1)
100 Drosophila melanogaster 758 (NP 524133.2)
100 Aedes aegypti ET5 (XP 021704146.1)

Daphnia pulex E75 (ADB79814.1)
75 Palaemon carinicauda E75 (ASJ77187 1)

98

Crassostrea gigas E75 (EKC42763.1)
a7 Mytilus galloprovincialis NR1D1 (ABU89807.2)
Mizuhopecten yessoensis E75 (OWF42026.1)
Maylandia zebra NR1D1 (XP 004545011.1)
Danio rerio NR1D1 (NP 991292.2)

= Xenopus laevis NR1D1 (NP 001085840.1)
78 él‘u‘lus musculus NR1D1 (NP 663409.2)
99 L Homo sapiens NR1D1 (NP 068370.1)

Mus musculus RARa (EDL26161.1)

95

Figure 5.7 Phylogenetic tree of REV-ERB/NR1D1/E75 amino acid sequences (329 amino acid
positions, gaps eliminated) using the Maximum Likelihood method based on the Jones-
Taylor-Thornton model, conducted in MEGA7Y. Percentages displayed on branches are from
1000 bootstrap replicates. Branches are to scale with lengths measured in number of
substitutions per site. Shaded boxes represent molluscs, green; crustaceans, purple; insects,

blue; vertebrates, red. The tree was rooted with mouse RARa as the outgroup.

5.3.2 gPCR product amplification and primer specificity

gPCR products were successfully generated for the eight genes of interest and
two reference genes as demonstrated by the single curves on the amplification plots
(Figure 5.8), single melt peaks (Figure 5.9) and single bands detected via agarose gel
electrophoresis (Figure 5.10), indicative of specific qPCR products with no primer
dimers or sources of contamination. Likewise, no fluorescent signal was detected in

the template-negative controls (Figure 5.10).
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Figure 5.8 Representative results of cDNA amplification plots (log scale) generated from
gPCR reactions containing M. edulis cDNA, PrecisionPLUS 2x gPCR MasterMix with SYBR
Green for the ICycler (PrimerDesign, UK) and primers at either 100 nM (a) to (h) or 50 nM

(i) and (j). Abbreviations: RFU, Relative Fluorescence Units.
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Figure 5.9 Representative results of melt peak plots generated from qPCR reactions containing
M. edulis cDNA, PrecisionPLUS 2X gPCR MasterMix with SYBR Green for the ICycler
(PrimerDesign, UK) and primers at either 100 nM (a) to (h) or 50 nM (i) and (j).

Abbreviations: RFU, Relative Fluorescence Units.
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Figure 5.10 1% TBE agarose gel stained with GelRed™ Nucleic Acid Gel Stain (Biotium,
Cambridge Bioscience, UK) showing 5 puL of gPCR product (row A) and equivalent negative
controls (row B) as follows: Lane 1, CIk; 2, Cryl; 3, ARNT; 4, Timeout-like; 5, ROR/HRS3; 6,
aaNAT; 7, Per; 8, Rev-erb; 9, EFla; 10, 18S; 11, GeneRuler 100 bp DNA Ladder (Thermo
Fisher Scientific, UK).

5.3.3 Standard curves and amplification efficiencies

The standard curves generated for each gene demonstrate a linear relationship
between log cDNA dilution factor and Cq value (Figure 5.11). The R? values of the
standard curves are all in close proximity to 1 (Table 5.4) showing good correlation
between cDNA dilution factor and Cq value, indicative of an accurately prepared

efficient reaction. The primer efficiencies all fall within or in close proximity to the

desired 90% to 110% range (Table 5.4).
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Table 5.4 Parameters of the standard curves produced from optimised primer pairs

. Final primer 2 Amplification
Category Gene Primers concentration R efficiency (%)
(nM)

Clk g:ggt:ggggzgz 100 0.9417 112.33
Cryl gﬁ:qqﬁccg_—g 100 0.9949 103.85
ARNT ﬁgngﬁggfg 100 0.9995 95.03
Gengs of | Timeout-like Emggﬂg’é 100 0.9897 90.63
nerest ORIHR3 Egszgigg:gll 100 0.9729 103.54
aaNAT ng%gzz 100 0.9688 90.63
Per Eg[:gggg:gll 100 0.9765 107.42
Rev-erb E;g:gg 100 0.9487 101.22
reforance EF1 EE%::E‘@ 50 0.9946 91.64
PN les gg:gi 50 0.9992 103.85
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Figure 5.11 Standard curves showing qPCR amplification efficiency of M. edulis primers for

different genes over a cDNA dilution series with R? values displayed.
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5.3.4 Rhythmic expression of clock genes under LD and DD

After acclimation, M. edulis were concurrently exposed to either 10:14 hr
light/dark cycles (LD) or constant darkness (DD) for 12 days so the expression patterns
of clock and clock-associated genes could be investigated. Under LD, all five of the
canonical clock genes investigated (Clk, Cryl, ROR/HR3, Per and Rev-erb) exhibited
significant daily variation in mRNA expression levels (Figure 5.12, Figure 5.13 Table
5.5). Expression levels in LD tended to increase significantly after lights on at
zeitgeber time 0 (ZT 0), decreasing by the end of the photophase at ZT 9, with some
cases, Cryl in particular, showing a second peak in expression at the beginning of the
dark period at ZT11 (Figure 5.12 and Figure 5.13). For all five of these clock genes,
significant circadian variation in expression was also apparent in the absence of light
under DD, indicative of endogenous regulation (Figure 5.12, Figure 5.13, and Table
5.5). Different patterns were apparent for the clock-associated genes ARNT, Timeout-
like and aaNAT. Though ARNT mRNA expression was not significant under LD, there
was significant variation under DD with increases in expression at the start of the
subjective day and night respectively (Figure 5.12, Figure 5.13, and Table 5.5).
Significant variation in Timeout-like expression was detected under both LD and DD,
peaking at ZT16 during the LD scotophase, and peaking during both the subjective
day and night under DD (Figure 5.12, Figure 5.13, and Table 5.5). Conversely,

expression of aaNAT was constant under both LD and DD (Table 5.5).
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Figure 5.12 Influence of photocycles and thermocycles on the daily variation of mMRNA expression of clock and clock-associated genes in M. edulis male mantle
tissue, normalised to 18S and EF1 reference genes. Mean data are plotted £SEM; n=5-9. Significance denoted by * p < 0.05, ** p < 0.01 and *** p < 0.001
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Figure 5.13 Relative expression heat maps showing time-points where mRNA
expression (normalised to 18S and EF1) significantly differed for each gene revealed by
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Table 5.5 Statistical analysis of the effect of diurnal light and temperature cycles on M. edulis
clock mRNAs.

LD DD DDTC

Gene Test statistic  p Test statistic p Test statistic p

Clk F=5.34154 0.0007 F=4.72054  0.0017 F=4.62054  0.0020
Cryl F=8.25755 <0.0001 F=4.731s4  0.0017 F=3.24554  0.0149
ROR/ HR3 F=3.01454 0.0211 F=6.04254  0.0003 F=5.407s3  0.0007

Per F=4.17153 0.0041 KW= 16.5495 0.0054 KW=14.8465 0.0110
Rev-erb F=6.17353 0.0003 F=3.747 538 0.0074 F=2.368537 0.0583 (ns)
ARNT F=187054 0.1213(ns) F=7.27954 <0.0001 KW=18.617s 0.0023
Timeout-like F=5.33253s 0.0008 KW=21.9435 0.0005 KW=20.267 s 0.0011
aaNAT F=0.39853 0.8471(ns) F=1911ss  0.1133(ns) F=2787s54  0.0299

One-way analysis of variance (ANOVA), with degrees of freedom shown in subscript after F
value. Kruskal-Wallis Test (Nonparametric ANOVA) with degrees of freedom shown after
KW statistic.  Significant differences are shaded. Abbreviations: LD, light/dark; DD,
dark/dark; DDTC, dark/dark with ~3.5 °C thermocycles; ns, not significant.

5.3.5 Expression of clock genes under DDTC

In addition to LD and DD exposures, the mRNA expression patterns of the
clock and clock-associated genes were also investigated in mussels exposed to ~3.5
°C temperature cycles in constant darkness (DDTC). Four of the five clock genes, CIk,
Cryl, ROR/HR3 and Per showed significant diurnal variation in expression under
DDTC as was the case under LD and DD, however the application of thermocycles
resulted in a loss of significant rhythmicity for Rev-erb (Figure 5.12, Figure 5.13, and
Table 5.5). Thermocycles had different effects on the expression patterns of clock-
associated genes ARNT, Timeout-like and aaNAT. For ARNT and Timeout-like,
significant differences in diurnal expression were apparent, with peak expression
occurring in the cryophase in both cases Figure 5.12 and Figure 5.13). Thermocycles

significantly modulated the constant expression of aaNAT exhibited under both LD
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and DD; the mid thermophase was when mRNA expression peaked, whereas it was

lowest immediately after the cryophase transition (Figure 5.12 and Figure 5.13).

5.4 DISCUSSION

Predicting and responding to upcoming changes in the environment is an
adaptive trait (Vaze and Sharma, 2013), however little is known about the relationship
between environmental cycles and biological rhythms in molluscs. In this chapter,
sequences of clock genes Per and Rev-erb were isolated for the first time from M.
edulis, and mRNA expression of these and the previously characterised genes (CIk,
Cryl, ROR/HR3, ARNT, Timeout-like, aaNAT) were investigated under light/dark
(LD), constant darkness (DD) and diurnal temperature cycles of 3.6 °C (DDTC). The
results showed endogenous clock gene expression, indicated by daily variation under
LD which persisted under DD, and revealed some instances of gene expression

patterns being significantly modulated by temperature cycles.

5.4.1 Isolation of Per and Rev-erb

Per is involved in core clock interactions in diverse phyla; PER forms a
complex with TIM in Drosophila (Zeng et al., 1996) and with a non-light sensitive
cryptochrome protein, CRY, in mice (Young and Kay, 2001). Although as many as
three versions of Per occur in vertebrates, only one homolog is present in molluscs
(Sun et al., 2016; Constance et al., 2002). A 575 bp Per sequence (MH836580) was
isolated from M. edulis herein (Table 5.3) allowing the subsequent identification of a
3.3 Kb Per from M. galloprovincialis transcriptome data (Moreira et al., 2005) which
shared 96% similarity. Identifications were further confirmed by a multiple-species

amino acid alignment, revealing characteristic PAS and Period C domains (Figure 5.4)
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and a phylogenetic tree that grouped mollusc PER sequences together (Figure 5.5),
though Per is a divergent gene with low sequence homology between species (Pairett
and Serb, 2013).

Rev-erb is also a canonical clock gene in many species. Rev-erb negatively
regulates ROR expression in mammals, comprising the second interlocked feedback
loop of the molecular clock mechanism (Guillaumond et al., 2005). Similar roles are
played by the respective invertebrate homologs HR3 and E75 in some insects (Kamae
etal., 2014). A 427 bp Rev-erb sequence (MH748543) was isolated from M. edulis in
this chapter which shared a high degree of sequence similarity with other bivalve Rev-
erb sequences (Table 5.3) and Mytilus sequences contain characteristic DNA-binding
and ligand-binding domains (Figure 5.6) as well as grouping together phylogenetically

with other mollusc REV-ERB sequences (Figure 5.7).

5.4.2 Effect of photocycles and darkness on clock mMRNA expression

Significant differences in MRNA expression were found across the 6 time-
points under LD cycles for the five clock genes Clk, Cryl, ROR/HR3, Per and Rev-
erb as well as for Timeout-like (Figure 5.12; Figure 5.13; Table 5.5). These significant
expression variations also persisted under DD, a feature consistent with endogenous
circadian control (Figure 5.12; Figure 5.13; Table 5.5). There are relatively few other
studies to date in which the molecular timekeeping ability of molluscs have been
investigated. Among bivalves, M. californianus kept in LD cycles under a tidal regime
exhibited a circadian pattern of Cryl and ROR expression in the gills, whereas Clk and
Bmal were constant (Connor and Gracey, 2011). A number of clock genes were
expressed diurnally under LD in the gills of the oyster C. gigas and were modulated

by DD: CIk, Cry1, Cry2, Per, Rev-Erb, Bmal, Tim, pCry and 6-4photolyase (Perrigault
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and Tran, 2017). In the adductor muscle of C. gigas, Cryl expression could be
entrained by LD and tidal cycles respectively, however oscillations only persisted
under DD in the case of the latter (Mat et al., 2016). In the same species, RNA
interference of Clk has been shown to disrupt the expression of Cryl, Per, Rev-erb
and Bmal (Payton et al., 2017a). Among gastropods, the clock genes investigated in
the limpet Cellana rota did not oscillate significantly in wild animals under natural
intertidal conditions (Schnytzer et al., 2018). Significant diurnal expression of CIk,
Per and two cryptochrome genes (photosensitive and non-photosensitive) were,
however, apparent in the brain of nudibranch mollusc Melibe leonina (Duback et al.,
2018). Rhythmic Per expression also occurred in the eye neurons of the marine
gastropod B. gouldiana under LD, but not DD, however expression was constant under
both conditions in the gut and head ganglia (Constance et al., 2002). Finally in the
cephalopod E. scolopes, Cryl and Cry2 oscillate diurnally in the head and the former
is also rhythmic in the light organ in synchrony with luminescence from bacterial
symbionts (Heath-Heckman et al., 2013).

In this chapter, M. edulis clock genes generally increased in expression around
the dark to light transition at ZT 0 (Figure 5.12; Figure 5.13; Table 5.5). This pattern
is consistent with clock gene expression patterns in C. gigas gills in the spring/summer
when oysters exhibit diurnal activity (Perrigault and Tran, 2017), whereas at least Cryl
shifts to peak during the scotophase (dark phase) when they are nocturnal during the
winter months (Tran et al., 2015; Mat et al., 2012). The second peaks in expression
apparent herein during the subjective night for a number of M. edulis genes under LD
(Cryl and Rev-erb) and DD (Cryl, Clk and ROR) suggest a possible ultradian (<24
hr) rhythm. Night-time expression peaks are also apparent in the brain of the

nudibranch M. leonine (Duback et al., 2018). As is the case in other organisms, it
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appears that clock expression patterns in molluscs vary between species and tissue
type (Mat et al., 2016; Heath-Heckman et al., 2013) as different circadian clocks are
present and active on a cellular level in numerous tissue types (Tomioka et al., 2012).
Different responses to light regimes were exhibited by the M. edulis clock-
associated genes ARNT, Timeout-like and aaNAT. ARNT expression showed a trend
under both LD and DD however only the latter was significant (Figure 5.12; Figure
5.13; Table 5.5). ARNT, which is a bHLH-PAS protein like BMALL, is able to
dimerise with the melatonin-activated protein NPAS4 to trigger expression of Cryl in
mammals (West et al., 2013). As was the case for the clock genes, M. edulis Timeout-
like expression varied significantly under both LD and DD (Figure 5.12; Figure 5.13;
Table 5.5), which indicates clock-control. Peak Timeout-like expression under LD
was during the dark phase (scotophase) at ZT 15 whereas no circadian pattern was
apparent for the gene in the sea anemone Nematostella vectensis (Reitzel et al., 2010).
Timeout functions in light entrainment in Drosophila (Benna et al., 2010) and its
ortholog, mammalian-type Timeless, has also been linked to vertebrate clock function
in addition to other non-circadian roles (Gotter, 2006; Barnes et al., 2003).
Conversely, aaNAT did not appear to be under circadian control as constant expression
was observed under both LD and DD, despite its involvement in rhythmic melatonin
synthesis in mammals (Klein, 2007) and certain invertebrates (Peres et al., 2014).
The present work on blue mussels is consistent with previously proposed
hypothetical models of the molecular clock mechanism in molluscs, which include
genes and putative interactions integral to both vertebrate and invertebrate systems
(Perrigault and Tran, 2017; Sun et al., 2016). Further investigation into clock mMRNA
expression patterns over two consecutive days would show whether the significant

variation in expression observed herein can be confirmed as rhythmic and whether the
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periodicity is circadian (24 hr) or ultradian (e.g. 12.4 hr tidal cycles) in nature.

5.4.3 Effect of thermocycles on clock mRNA expression

Episodes of temperature stress affect gene expression patterns in Mytilus by
elevating and repressing groups of genes (Lockwood et al., 2015) and by disrupting
gene rhythmicity (Connor and Gracey, 2011). However, the impact of diurnal
temperature cycles on the molluscan circadian clock is unknown. Circadian clocks
are temperature compensated so the period of the rhythm is effectively constant over
a range of temperatures (Sweeney and Hastings, 1960). Temperature cycles, however,
can act as a zeitgeber to entrain the phase of the clock in organisms inhabiting
terrestrial and aquatic environments (Glaser and Stanewsky, 2005; Lahiri et al., 2005;
Rensing and Ruoff, 2002).

The expression patterns of two genes were modulated by thermocycles in this
experiment. Thermocycles eliminated the significant variation in Rev-erb expression
that was apparent under both LD and DD (Figure 5.12; Figure 5.13; Table 5.5). Rev-
erb is also expressed in an endogenous circadian manner in C. gigas in which it has
been hypothesised to be a core clock gene (Perrigault and Tran, 2017). Aside from a
role in the clock mechanism, Rev-erb is also involved in moulting, metamorphosis and
reproduction in other invertebrates (Cruz et al., 2012; Hannas et al., 2010). If the
circadian-expressed gene Rev-erba is deleted in mice, normal rhythms of body
temperature are disrupted and cold tolerance is altered (Gerhart-Hines et al., 2013).
The oscillation amplitude of Rev-erb has shown to be affected by another type of
stressor in C. gigas; the toxin producing algae Alexandrium minutum, which also
abolishes the day/night difference in expression of Clk, Cryl, Per and Tim1, with a

corresponding lack of nocturnality observed in valve opening duration (Payton et al.,
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2017b). Disruption of clock gene rhythmicity, such as for Rev-erb herein, could
therefore affect diverse biological processes. The timing of the clock gene-protein
interactions comprising the molecular clock mechanism affects the timing of the
expression of multiple clock-controlled genes, thereby having knock-on effects on
downstream physiological and behavioural processes (Bozek et al., 2009; Harmer et
al., 2001; McDonald and Rosbash, 2001; Zhang et al., 2009).

Thermocycles had the opposite effect on aaNAT, in that a significant difference
in expression was triggered by DDTC, whereas constant levels were observed under
both LD and DD (Figure 5.12; Figure 5.13; Table 5.5). This suggests a clock-
independent biochemical response to temperature, consistent with the proposed
function of the non-vertebrate gene in functions such as detoxification (Pavlicek et al.,
2010), whereas the vertebrate version is integral to rhythmic melatonin synthesis
(Klein, 2007). Although the rhythmic production of melatonin does occur in molluscs,
potential links to timekeeping ability are not yet known.

The other mussel clock genes investigated (Clk, Cryl, ROR/HR3 and Per)
exhibited significant circadian expression under all three experimental conditions (LD,
DD and DDTC) indicating that temperature cycles did not ablate gene expression
oscillations (Figure 5.12; Figure 5.13; Table 5.5). The clock-associated gene ARNT
also showed significant variation in expression under DD and DDTC (Figure 5.12;
Figure 5.13; Table 5.5). ARNT, which is also called hypoxia-inducible factor (HIF)-
1B, is involved in the cellular signalling response to pollutants via the aryl hydrocarbon
receptor (AhR) pathway, in addition to mediation of hypoxia via the hypoxia-inducible
(HIF) pathway (Mandl and Depping, 2014). In the sea snail Haliotis diversicolor, a 3
°C warming event did not affect the expression of ARNT/HIF-14 in the gills and

hemocyctes, however HIF-1a, which encodes a protein which heterodimerises with
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HIF-1B, was elevated (Cai et al., 2014). HIF-1a is linked to the circadian regulation
via binding to the promoter regions of clock genes such as Cryl, Perl, Per2 and (Peek
etal., 2017; Egg et al., 2013).

Studies on Drosophila reveal further effects of temperature on circadian
systems; alternative 3’ splicing in the untranslated region of Per is boosted under low
temperatures with short photoperiods, whereas high temperatures enhance this
phenomenon in Tim (Helfrich-Forster et al., 2018; Dubruille and Emery, 2008;
Majercak et al., 2004). Phase advancement of the clock therefore occurs at low
temperatures due to the combined effect of quicker Per accumulation and abundance
of TIM isoforms with a greater affinity for CRY (Helfrich-Forster et al., 2018).
Thermocycles also act as a zeitgeber for PER and TIM entrainment under constant
light, with the oscillations lost when temperature is also constant (Glaser and
Stanewsky, 2005). Many aspects of the molecular circadian clock are therefore
impacted upon by temperature cycles from gene expression and epigenetic influences
to protein stability (Stevenson, 2018; Rensing and Ruoff, 2002) and species
differences in clock temperature sensitivity is thought to have resulted in geographic
radiations (Helfrich-Forster et al., 2018; Rivas et al., 2018). Functional studies are

required to help clarify further aspects of bivalve clock organisation.

5.4.4 Conclusions

This chapter investigated the effect of diurnal light and temperature cycles on
clock mRNA expression to establish the influence of environmental factors on the
molecular basis of M. edulis circadian timing. In conclusion, expression of the
canonical clock genes (Clk, Cryl, ROR/HR3, Per and Rev-erb) varied in an

endogenous manner consistent with endogenous control. Temperature cycles
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modulated the significantly variable expression pattern of Rev-erb to constant levels
and conversely triggered significant diurnal variation in aaNAT expression that was
otherwise constant. Further studies are needed to fully characterise the molecular
interactions comprising the clock mechanism of mussels, but clock genes clearly play

an important role in regulating biological timekeeping in marine bivalves.
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Identification of seasonally expressed mRNAs using a

global transcriptomic approach

6.1 INTRODUCTION

Seasonality, the regular annual recurrence of a pattern, influences almost all
ecosystems by encompassing a variety of factors such as light, temperature,
precipitation, and resource availability. Environmental cycles influence biotic
physiological responses. For example, in bivalves, physiological and behavioural
processes that vary throughout the year include gametogenesis (Rodriguez-Rua et al.,
2003; Duinker et al., 2000; Seed, 1969), larval recruitment (Broitman et al., 2008),
feeding and absorption rates (Cranford and Hill, 1999), biochemical composition
(Khan et al., 2006; Pazos et al., 1997), metabolism (Banni et al., 2011; Mao et al.,
2006), growth rates (Khan et al., 2006), byssal thread attachment strength (Moeser and
Carrington, 2006), immune parameters (Duchemin et al., 2007) and thermal tolerance
(Chapple et al., 1998). In addition to being dependent on both exogenous and
endogenous parameters, many of these seasonally variable processes are interlinked.
For example, there is a trade-off between reproductive development and growth,
demonstrated by sterile triploid bivalves with greater growth rates than their fecund
diploid conspecifics (Payton et al., 2017c; Brake et al., 2004).

Seasonal effects are apparent on a molecular level; seasonal mMRNA expression

differences have been investigated in bivalves including clams (de Sousa et al., 2014),
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oysters (Dheilly et al., 2012), scallops (Boutet et al., 2008) and mussels (Banni et al.,
2011; Ciocan et al., 2011). Sex, followed by gonadal development stage, were the two
factors explaining the majority of the variation in gonad gene expression in a
microarray study on the European clam Ruditapes decussates (de Sousa et al., 2014).
Transcriptomic profiles of gonadal development have also been created for the mussel
M. galloprovincialis (Banni et al., 2011) and the scallop Argopecten purpuratus
(Boutet et al., 2008) revealing sex-specific and maturation-specific patterns of
expression. Investigation into seasonal gene expression of a non-reproductive tissue
in female M. galloprovincialis which underwent gametogenesis in the field, showed
differences in genes involved in metabolism, stress response and immunity (Banni et
al., 2011). These previous studies used samples encompassing reproductive stage
differences linked to seasonal change, often with the aim of identifying markers for
gametogenesis (Dheilly et al., 2012; Ciocan et al., 2011; Boutet et al., 2008). In
contrast, this chapter aims to identify seasonal gene expression differences in blue
mussel gonads for which sex and gametogenesis stage are not contributing factors.
The purpose was to identify genes involved in the input (detection of environmental
cues e.g. photoreception) and regulation (e.g. components of the molecular clock
system) of the timekeeping system as opposed to outputs (physiological/behavioural
biological rhythms e.g. gametogenesis). This approach was used as a means to
potentially identify seasonally expressed genes which may have an involvement in the
regulation of time keeping, based on known functions in other species.

Suppression Subtractive Hybridisation (SSH) is a molecular technique
allowing the identification of mMRNAs that are differentially expressed between a pair
of sample sets. The approach involves the creation of two cDNA libraries, each from

a different mRNA population, which are combined allowing hybridisation;
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unhybridised cDNAs are equalised, enriched and amplified so mRNAs differing in
their expression between the two populations may be identified. This technique,
though relatively complex and time-consuming, is beneficial for discovering new
genes and is good alternative to gene expression profiling when microarrays are
unavailable (Farrell, 2010). SSH has successfully been applied in previous bivalve
studies to identify differentially expressed genes according to gonadal development
stage (Ciocan et al., 2011), tissue type (Craft et al., 2010), in response to exposure to
various pollutants (de Cerio et al., 2013; Ciocan et al., 2011; Yang et al., 2012), and
in healthy and intersex bivalves (Ciocan et al., 2012).

In contrast to the gene targeted strategy used in previous chapters, the aim of
this chapter is to use SSH as a global approach to identify novel seasonal M. edulis
genes which may have links to the molecular clock mechanism. This includes genes
involved in the provisioning of seasonal information, components of the molecular
clock mechanism and clock-controlled output genes (CCGs). To achieve this,
gametogenesis stage, lunar phase, tidal phase and sampling time, were all standardised
whereas factors including photoperiod and temperature regime, two of the most
common zeitgebers in rhythm entrainment, varied naturally between seasons.
Seasonal comparisons were performed for males and females respectively to identify
genes differentially expressed between winter and spring/summer. The identification
of novel genes exhibiting seasonal expression differences will aid in the understanding
of the molecular mechanisms underpinning essential rhythmic processes in M. edulis
and help provide a foundation from which the impacts of environmental change can

be predicted.
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6.2 MATERIALS AND METHODS

6.2.1 Sampling and selection of mussels

Sexually developing female M. edulis at gametogenesis stages BII to BIII (Figure 6.1)
were selected from the seasonally collected mussels described in detail in Chapter 3. Females
were selected at random from the summer late morning and winter late morning time-points
(n=7 each). For the males, sexually developing individuals at gametogenesis stages BIII to
BIV (Figure 6.1) were selected from late morning in winter and late morning in spring (n=6
each). Winter and summer exhibit the most extreme discrepancy in photoperiod (10 hr) and
were therefore chosen for comparison of female mussels. For males, a comparison between
winter and spring was performed instead (4.5 hr photoperiod difference), as the late stages of
gametogenesis predominant in summer would not have allowed for standardisation of

gametogenesis stage between seasons.
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Figure 6.1 Photomicrographs of H&E stained M. edulis gonad sections. Females at gametogenesis stages BII and BIII (Seed, 1969) sampled from late morning

at the (a) winter solstice 2014 and (b) summer solstice 2015 and males at gametogenesis stages BIII to IV (Seed, 1969) sampled from late morning at the (c)
winter solstice 2014 and (d) spring equinox 2015. Abbreviations: Od, developing oocyte; Om, mature ova; Sc, spermatocytes; Sz, ripe spermatozoa.
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6.2.2 Total RNA extraction and quantification

Total RNA was extracted using the High Pure RNA Tissue Kit (Roche, UK)
(Section 2.2.2) and quantified using the Qubit 1.0 Fluorometer (Life Technologies,
UK) (Section 2.2.3). RNA integrity was checked on a 1% formaldehyde agarose
denaturing RNA gel containing 0.15 ug/mL ethidium bromide (Life Technologies,
Paisley, UK) (Section 2.2.4). RNA from each treatment was pooled so each sample
was represented at an equal concentration in each total 2.5 pug RNA pool (females:

357.1 ng, n=7; males: 416.7 ng, n=6).

6.2.3 RNA precipitation

Each of the four RNA pools was ethanol precipitated to concentrate the RNA
in a lower volume prior to cDNA synthesis. Sterile 3M sodium acetate solution
(adjusted to pH 5.3 with glacial acetic acid) (Fisher Scientific, UK) was combined
with RNA and 4 °C absolute ethanol (VWR Chemicals, UK) in the following ratio:
0.1:1:2. Samples were incubated at -80 °C for 30 min and centrifuged at 20,000 x g
for 20 min before carefully removing as much supernatant possible without disturbing
the pellet. The sample was dried using a Concentrator 5301 (Eppendorf, UK) until all
residual liquid was removed (approx. 10 min). The pellet was dissolved in 3.5 pL
molecular-grade water (Fisher Scientific, UK) and stored at -20 °C. RNA
concentrations were measured as previously described and confirmed to be between

100 — 200 ng/pL before proceeding to SMARTer™ PCR c¢cDNA Synthesis.

6.2.4 SMARTer™ PCR cDNA Synthesis
The SMARTer™ PCR cDNA Synthesis Kit (Clontech, Saint-Germain-en-

Laye, France) was used for first-strand cDNA synthesis following the manufacturer’s
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guidelines. This method preferentially generates complete cDNA sequences over
partial sequences, avoiding the underrepresentation of 5’ sequence ends which may
otherwise occur (Clontech, France). For each sample, 3 uL RNA (approx. 500 ng)
was mixed with 1 pL 3’SMART CDS Primer IIA and 0.5 pL deionized water, before
being heated at 72 °C for 3 min and then 42 °C for 2 min. The following reagents
from the kit were then added: 0.25 uL RNase Inhibitor (40 U/uL), 2 L 5X First Strand
Buffer (250 mM Tris-HCI [pH 8.3], 375 mM KCI and 30 mM MgCly), 0.25 uL DTT
(100 mM), 1 pL dNTP mix (10 mM each), 1 uL SMARTer Il A oligonucleotide and
1 uL SMARTSscribe™ Reverse Transcriptase (100 U/uL). After being gently mixed
and briefly centrifuged, samples were heated to 42 °C for 90 min followed by 70 °C
for 10 min. Finally, 40 uL TE buffer (10 mM Tris-HCI [pH 7.5] and 0.1 mM EDTA,
Agilent Technologies, UK) were added to each sample before being stored at -20 °C.
A control reaction was also performed alongside the other samples, using Control

Mouse Liver Total RNA (1 pg/uL).

6.2.5 cDNA Amplification by Long Distance (LD) PCR

LD PCR was used to generate double-stranded (ds) cDNA by combining 30
pL of the first-strand cDNA described in the previous section with 222 pL deionised
water, 30 pL 10X cDNA PCR Reaction Buffer, 6 pL 50X dNTP mix (10 mM each),
5’ PCR Primer IT A (12 pM) and 50X Advantage cDNA Polymerase Mix (containing
KlenTag-1 DNA polymerase, a proofreading polymerase and TaqStart® Antibody for
hotstart reactions) (Clontech, France). In order to determine the optimal cycle number
required for the reaction, the samples were placed in a pre-heated thermal cycler and
subjected to the following program: 95 °C for 1 min and then 15 cycles of 95 °C for

15 sec, 65 °C for 30 sec and 68 °C for 6 min. Afterwards, 275 pL was temporarily
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stored at 4 °C and the remaining 25 pL was subjected to further thermal cycles as
previously described, with 5 pL volume being removed after every 3 cycles until no
further volume remained. This allowed samples subjected to the following number of
cycles to be analysed together on a 1% TAE agarose gel containing 0.15 ug/mL
ethidium Bromide (Invitrogen, UK): 15, 18, 21, 24, 27 and 30 cycles. The optimal
cycle number was one cycle before the cycle giving the strongest signal on the gel.
The sample previously set aside at 4 °C was then run for the additional cycles required
to reach this optimum stage. All samples were then stored at -20 °C. Again, the control

mouse liver sample from the kit was also analysed alongside the other samples.

6.2.6 Column Chromatography

Column Chromatography was used to purify the cDNA from impurities
including proteins, enzymes, nucleotides, salts and solvents. Prior to commencing, 7
pL of the ds cDNA from the optimised LD PCR reactions was set aside to be run on
a gel as a control for comparative purposes. The remainder of the sample (approx.
250 pL) was purified and concentrated using CHROMA SPIN +TE-1000 columns
(Clontech, France) according to the manufacturer’s instructions. Briefly, the
procedure  involved combining equal volumes of sample and
phenol:chloroform:isoamyl alcohol 25:24:1 (Sigma-Aldrich, UK) and centrifuging at
20,000 x g for 10 min to separate the upper aqueous phase. This phase was mixed
with 700 pL n-butanol (Fisher Scientific. UK), centrifuged at 20,000 x g for 1 min and
the upper n-butanol organic layer was discarded. A CHROMA SPIN+TE-1000
column, containing a resin matrix in sterile TE buffer (10 mM Tris-HCI [pH 8.0], 1
mM EDTA), was prepared by allowing gravity to drain the buffer inside it. 150 mL

of filter sterilised 1X TNE buffer (10 mM Tris Base, 1 mM EDTA, 200 mM NaCl,
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adjusted to pH 7.4 with concentrated HCI) was added to the column and completely
drained. The flow-through was discarded. The sample was then carefully pipetted
onto the surface of the gel matrix and a further 4 steps of adding 1X TNE buffer were
then performed, each time collecting the eluate in a clean tube; the following buffer
volumes were used: 25 pL, 150 pL, 320 pL, and 75 pL. To confirm the success of
the procedure, 10 pL of the final and the penultimate eluates (which contain the
purified cDNA) were run alongside 3 pL of the LD PCR sample set aside at the
beginning, on a 1% TAE gel containing 0.15 ug/mL ethidium bromide. Both eluates

were then combined prior to Rsal digestion.

6.2.7 Rsal Digestion

Chromatography-purified cDNA was digested using the restriction enzyme
Rsal (which cuts GT-AC sites) to produce shorter cDNA fragments with the blunt
ends required for future adaptor ligation. All but 10 uL of the sample was combined
with 36 pL Rsal restriction buffer (100 mM Bis Tris Propane-HCI (pH 7.0), 100 mM
MgClz, 1 mM DTT) and 1.5 pL Rsal (10 units/pL), mixed well and incubated at 37
°C for 3 hr. A positive control containing 1 pL lambda () DNA (454 pg/mL)
(Promega, Southampton. UK), 0.5 pL Rsal enzyme, 2 pL Rsal restriction buffer and
16.5 pL molecular-grade water (Fisher Scientific, UK) was also prepared, along with
a negative control of 1 uL A DNA and 19 pL water. To confirm success, the 10 pL of
undigested cDNA was run on a 1% TAE gel containing 0.15 ug/mL ethidium bromide,

as was the same volume of digested cDNA, positive control and negative control.

6.2.8 Purification of digested cDNA

Following Rsal digestion, cDNA was purified using the NucleoSpin® Gel and
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PCR Clean-up Kit (Macherey Nagel, UK) according to the manufacturer’s instructions
and eluting in a final volume of 15 puL NE Buffer (5 mM Tris/HCI, pH 8.5). This
technique is summarised in Section 2.2.10. cDNA concentration was then measured
using a fluorometer (Section 2.2.11) and where concentrations were in excess of 300
ng/uL, they were diluted to this concentration using molecular-grade water (Fisher

Scientific, UK) according to the manufacturer’s recommendations.

6.2.9 Adaptor Ligation

In order to ligate adaptors to the cDNA, 1 pL cDNA from each sample was
first diluted with 5 pL molecular-grade water (Fisher Scientific, UK) and 2 uL of the
dilution was mixed with 2 pL Adaptor 1 (10 pM) and 2 pL Adaptor 2R (10 uM)
respectively. A control reaction was set up in the same manner, using a mixture of 1
pL control DNA (3 ng/uL; Hae Il1-digested bacteriophage ®X174 DNA) (Clontech,
France) with 5 uL ®X174/ Hae 111 (150 ng/mL) (Fisher Scientific, UK). To each
mixture, the following reagents were added: 3 pL sterile water, 2 pL 5X Ligation
Buffer (250 mM Tris-HCI (pH 7.8), 50 mM MgClz, 10 mM DTT and 0.25 mM BSA)
and 1 pL T4 DNA Ligase (400 units/pL; contains 3 mM ATP). 2 pL from each
reaction was then combined together in a third tube to created unsubtracted controls
and all reactions were incubated at 16 °C overnight. To stop the reactions and
inactivate the ligase, 1 uL 20X EDTA/glycogen mix (200 mM EDTA; 1 mg/mL
glycogen) was added and reactions were heated at 72 °C for 5 min. Finally, 1 pL of
each unsubtracted control was diluted in 1 pL sterile water (for Section 6.2.10.3) and
all tubes were frozen at -20 °C.

Analysis of the ligation reaction was assessed by PCR on the control cDNA

sample using 1 L gene-specific primers for the Glycerol-3-Phosphate
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Dehydrogenase gene (10 uM G3PDH3’ and G3PDHS5’) (Clontech, France) together
and using the same volume of G3PDH3’ paired with Primer 1 (10 uM) (which anneals
to the adaptor) in PCR reactions containing the following: 1 uL adaptor-ligated cDNA
diluted 200X, 18.5 pL molecular-grade water, 2.5 puL 10X cDNA PCR Reaction
Buffer, 0.5 pL dNTP mix (10 mM each) and 0.5 pL 50X Advantage cDNA
Polymerase Mix (Clontech, France). Samples were heated at 75 °C for 5 min, 94 °C
for 30 sec, and then subjected to 40 cycles of 94 °C for 10 sec, 65 °C for 30 sec, and
68 °C for 2.5 min before being cooled to 4 °C. 5 uL of each sample was visualised on
a 2% agarose TAE ethidium bromide gel. The stages involved in adaptor ligation,

and subsequent hybridisation and PCR, are summarised in Figure 6.2.
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Figure 6.2 Diagram summarising adaptor ligation, hybridisation and PCR stages of the SSH experiment. A. Forward subtraction
summarises the main experiment. B. Reverse subtraction uses the tester as the driver and vice versa, allowing differential
screening. C. Control subtraction uses control skeletal muscle cDNA (Source: SelectTM cDNA Subtraction Kit User Manual,

Clontech).
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6.2.10 Suppression Subtractive Hybridization (SSH)

6.2.10.1 First hybridisation

The first hybridisation reaction was performed by mixing 1.5 puL of each
adaptor-ligated tester sample (Adaptor 1-ligated Tester and Adaptor 2R-ligated
Tester) with 1 puL 4X Hybridisation Buffer (contents undisclosed by manufacturer) at
room temperature, and 1.5 pL of purified Rsal-digested Driver cDNA (Section 6.2.8).
Samples were briefly centrifuged, incubated at 98 °C for 1.5 min, and then incubated

at 68 °C for 6 hr.

6.2.10.2 Second hybridisation

The second hybridisation involved mixing 1 pL of each purified Rsal-digested
cDNA with 1 pL 4X Hybridisation Buffer and 2 pL sterile water and heating the
samples at 98 °C for 1.5 min. Each sample was then simultaneously combined with
the corresponding two adaptor-ligated tester cDNA samples generated in the first
hybridisation step (Section 6.2.10.1) and heated at 68 °C overnight. Samples were
then diluted with 200 pL Dilution Buffer (20 mM HEPES pH 8.3, 50 mM NaCl, and

0.2 mM EDTA pH 8.0) and heated to 68 °C for 7 min before being stored at -20 °C.

6.2.10.3 Primary and secondary PCR amplification

Primary PCR reactions were set up using 1 pL of either the 200X diluted
subtracted cDNA (Section 6.2.10.2) or 1 pL of the unsubtracted controls diluted in 1
mL sterile water (Section 6.2.9) and the following reagents: 19.5 uL sterile water, 2.5
ML 10X cDNA PCR Reaction Buffer, 0.5 pL dNTP mix (10 mM each), 1 uL PCR

Primer 1 (10 puM) and 0.5 pL 50X Advantage cDNA Polymerase Mix (Clontech,
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France). The following thermal cycling parameters were used: 95 °C for 5 min, 94 °C
for 25 followed by 32 cycles of 94 °C for 10 sec, 66 °C for 30 sec, and 72 °C for 1.5
min, before being cooled to 4 °C. 8 pL of each sample was checked on a 2% agarose
TAE ethidium bromide gel.

Secondary PCR products were prepared by diluting 3 pL of the primary PCR
products in 27 uL sterile water. 1 pL of each dilution was then combined with the
same reagents and volumes used for the primary PCR, with the exception that 1 uL
Nested PCR Primer 1 (10 uM) and Nested PCR Primer 2R (10 uM) replaced PCR
Primer 1, and the sterile water volume was reduced by 1 uL. The thermal cycling
conditions were: 12 cycles of 94 °C for 10 sec, 68 °C for 30 sec, and 72 °C for 1.5

min.

6.2.11 Agarose gel electrophoresis and purification of DNA bands

8 pL of each secondary PCR product (Section 6.2.10.3) was run on a 2%
agarose TAE ethidium bromide gel. The lanes on the gel containing the resulting
bands/smears were cut into two pieces, one containing larger fragments than the other.
Each gel section was purified using the NucleoSpin® Gel and PCR Clean-up Kit
(Macherey Nagel, UK) according to the manufacturer’s instructions (Section 2.2.10)

and DNA was eluted in a final volume of 20 uL Buffer NE (5 mM Tris/HCI, pH 8.5).

6.2.12 Preparation of chemically competent E. coli

Chemically competent E. coli were produced to be used as host cells for the
cloning of DNA from the SSH experiment. An LB agar plate (30 pg/mL
streptomycin) was streaked with MAX Efficiency® DH10B™ E. coli cells (Invitrogen,

UK) under aseptic conditions and incubated overnight at 37 °C. A single colony was
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used to inoculate 5 mL LB broth (10 pg/mL streptomycin), which was placed in a
shaking incubator overnight at 37 °C and 200 rpm. 200 mL of LB broth (10 pg/mL
streptomycin) pre-heated to 37 °C was added to the sample which was returned to the
incubator under the same conditions until the optical density (ODeoo) was at 0.5 to
obtain cells in the mid-log phase of growth. After 5 min of being chilled on ice, the
cells were pelleted by centrifuging at 4 °C for 15 min at 4000 x g. After the supernatant
was removed, 80 mL Transformation Buffer | (Tfbl) (30 mM potassium acetate, 10
mM rubidium chloride, 50 mM manganese chloride, 15% volume per volume
glycerol; pH 5.8, filter sterilised) was added and the cells were resuspended. The
sample was then incubated for 10 min on ice. Another centrifugation step was
performed as previously described, the supernatant was discarded and the pellet was
very gently resuspended in 8 mL Transformation Buffer 11 (Tfbll) (10 mM MOPs, 75
mM calcium chloride, 10 mM rubidium chloride and 15% volume per volume
glycerol; pH 6.5, filter sterilised). The cells were incubated on ice for 20 min and
aliquots of 50 pL chemically competent cells were snap-frozen in liquid nitrogen and

stored at -80 °C.

6.2.13 Cloning PCR products and gel-extracted DNA

Cloning reactions were performed using The Original TA Cloning Kit with
pCR® 2.1 Vector (Life Technologies, UK) and chemically competent MAX
Efficiency® DH10B™ E. coli cells (Life Technologies, UK) (Section 6.2.12). Ligation
reactions using the secondary PCR products from the SSH reaction (Section 6.2.10.3)
were set up as follows: 1.5 pL of PCR product, 0.25 pL sterile water, 0.25 pL 5X T4
DNA Ligase Buffer (250 mM Tris-HCI pH 7.6, 50 mM MgClz , 5 mM ATP, 5 mM

DTT, 25% (w/v) polyethylene glycol-8000) , 0.5 pL pCR® 2.1 Vector (25 ng/uL in
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10mM Tris-HCI, 1 mM EDTA pH 8.0) and 0.5 pL ExpressLink™ T4 DNA ligase (5
U/uL). Ligation reactions were incubated at 14 °C overnight then 2 uL was combined
with 50 pL chemically competent MAX Efficiency® DH10B™ E. coli cells
(Invitrogen, UK) and the mixture was incubated on ice for 30 min. Cells were
transformed by performing a heat shock step in water bath at 42 °C for 75 sec,
immediately cooling on ice for 2 min and adding 250 pL room temperature sterile LB
broth (100 pug/mL ampicillin). Samples were incubated in a shaking incubator at 37
°C and 200 rpm for 1 hr and 50 pL was spread on a pre-warmed LB agar plate (100
pug/mL ampicillin) which had already been spread with 40 pL 20 mg/mL X-gal (in
DMSO) for blue/white screening. After overnight incubation at 37 °C, individual
successfully transformed white colonies were used to inoculate 5 mL aliquots of LB
broth (100 pug/mL ampicillin), which were incubated overnight at 37 °C and 200 rpm.
Cell pellets were created by centrifuging the overnight cultures for 5 min at 20,000 x

g and removing the supernatant. Pellets were frozen at -80 °C.

6.2.14 Screening and purification of plasmids

To further confirm the presence of an insert in the vector and to ascertain its
size, a cell pellet of transformed E. coli from 1 mL overnight culture was resuspended
in 200 puL molecular-grade water and heated to 99 °C to rupture the cells. A PCR
reaction was performed using 1 pL of this sample, 8.06 yuL molecular-grade water
(Fisher Scientific, UK), 0.25 pL 40 mM dNTPs (Fisher Scientific, UK), 0.19 puL
Expand High Fidelity™"S Enzyme Blend (5 U/uL, containing a mixture of Taq
polymerase and a proofreading polymerase) (Roche, UK), 2.5 pL Expand High
Fidelity"-YS Reaction Buffer 5X containing 7.5 mM MgCl. (Roche, UK) and 0.25 pL

each of primers M13R (5’-CAG GAA ACA GCT ATG AC-3’) and M13F (5’-GTA
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AAA CGA CGG CCA GT-3’) (IDT, Belgium) which were both at 100 pmol/ pL
concentration. The thermal cycling conditions were as follows: 94 °C for 2 min,
followed by 35 cycles of 94 °C for 30 sec, 50 °C for 30 sec and 72 °C for 1 min, and
finally cycle at 72 °C for 7 min. Agarose gel electrophoresis was performed; PCR
products of 183 bp lacked inserts in the vector, whereas larger bands were indicative
of success.

The Nucleospin Plasmid DNA purification Kit (Machery-Nagel, UK) was used
to purify plasmids containing inserts from pelleted E. coli derived from an aliquot 2
mL overnight culture. The manufacturer’s instructions were performed as follows:
cells were resuspended in 250 puL Buffer Al(containing RNase A) to induce lysis and
then mixed with 250 puL Buffer A2 (containing 0.2 — 2% sodium hydroxide) and left
at room temperature for up to 5 min until the lysate cleared in order to free the plasmid
DNA from the cell. 300 uL Buffer A3 (containing guanidine hydrochloride) was then
added to neutralise the sample pH, followed by centrifugation at 11,000 x g for 5 min
to obtain a cleared lysate. The sample was bound to the silica membrane of a
Nucleospin Plasmid column by adding the sample and centrifuging at 11,000 x g for
1 min. After the supernatant was discarded, the sample was washed with 500 pL
Buffer AW (containing guanidine hydrochloride and isopropanol) then 600 uL Buffer
A4 with a centrifugation step of 11,000 x g for 1 min after each. The membrane was
dried by centrifuging at the same speed for 2 min and finally the sample was eluted by
adding 50 pL Buffer AE (5 mM Tris/HCI, pH 8.5), incubating at room temperature
for 1 min and centrifuging at 11,000 x g for 1 min. Purified plasmid DNA was then

stored at -20 °C.
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6.2.15 Sequencing and sequence identification

Plasmids were sequenced by sending 9.75 pL of purified plasmid DNA and
0.25 pL of either primer M13R (100 pmol/uL) or primer M13F (100 pmol/uL) to the
EZ-seq DNA Sanger sequencing service (Macrogen Europe, Amsterdam, The
Netherlands). Bioedit (version 7.2.5) was used to check and edit the sequences and to
remove vector and adaptor sequences from the ends. Sequences were identified using
BLAST searches (blastn and blastx algorithms) to compare them against the
nucleotide and protein sequence databases on the NCBI website

(http://blast.nchi.nim.nih.gov/Blast.cgi). @ The E value of each match indicates its

reliability as it represents the number of matches with a similar score to arise by

random chance. Therefore, the closer the value to zero, the better the match.

6.2.16 gPCR validation of SSH results

A total of 6 genes with a range of different functions (Figure 6.3; Figure 6.4)
were selected from across the 4 cDNA libraries for gPCR validation as follows: for
females Pyridoxal kinase (PDXK), which was up-regulated in the summer samples
compared to the winter, and Nucleolar GTP-binding protein 1 (GTPBP1-like), ATP-
binding cassette sub-family E member 1 (ABCE1) and Neuroplastin-like which
showed the opposite pattern, were selected. For the males, NADH dehydrogenase
subunit 4 (ND4), which was up-regulated in the spring compared to the winter, and
Eukaryotic Initiation Factor 4A-like (elF-4A-like), which showed the opposite pattern,
were  chosen. qPCR primers were designed wusing Primer-BLAST

(http://www.ncbi.nlm.nih.gov/tools/primer-blast/) (Table 6.1). Primers for the

references genes 18S and EFla (Table 6.1) were previously validated for their

suitability for normalisation on this seasonal sample set (Chapter 3). gPCR was
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performed on the same samples used for SSH along with the following number of
additional samples (from the appropriate gametogenesis stages) to increase the sample
number: summer females (n=2), winter females (n=4), winter males (n=3) and spring
males (n=2). All reactions were performed in duplicate using the same reagents,

thermal cycling conditions and equipment described in detail in Chapter 3.

Table 6.1 Primers used for gPCR validation of SSH experiment

. Amplicon
LI ] [v)
Target Gene  Primer Sequence 5°-3 % GC Size (bp)
For gPCR on females
PDXK PK_F1 ACA CCA AAC CAG TAC GAAGC 50.0 83
PK_R1 AGA TCG TCC ATT GCC AGC AG 55.0
GTP_F1 GCCATT AAAGGTTTGTTG GCG A 45.5
GTPBP1-like - 131
GTP_R1 GCT CTG GCC CAT CTT AGAGC 60.0
ABCE1_F AAC TGT CGC ACT GTT CCT TGA 47.6
ABCE1 - 108
ABCE1_R  GCT GGC AGG AAAATT AGCCC 55.0
. Neuro_F ACC ATT AAA GGC ACC GGT TGA 47.6
Neuroplastin 92
Neuro_R ATG TGG GTG CCA AGC TCT AC 55.0
For gPCR on males
D4 NADH_F1  AGC CAC CAC AGACTT ATGGC 55.0 9
NADH_R1 CTT ATG AGG GGT GAG CGAGC 60.0
EIF_F1 GAA TCG TCC ACC TCT GCC AA 55.0
elF-4A-like 88
EIF_R1 TGT ACAGCA GGT TTC ACT CGT 47.6
Reference genes
185 Me for GTGCTCTTG ACT GAG TGT CTCG 54.5 116
Me rev CGAGGT CCTATTCCATTATTCC 455
EFla F CAC CACGAG TCT CTC CCAGA 60.0
EFla 106
EFla R GCT GTC ACC ACA GAC CAT TCC 57.1

6.2.17 Statistical analysis
Statistical analyses were performed in GraphPad InStat v3 (GraphPad
Software Inc., La Jolla, USA) on mussel shell length data and mRNA expression data

from the gPCR validation of the SSH experiments. The datasets were assessed for
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normality and homogeneity of variance, followed by either an unpaired t-test or, in
cases where a significant difference between the standard deviations was evident, a
Mann-Whitney Test. In all cases, statistical significance was accepted at the p<0.05

level. Graphs were created in Microsoft Office Excel 2007.

6.3 RESULTS

6.3.1 Biometric measurements

The average shell lengths for the mussels used in the SSH and gPCR
experiments are shown in Table 6.2. No significant difference was detected in shell
length between female mussels selected from winter and summer (unpaired t-test:
t(18)=1.406, p=0.177). No difference in shell length was apparent for male samples

between winter and spring either (Mann-Whitney Test: U=25.5, p=0.321).

Table 6.2 Biometric data for average mussel shell length with the standard deviation (SD) and
standard error (SEM).

Sex Season n= Length(mm) SD SEM
Winter 11 49.8 4.4 1.3
Female
Summer 9 46.9 4.9 1.6
Winter 9 49.8 3.7 1.2
Male
Spring 8 48.3 15 0.5

6.3.2 SSH Analysis
A total of 40 clones containing successfully ligated plasmids were sequenced
from the pooled female SSH samples and compared to the NCBI sequence database

using blastx and blastn searches: 37.5% matched to sequences with known identities
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and function (Figure 6.3; Table 6.3), 12.5% matched to unnamed sequences, 7.5%
produced no matches and 42.5% were duplicate sequences. For the SSH experiment
on male mussels, a total of 18 ligated plasmids were sequenced: 27.7% matched to
sequences with known identities and function (Figure 6.4; Table 6.4), 5.5% matched
to unnamed sequences, 27.7% had no database matches and 38.8% were duplicate
sequences. Of the successfully identified sequences, the majority of matches were to

molluscs (Table 6.3; Table 6.4).
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Figure 6.3 Functional categories of mMRNAs identified by SSH as potentially up-regulated (left;
n=4) or down-regulated (right; n=11) in female M. edulis mantle tissue in summer compared

to winter.
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Figure 6.4 Functional categories of mMRNAs identified by SSH as potentially up-regulated (left;
n=3) or down-regulated (right; n=2) transcripts in male M. edulis mantle tissue in spring

compared to winter.
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Table 6.3 mMRNAs indicated by SSH to be potentially differentially expressed in the gonads of female M. edulis, at sexual development stages BII to BIII,

sampled at the winter and summer solstices. *denotes result from blastn nucleotide search, all other results are from a blastx search.

Clone Length Result accession
accession g Identity Species match e-value Function Reference(s)
(bp) number
number
Up-regulated in female summer solstice samples (compared to winter solstice)
Signal transduction
Picard, 2002
- Molecular chaperone h | 2
Heat shock protein 90 I inciali 96-2 - Signal transduction z ﬁo ?;a " Olll
JZ970419 222 (HSP90-1) M. galloprovincialis  CAJ85741.1 e-29 - Circadian clock interactions S(c)lzel eretal.,
with BMAL1
- Calcium-activated signal Van Eldik et al.,
Calmodulin (CaM) - transduction 1998
JZ970427 274 (calmodulin) Lymnaea stagnalis ABB85281.1 6e-11 - Biomineralisation Li et al., 2004
- Phototransduction Hardie, 2001
Metabolic function
Pyridoxal kinase-like S - Transferase enzyme involved .
JZ970420 776 (PDXK) Lottia gigantea XP_009054441.1  3e-117 in vitamin B metabolism Schibler 2005
Protein synthesis
- Mitochondrial ribosomal
N/A 592 16S (mitochondrial rRNA)* M. trossulus KU925349.1 0.0 RNA involved in protein Taanman, 1999

synthesis
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Down-regulated in female summer solstice samples (compared to winter solstice)

Cell adhesion
- Immunoglobulin superfamily
Lo . i (1gSF) transmembrane protein Owczarek and
JZ970421 534 Neuroplastin-like C. gigas XP_011450189.1  9e-20 involved in cell adhesion and Berezin, 2012
cell-cell recognition
Mizuhopecten - Cellular adhesion
MH359088 609 Hemicentin-like P XP_021370012.1  1e-16 - Mitotic cytokinesis Xu etal., 2013

eSSOENsis . )
y - Retinal function

Ribosome biogenesis

- Ribosome biogenesis
- Linked to circadian rhythm
regulation by enabling

aaNAT degradation

Nucleolar GTP-binding
JZ970422 545 protein 1-like Lingula anatina XP_013398687.1  5e-112
(GTPBP1-like)

Woo et al., 2011

ATP-binding cassette sub- - Initiation of translation pisarev et al
JZ970426 1004 family E member 1 C. gigas XP_011449756.1 0.0 - Ribosome biogenesis and 2010 v
(ABCE1) recycling

Energetic metabolism

- Subunit of an enzyme
catalysing adenosine

XP 013066447.1 2e-41 triphosphate (ATP) synthesis De Grassi etal.,

37970423 679 ATP synthase lipid-binding Biomphalaria

protein, mitochondrial-like glabrata (Electron transport chain/ 2006
energy metabolism)
- Subunit of an enzyme involved
Cytochrome ¢ oxidase subunit in the mitochondrial electron Garcia-Horsman
N/A 459 11 (COX2) M. trossulus ADE05891.1 9e-53 transport chain/ energy etal., 1994

metabolism
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Cytoskeleton

Alpha tubulin

- Microtubule formation:
- Cytoskeleton

Keeling and

12370424 1033 (alpha-tubulin) B. floridae XP_002601443.1 0.0 - Chromosome separation Doolittle, 1996
- Cilia/flagella structure
Centrosomal protein of 131
Jzo70428 540  KDalike (5-azacytidine C. gigas EKC38807.1 2¢-16 - Cilia formation Hall et al., 2013
induced protein 1)
(CEP131)
Protein cleavage
Mitochondrial-processing Saimiri boliviensis - Subunit of an enzyme that
JZ970425 338 peptidase subunit beta-like (B- boliviensi XP_010349997.1  4e-62 cleaves targeting signals Gakh et al., 2002
oliviensis . . .
MPP) from mitochondrial proteins
Metabolism
- Enzyme involved in chitin Weiss and
JZ970429 421 Chitinase/ chitotriosidase-like ~ Mytilus coruscus AHC08445.2 3e-64 metabolism Schonitzer, 2006
- Biomineralisation Banni et al., 2011
Phosphorylation
Dual specificity testis-specific . i .
MH350089 724 protein kinase 1-like Mizuhopecten XP 0213675711 3e-30  ~ Lnosphorylation Meng et al., 2014

(TESK1)

yessoensis

- Spermatogenesis role in males
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Table 6.4 mRNAs indicated by SSH to be potentially differentially expressed in male gonads (stage BIII to BIV) at the winter solstice and spring equinox.

Clone Length |dentity Result accession
accession g (based on blastx Species match e-value Function Reference(s)
(bp) number
number searches)
Up-regulated in male spring equinox samples (compared to winter solstice)
Energetic metabolism
NADH dehydrogenase . ) - Mitochondrial electron
N/A 1018 subunit 4 (ND4) M. edulis AAVE68419.1 4e-154 transport chain Craftetal., 2010
Cytoskeleton organisation
- Microtubule formation:
Beta tubulin Parascolymia i - Cytoskeleton Keeling and Doolittle,
12370430 328 (beta-tubulin) vitiensis BAD11697.1 2e-15 - Chromosome separation 1996
- Cilia/flagella structure
- Microfilament formation:
. . . - Cytoskeleton Mitchison and Cramer,
JZ970431 434 Actin Cyrenoida floridana ~ AAS20336.1 1e-99 - Cell contraction 1996
- Cell motility
Down-regulated in male spring equinox samples (compared to winter solstice)
Protein synthesis
Eukaryotic Initiation - Helicase involved in protein .
17970432 979 Factor 4A-like C. gigas XP 0114218901 3e-142  synthesis by binding mRNA to  “\ndreou and Klostermeier,
. : 2013
(elF-4A-like) ribosome
Metabolism
Chitinase/ - Enzyme involved in chitin Weiss and Schonitzer,
JZ970433 915 M. galloprovincialis ~ AKS48199.1 8e-84 metabolism 2006

chitotriosidase-like

- Biomineralisation

Banni et al., 2011
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6.3.3 gPCR validation of SSH

Six cDNA transcripts identified as potentially differentially expressed from the
SSH experiments were selected for validation using gPCR to confirm the results. In
females: the up-regulated PDXK and down-regulated GTPBP1-like, ABCE1 and
Neuroplastin-like transcripts. In males: the up-regulated ND4 and down-regulated
elF-4A-like. Primer concentrations, R? values and primer efficiencies for the
optimised reactions are displayed in Table 6.5 and the standard curves are shown in
Figure 6.5. Though gPCR on all genes showed the expected trends based on the SSH
results, only the mRNA expression of GTPBP1-like was significant between seasons
with a significantly lower expression in summer than winter (Mann-Whitney: U= 23.0,

p=0.0465) (Figure 6.6).

Table 6.5 Final primer concentrations for gPCR with R? values and amplification efficiencies.

Tageiene Ford  Reere | Frpime g S
MRNA isolation from female mussels

PDXK PK_F1 PK_R1 300 0.9607 98.6
GTPBP1-like GTP_F1 GTP_R1 200 0.9968 93.2
ABCE1 ABCEl _F ABCE1_R 300 0.9699 105.68
Neuroplastin Neuro_F Neuro_R 300 0.9998 98.03
MRNA isolation from male mussels

ND4 NADH_F1 NADH_R1 300 0.9925 94.0
elF-4A-like EIF_F1 EIF_ R1 300 0.9977 90.3

219



Chapter 6

PDXK GTPBP1-like
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2 55 | y =-3.355x+ 31.532 s y=-3.495x + 28.015
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Figure 6.5 Standard curves showing qPCR amplification over a dilution series of M. edulis

cDNA with R? values displayed.
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Figure 6.6 mRNA expression of transcripts identified by SSH as potentially differentially
expressed between seasons in female (PDXK, GTPBP1-like, ABCE1, Neuroplastin) and male

(ND4, elF-4A-like) M. edulis gonads.

significance at p<0.05.
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6.4 DISCUSSION

In this chapter, M. edulis cDNA libraries allowed the identification of genes that
were indicated by SSH to be potentially up-regulated or down-regulated in their
MRNA expression between wild-caught winter and summer females, and between
winter and spring males respectively. The success rates for the identification of novel
cDNA sequences were 31.7% in the female experiment and 27.7% for males, which
are consistent with the 22-53% success rate from other such bivalve experiments (de
Cerio et al., 2013; Ciocan et al., 2012; Ciocan et al., 2011; Yang et al., 2012).
Identification rates are at this level as sequences cannot be identified if they match to
unnamed sequences or fail to match to known sequences. Furthermore, duplicate
sequences obtained during cloning were not counted as novel transcripts.
Differentially expressed transcripts were identified from both cDNA libraries for each
sex, with a total of n=15 identified from the female SSH experiment comparing winter
and summer (Table 6.3) and n=5 from the male experiment comparing winter and
spring (Table 6.4). A winter/summer comparison could not be made for males as M.
edulis seasonal sexual development constrained the number of samples obtained at the
appropriate stage of gametogenesis. Gametogenesis was controlled for, rather than
investigated as part of the experimental design, as it is an output of a biological rhythm,
and the goal of this investigation was to identify genes that may be involved in
environmental detection and the regulatory molecular timekeeping mechanism (Figure
1.7). Similarly, a greater sample number would be beneficial in detecting significance
in MRNA expression differences, but the same constraint was applicable.

As only one of the six genes selected for gqPCR validation confirmed significant
seasonal differences (GTPBP1-like) (Figure 6.6), the SSH results cannot be considered

fully validated. As a result, the identified genes cannot be confirmed herein as
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showing significant seasonal differences in expression levels and further evidence is
required. Nonetheless, a number of the genes isolated in this chapter show possible
links with the regulation of biological timekeeping based on the literature, and have
potential to be used as candidate genes in future investigations into seasonality in

mussels.

6.4.1 mRNA expression in females

Four mRNAs suggested by SSH to be potentially up-regulated in female
mantle tissue in summer compared to winter, had functions in signal transduction
(HSP90-1, calmodulin), metabolic enzymatic processes (PDXK) and protein synthesis
(16S) (Figure 6.3; Table 6.3). Several potentially down-regulated transcripts (n=11)
were also identified which were involved cell adhesion (Neuroplastin-like,
hemicentin), ribosome biogenesis (GTPBP1-like, ABCEL), energy metabolism (ATP
synthase lipid-binding protein, mitochondrial-like; MT-CO2), cytoskeleton function
(alpha-tubulin), cilia formation (CEP131), protein cleavage ($-MPP),
phosphorylation reactions (TESK1) and metabolism (Chitinase/ chitotriosidase-like)
(Figure 6.3; Table 6.3). A number of these genes encode proteins that interact with

elements of the molecular clock mechanism (HSP90, CaM, GTPBP1).

6.4.1.1 Potentially up-regulated SSH transcripts (summer vs. winter)

Heat shock protein 90 (HSP90) is a highly abundant chaperone protein that
maintains the folding, regulation and integrity of cytosolic proteins (Picard, 2002).
Stress conditions in bivalves, including thermal stress, can trigger up-regulation of
heat shock genes including HSP90 (Park et al., 2015; Banni et al., 2011), resulting in

a greater protein abundance (Tomanek and Zuzow, 2010). HSP90 expression is
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diurnal in M. californianus with elevated levels triggered by low tide (Connor and
Gracey, 2011). Expression is also elevated in thermally stressed C. gigas with a
generally greater increase in summer (Farcy et al, 2008), consistent with the findings
herein. With regards to the mammalian circadian clock, HSP90 maintains BMAL1
protein levels such that its inhibition disrupts interlinked clock components, resulting
in disturbances to the rhythm, phase and amplitude (Schneider et al., 2014). HSP90
is also involved in vertebrate ovarian development via its estrogen receptor (ER)
binding role upstream of vitellogenesis, a function possibly occurring in the crustacean
Macrobrachium nipponense as expression varies with ovarian development, peaking
during vitellogenesis (Zhao et al., 2011).

HSP90 interacts with calmodulin (Calcium-Modulated Protein; CaM) (Picard,
2002), which was also up-regulated herein. CaM is a ubiquitous, multi-functional
messenger protein activated by calcium binding. Pertaining to the circadian clock,
CaM is involved in Drosophila phototransduction, the sensory perception of light
(Hardie, 2001). Furthermore, calcium-dependent binding of melatonin to CaM on the
oocyte membranes of the amphibian Xenopus laevis suggests a potential rhythmic
mechanism for the synchronisation of cellular processes (Romero et al., 1998).
Phototransduction genes, including CaM, have previously been documented in the
mantle/eyes of various scallop and oyster species (Sun et al., 2016; Li et al., 2004) and
CaM regulation of calcium metabolism is integral to bivalve shell formation as
calcium carbonate crystals are the most prevalent component (Li et al., 2004). CaM
up-regulation in summer females may therefore indicate a seasonal elevation in
calcium metabolism.

Also up-regulated was pyridoxal kinase-like (PDXK), encoding an enzyme

integral to vitamin B6 metabolism which catalyses the conversion of pyridoxal to the
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bioactive form of vitamin B6, pyridoxal 5'-phosphate (PLP), an essential coenzyme in
multiple enzymatic metabolic processes (Yang et al., 1996). In peripheral tissues,
some proline- and acid-rich basic leucine zipper transcription factors (PAR bZip) are
regulated by the clock mechanism and their regulation of PDXK results in its cyclic
expression causing rhythmicity in downstream metabolic reactions (Schibler 2005).
An increase in PDXK expression in the summer could therefore indicate elevated
levels of vitamin Bs metabolism.

Finally, eukaryotic 16S is a mitochondrially encoded rRNA (mt-rRNA)
molecule encoded by MT-RNR2 in humans, which is involved in mitochondrial gene
expression (Taanman, 1999). 16S has previously been found to be differentially
expressed in male M. edulis gonads at different stages of gametogenesis (Ciocan et al.,
2011) and now this study indicates a seasonal difference in female gonads at the same
(developing) stage of gametogenesis, with upregulation occurring in summer.
Conversely, elevated temperatures resulted in down-regulation of 16S in the clam

Ruditapes decussates (Velez et al., 2017).

6.4.1.2 Potentially down-regulated SSH transcripts (summer vs. winter)

A transcript encoding a neuroplastin-like protein was identified by SSH as
down-regulated in summer females compared to winter. Neuroplastin (encoded by
NPTN) belongs to the Ig superfamily (IgSF) of proteins. Its isoforms have signalling
and cellular adhesion functions and are involved in maintenance of the nervous system
(Owczarek and Berezin, 2012). Hemicentin-like, which also encodes an IgSF protein
involved in cellular adhesion and mitotic cytokinesis (Xu et al., 2013), was also
downregulated. Conversely, an RNA-Seq experiment on the clam R. philippinarum

found Hemicentin to be downregulated in the gills in response to cold temperature
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stress, though qPCR validation was inconclusive (Nie et al., 2016).

Nucleolar guanosine-triphosphate-binding protein 1-like (GTPBP1) was
validated by qPCR as being significantly down-regulated in female mussels from the
summer, where photoperiod was greatest (Figure 6.6). GTPBP1 is a post-
transcriptional regulator of mRNA quantity and quality as it regulates mRNA
degradation (Woo et al., 2011). In mammals, GTPBP1 plays a role in circadian
rhythm regulation by forming part of a protein complex which binds to aaNAT mRNA
facilitating its degradation (Woo et al., 2011); both proteins are expressed in a
circadian manner in the rat pineal gland, peaking during the night, which regulates
nocturnal melatonin production (Woo et al., 2011). The relationship between aaNAT
and circadian regulation is less clear in invertebrates (Peres et al., 2014; Mohamed et
al., 2014) though mussel aaNAT was found to be constantly expressed under LD
conditions in the previous chapter. Another down-regulated gene involved in
ribosome biogenesis was ATP-binding cassette sub-family E member 1 (ABCE1),
also known as RNase L inhibitor (RLI) or HP68, which is a protein with wide-ranging
biological roles in regulating protein translation, ribosome recycling, cell division,
anti-apoptosis and mammalian viral infection (Tian et al., 2012).

ATP synthase lipid-binding protein mitochondrial-like is a subunit of the
enzyme ATP synthase that is required for the formation of adenosine triphosphate
(ATP) involved in energy transfer. It is associated with the mitochondrial electron
transfer chain, as is the case for Cytochrome C oxidase subunit Il (MT-CO2), the
second subunit of cytochrome C oxidase. Transcripts encoding both of these proteins
were down-regulated in M. edulis in summer, potentially indicative of a reduction in
energy metabolism.

Also identified was alpha-tubulin, part of a subfamily of globular proteins

226



Chapter 6

belonging to the tubulin superfamily. Heterodimerisation between alpha- and beta-
tubulins leads to the formation of microtubules, essential components of the cellular
cytoskeleton, which are also involved in chromosome separation and play a structural
role in cilia and flagella (Keeling and Doolittle, 1996). Another down-regulated
transcript also required for cilia formation and function is Centrosomal protein of 131
kDa (CEP131/AZI1) (Hall et al., 2013; Wilkinson et al., 2009). Cilia have important
roles in bivalves including particle filtration (food and pseudofaeces), respiration and
oocyte transportation through the gonoducts (Gosling, 2015; Tanabe et al., 2010).
Downregulation of these genes in female gonads could indicate a reduced ability of
these cilia-dependent processes in individuals developing in the summer. Genes
involved in ciliary function were also down regulated as part of the CO; stress
response in the Sydney rock oyster Saccostrea glomerata (Ertl et al., 2016).

A transcript encoding the Mitochondrial-processing peptidase (MPP) subunit
beta-like was also down-regulated in summer. The two sub-units comprising the
enzyme are a-MPP and f-MPP (Gakh et al., 2002). MPP cleaves pre-sequences off
nuclear-encoded proteins, which, although essential for translocation of such proteins
into the mitochondria, may later obstruct further sorting, and protein folding so are
consequently removed (Gakh et al., 2002). This suggests that mitochondrial
biosynthesis activities in the gonads of female M. edulis could be lower in the summer.

A transcript encoding the serine/threonine kinase Dual specificity testis-
specific protein kinase 1 (TESK1) was down-regulated. This enzyme catalyses
phosphorylation reactions and is particularly noted for its importance in
spermatogenesis in males, although it is also expressed in other tissues including the
brain, liver and kidneys, with lower levels detected in female gonads (Meng et al.,

2014).
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Finally, chitinases are enzymes that degrade chitin, a structurally important
biopolymer present in numerous organisms, including in the larval and adult shells of
bivalves (Weiss and Schonitzer, 2006; Gosling, 2015). For example, elevated CO-
triggered the down regulation of both chitinase and chitin synthase in the oyster S.
glomerata as part of a switch to chitin modification processes as opposed to
synthesis/degradation (Ertl et al., 2016). In addition to being involved in shell-
remodelling processes, chitinases are used by bivalves to digest chitin in consumed
algae (Yang et al., 2015) and in host defence against pathogens containing chitin
(Okada et al.,, 2013). Chitin metabolism genes were up-regulated in M.
galloprovincialis digestive glands in the summer but also down-regulated in the
mantle of females with the progression of gametogenesis (Banni et al., 2011). A
chitinase gene has also been implicated in early embryonic development in C. gigas
(Badariotti et al., 2007). This chapter reveals seasonal downregulation between winter
and summer of Chitinase/chitotriosidase-like in the mantles of female M. edulis at the
same gametogenesis stage. This could therefore indicate seasonal differences in chitin
shell modification processes (Ertl et al., 2016), food availability/composition (Yang et
al., 2015), and/or host pathogen defence (Okada et al., 2013), though further

investigation is required.

6.4.2 mRNA expression in males

Three mRNA transcripts were identified as up-regulated in male mantle tissue
in spring compared to winter, with functions in cytoskeleton processes (beta-tubulin,
actin) and the electron transport chain (ND4) (Figure 6.4; Table 6.4). The two down-
regulated transcripts encoded a helicase involved in protein synthesis (elF-4A-like)

and an enzyme involved in chitin metabolism (chitinase/chitotriosidase-like) (Figure
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6.4; Table 6.4).

6.4.2.1 Potentially up-regulated SSH transcripts (spring vs. winter)

Up-regulation of tubulin family genes occurs with the progression of male
gamete development in M. galloprovincialis (Banni et al., 2011); however, this
chapter reveals the up-regulation of beta-tubulin in male M. edulis in spring compared
to winter despite individuals being at the same stage of gametogenesis. The function
of tubulin subunits in microtubule formation was discussed in the previous section.
Another key component of cytoskeleton formation and function which was
upregulated was actin, encoding an essentially ubiquitous protein in eukaryotic cells;
one of its multi-functional roles is in the formation of microfilaments involved
processes such as cell contraction and motility (Mitchison and Cramer, 1996).
Isoforms of actin and alpha-tubulin have been shown to be up-regulated in response
to elevated temperatures in M. galloprovincialis and M. trossulus respectively, where
the effect of temperature stress on cytoskeleton gene expression profiles appears to be
species-specific, relating to whether the species is cold- or warm-adapted (Tomanek
and Zuzow, 2010). Altered expression of beta-tubulin and actin transcripts has also
been reported in mussels that have undergone CO: stress (Ertl et al., 2016). Actin is
often used as a reference gene in qPCR reactions however this seasonal expression
difference reinforces previous concerns over the suitability of the gene for this purpose
in M. edulis (Jarque et al., 2014; Cubero-Leon et al., 2012).

ND4 is a mitochondrial gene encoding NADH dehydrogenase subunit 4 which
is a subunit of the enzyme NADH dehydrogenase (ubiquinone) also known as
Complex I, a key component of the mitochondrial electron transport chain. Compared

to other mitochondrial mRNAs, expression levels of ND4 are high in M.
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galloprovincialis and levels vary with tissue type (Craft et al., 2010). Up-regulation
of this gene between winter and spring is indicative of seasonal changes in expression

profiles of genes relating to energy metabolism in M. edulis.

6.4.2.2 Potentially down-regulated SSH transcripts (spring vs. winter)

Eukaryotic Initiation Factor 4A-like (elF-4A) is a helicase-encoding gene that
was down-regulated in spring males compared to winter. elF-4A unwinds RNA
secondary structures and is involved in translation initiation (Andreou and
Klostermeier, 2013). Other closely related eukaryotic initiation factors have been up-
regulated in S. glomerata in response to elevated CO. levels, as were chitin
metabolism-related genes including chitinase (Ertl et al., 2016). As previously
discussed for female M. edulis, a chitinase/chitotriosidase-like in males was also found
to be more abundant in the winter. These results may be indicative of a stress response
to natural seasonal change (Ertl et al., 2016; Okada et al., 2013) or relate to food

availability/composition (Yang et al., 2015).

6.4.3 Limitations and alternative approaches

Results generated by SSH require post-validation with a second method to
confirm differential expression (Farrell, 2010). Of the six genes selected herein for
gPCR validation of the SSH results, only GTPBP1-like showed a significant difference
in expression between season, confirming that expression was significantly higher in
females in winter than in summer (Figure 6.6). No significant seasonal differences
were detected using gPCR on PDXK, ABCEL, neuroplastin, ND4 and elF-4A-like.
Low sample number was a constraint; the seasonal reproductive development of M.

edulis limited the number of individuals that were at the same stage of gametogenesis
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in both seasons. Further qPCR validation using a larger sample set is therefore
required to lend support to the unvalidated seasonal gene expression differences
indicated by SSH and to determine the robustness of the SSH results.

Alternative approaches that can be applied to assess seasonal transcriptomic
changes include gene expression profiling using DNA microarrays. This popular
approach can capture the expression of thousands of genes simultaneously however,
unlike SSH, advance knowledge of the target sequences is required (Baldi and
Hatfield, 2011). Microarrays have previously been used to investigate seasonal
transcriptomic profiles in different bivalve species (de Sousa et al., 2014; Dheilly et
al., 2012; Banni et al., 2011). A more modern approach is RNA-Seq, which allows
relative quantification of RNA between two or more groups using next generation
sequencing technology (Zhao et al., 2014). Though it is more costly, RNA-Seq has a
broader dynamic range than microarrays and does not rely on pre-designed probes
(Zhao et al., 2014). RNA-Seq has recently used to investigate the seasonal
transcriptomes of the planktonic sea snail Limacina helicina antarctica, providing
molecular-level insights into their seasonal maturation and growth (Johnson et al.,

2019).

6.5 CONCLUSIONS

The aim of this chapter was to identify blue mussel genes that were
differentially expressed between seasons as a means to identify genes with known
clock-related functions in other speices, such as provisioning of seasonal information,
participation in core clock interactions, and CCGs. The mRNAs revealed by SSH
herein allowed the isolation of transcripts involved in functions including signal

transduction, metabolism, protein synthesis, cytoskeleton function, cell adhesion and
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cilia formation. Of particular relevance to mussel chronobiology, were genes
encoding proteins with roles in phototransduction (CaM), those which interact with
components of the molecular clock mechanism (HSP90-1, CaM, GTPBP1), and those
involved in the melatonin synthesis pathway (GTPBP1). With the exception of
GTPBP1, gPCR was not successful in validating the SSH results.  Further
investigation is required in the future to ascertain seasonality of the isolated transcripts.
However, this work still contributes toward the little known mechanisms of blue
mussel biorhythm entrainment by revealing potentially interesting genes meriting

further investigation in the context of clock-associated functioning.
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General Discussion

This thesis provides novel insights into the molecular basis of biological
timekeeping in the blue mussel by characterising clock genes, determining their
activity over daily and seasonal timeframes, and identifying seasonal genes with
clock-associated functions meriting further investigation. The contribution of this
work to the fields of marine chronobiology and intertidal ecology will be discussed,
as will its wider relevance to potential climate change impacts on marine biorhythms.
The main findings of this thesis will be summarised, making reference to the aims
outlined in Chapter 1. Future experiments will be proposed to broaden our
understanding of bivalve chronobiology by addressing current gaps in the knowledge.
This research is particularly relevant in the context of a changing climate; the impacts
of elevated temperature and the implications of decoupled environmental cues on the
timing and success of M. edulis gametogenesis will be discussed in the final section

of this chapter.

7.1 Relevance and contribution to the field

Despite the ubiquitous nature of biological rhythms and their widespread
influence on virtually all the major biological processes, chronobiology is an under-
studied aspect of bivalve ecology. This is despite the fact that many edible bivalves,
such as blue mussels, are both ecologically (Gutiérrez et al., 2003) and commercially

important (FAO, 2018). Of particular relevance is the seasonal gametogenesis cycle
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of M. edulis, which results in annual variation in the condition of adults, and the
availability of mussel spat (Dominguez et al., 2010). Regulation of blue mussel
biorhythms, in particular those regulating seasonal reproductive development, and
investigating the environmental cues influencing their timing, has wide reaching
relevance to both natural and aquacultural settings. Therefore the main objectives of
this thesis were to isolate and characterise genes and proteins comprising the
molecular clock mechanism, explore the effects of photoperiod, temperature cycles
and season on clock gene expression, and to identify seasonal genes with clock-
associated functions or involvement in infradian rhythms. This thesis advances our
understanding of how biological rhythms are regulated in M. edulis by isolating a
number of clock genes and examining how environmental factors including light and
temperature modulate their expression on a daily and seasonal basis.

The molecular clock mechanism governing biorhythm regulation is
particularly well characterised in mammals and insects (Mohawk et al., 2012;
Dubruille and Emery, 2008; Hardin, 2005), but when this thesis began in 2014, there
were few studies in which bivalve clock components had been isolated (Pairett and
Serb, 2013; Zhang et al., 2012; Connor and Gracey, 2011). This thesis has expanded
upon this knowledge by isolating and characterising sequences from number of clock
genes (CIk, Cryl, ROR/HR3, Per and Rev-erb) (Chapter 2 and 5), clock-associated
genes (ARNT, Timeout-like and aaNAT), and putative clock proteins (CLK and TIM)
(Chapter 2) from M. edulis for the first time. gPCR assays were developed in line with
the MIQE guidelines (Bustin et al., 2009) as a quantitative tool to investigate the
MRNA expression of these genes in M. edulis and18S and EF1 were validated as stable
reference genes for normalisation (Chapter 3).

Diurnal clock gene oscillations are known to be integral to circadian regulation
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(Allada et al., 2001; Young, 2000) and light and temperature cycles are predominant
zeitgebers in many circadian systems (Mohawk et al., 2012; Dubruille and Emery,
2008; Rensing and Ruoff, 2002). Though Connor and Gracey (2011) had investigated
the diurnal transcriptomes of M. californianus over a tidal/circadian cycle, revealing
rhythmic diurnal expression of Cryl and RORS, it remained to be investigated whether
this clock gene expression was in direct response to light/dark cycles or as a result of
endogenous circadian regulation. This thesis filled this gap in the knowledge by
investigating the mRNA expression patterns of a number of clock and clock-
associated genes over a diurnal time-frame under LD and DD laboratory conditions,
revealing significant expression variations consistent with endogenous regulation
(Chapter 5). As summarised in Figure 7.1, significant variation in mRNA expression
was apparent for Clk, Cryl, ROR/HR3, Per, Rev-erb and Timeout-like over 24 hr under
LD, which in each case persisted under DD indicative of endogenous circadian

control.

MRNA expression of clock-associated genes

/ Photocycles

—

\ No cycles
Rhythmic Inhibition Induction

Clock, Cry1, NR1D1/Rev-Erb aaNAT
ROR/HR3, Per

Timeout-like

Thermaocycles

Figure 7.1 Diagram summarising the effect of light and temperature cycles on the expression

of M. edulis clock genes in the laboratory-based experiment conducted in Chapter 6.
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Recent studies have begun to emerge that have characterised clock genes in
other bivalve species (Sun et al., 2016) and have also investigated their expression
over diurnal timeframes (Schnytzer et al., 2018; Perrigault and Tran, 2017). This
highlights bivalve chronobiology as a growing area of research, relevant to
understanding the temporal dynamics of complex intertidal environments, which are
often considered to present early signs of the impacts of climate change (Helmuth et
al., 2006b).

Understanding the influence of environmental factors like light and
temperature on mussel seasonal reproduction is required to provide a deeper
understanding about the ecology of the species and is also useful to inform broodstock
conditioning in aquacultural settings (Dominguez et al., 2010; Fabioux et al., 2005).
This thesis further expanded our knowledge of bivalve chronobiology by exploring
beyond circadian timeframes. To investigate the potential for the clock mechanism to
be influenced by seasons, encompassing natural biotic and abiotic factors including
different photoperiods, winter/summer differences in clock mRNA expression
patterns were investigated (Chapter 4). Seasonal progression results in photoperiod
differences at high latitudes, which can affect the clock expression patterns of aquatic
(Herrero and Lepesant, 2014; Davie et al., 2009) and terrestrial organisms (Benetta et
al., 2019; Tournier et al., 2003). This thesis revealed seasonal differences in mussel
clock gene expression; in particular Clk, Cryl and ROR/HR3 were differentially
expressed in male mussels between summer and winter at equivalent daily time points
(Chapter 4), potentially indicating a similar response to photoperiod, though mussels
were investigated in situ under the influence of various combined environmental
factors. This suggests that seasonal environmental cues can modulate the activity of

clock components. Furthermore, for the first time in a bivalve, expression levels of

236



Chapter 7

M. edulis clock genes were examined in both sexes. It was found that a significant
difference in Cryl and Clk expression occurred between sexes at a single time-point
in the summer and winter respectively (Chapter 4). This could indicate a sex-specific
oscillator-independent function of these genes in M. edulis gonads, such as the roles
played by Cryl in gametogenesis in both sexes in mice (Amano et al. 2009; Alvarez
et al., 2003) or sexual dimorphism in circadian timing such as differences in sleep-
arousal systems (Bailey and Silver, 2014) and liver metabolism in mice (Bur et al.,
2009).

This thesis also identified a number of new candidate genes meriting further
investigation in terms of seasonal response (Chapter 6). This includes those with
putative involvement in the clock mechanism such as GTPBP1, involved in the
circadian regulation of mammalian aaNAT expression (Woo et al., 2011), HSP90,
involved in maintaining BMALL1 protein levels (Schneider et al., 2014), and CAM,
involved in phototransduction in Drosophila (Hardie, 2001) Though there appears to
be overlap between the circadian regulatory system and the photoperiodic response in
other invertebrates (Bradshaw and Holzapfel, 2007; Pavelka et al., 2003), the extent
to which the two are linked remains unclear (Goto, 2012) and the molecular basis of
insect photoperiodism, for example, is yet to be established (Denlinger et al., 2017,
Bradshaw and Holzapfel, 2010).

Another novel aspect of this work was the investigation into the ability of
temperature cycles to modulate circadian expression patterns of mussel clock genes
(Chapter 5). The rhythmic characteristics of the molecular clock mechanism can be
affected by pulse or periodic temperature changes in plants, fungi, invertebrates and
vertebrates (Rensing and Ruoff, 2002). This includes temperature acting as a zeitgeber

for entrainment; for example, temperature can synchronise the molecular clock of
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Drosophila (Glaser and Stanewsky, 2005) and zebrafish Danio rerio (Lahiri et al.,
2005), and can entrain larval release in the mud crab Dyspanopeus sayi (Waite et al.,
2017). Here it was found that temperature cycles abolish the significant variation in
M. edulis clock gene Rev-erb mRNA expression over a daily timeframe to constant
levels, whereas significant diurnal variation is induced in the otherwise constant
expression of the non-circadian clock-associated gene aaNAT (Figure 7.1) (Chapter
5). This foundation can be built upon by future studies to ascertain further direct and
indirect effects of temperature change on the M. edulis clock, including whether
temperature acts as a zeitgeber in the species. This is important because establishing
the sensitivity of the clock to environmental temperature cues is of wider relevance to
studies investigating the impacts of environmental temperature change on coastal
ecosystems.

It is clear that a greater consideration of chronobiology is required in marine
biology experiments in general and for several reasons as follows (Mat, 2018). Mussel
transcriptomes vary temporally across diurnal (Connor and Gracey, 2011; Gracey et
al., 2008) and annual (Chapter 6; Banni et al., 2011) timeframes, as well as across
spatial scales (Place, 2008). Blue mussels are widely used as bioindicator species of
environmental pollution (Rittschof and McClellan-Green, 2005; O’Connor, 2002)
however seasonality is known to be a confounding factor of some molecular
biomarkers used to measure these effects (Jarque et al., 2014). Itis therefore important
that experiments consider and allow for parameters that may act as zeitgebers such as
photoperiod, temperature and feeding cycles, which will be impacted upon by factors
such as location, season and the time of day the experiment/sampling is conducted
(Mat, 2018).

Sex and reproductive stage influence the transcriptomes of bivalve gonad
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tissues (de Sousa et al., 2014; Dheilly et al., 2012; Ciocan et al., 2011; Boutet et al.,
2008), and even the transcriptomes of non-reproductive tissues (Banni et al., 2011),
highlighting the importance of determining these parameters in mMRNA expression
studies. For example, M. edulis show varying degrees of susceptibility to endocrine
disrupting chemicals at different stages of seasonal gametogenesis (Ciocan et al.,
2010). Furthermore, this thesis indicates that the M. edulis gonad transcriptome may
vary between seasons even in individuals of the same sex at the same stage of
gametogenesis (Chapter 6), indicative of seasonal effects. In addition to considering
the effects of these factors on the expression of candidate genes, it is also clearly
important that the reference genes used to normalise gene expression data are
optimised and validated as stably expressed across the specific treatment groups of
each individual experiment to generate accurate, reliable data (Chapter 3; Cubero-
Leon, 2012).

This thesis provides novel insights into the regulation of blue mussel biological
rhythms, detailing novel aspects of their chronobiology, which has wide-reaching
relevance to the ecology of the species and diverse applications that utilise this
important bivalve.  This research provides a foundation upon which future
investigations into bivalve chronobiology can build upon. Suggestions for further

research are discussed below.

7.2  Future work

7.2.1 ldentifying other components of the clock
Despite the valuable contribution of this thesis in isolating clock and clock-
associated genes, as well as putative clock proteins, from blue mussels for the first

time, further components of the molecular clock mechanism remain undiscovered.
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Cryl was isolated in herein, however additional cryptochrome genes may also be
present in mussels as two are present in the squid E. scolopes (escryl and escry?2)
(Heath-Heckman et al., 2013), three in the oyster C. gigas (CgCryl, CgCry2 and
CgpCry) (Perrigault and Tran, 2017) and three in the scallop P. yessoensis (Cry, Cryl
and Cry2) (Sun et al., 2016). Similarly, Timeout-like was isolated from blue mussels
herein but it is likely that Tim may also exist in the species as both Tim and Timeout
are present in the oyster C. gigas (GenBank accessions EKC41755.1 and
XP_011441580.1) and the limpet L. gigantean (Reitzel et al., 2010). Furthermore,
both ARNT/TANGO and ARNTL/CYC/BMAL1 have also been isolated from C. gigas
(XP_011419459.1; Perrigault and Tran, 2017) suggesting M. edulis
ARNTL/CYC/BMAL1 may also exist. Targeted gene isolation, using the recently
available sequence information from other bivalves may prove successful in
identifying M. edulis homologs.

The protein isolation approach used herein, testing cross-species reactivity of
human clock antibodies, led to the isolation of blue mussel proteins consistent with
the predicted molecular weights of CLOCK and TIMELESS (Figure 4.6). There is
further scope for testing commercially available Drosophila antibodies against M.
edulis in the same manner. For example, PER antibodies designed for insects have
proven effective in isolating PER from the crustacean Daphnia pulex (Bernatowicz et
al., 2016) and the sea snail B. gouldiana (Constance et al., 2002), as well as detecting
CRY in the crayfish Procambarus clarkia (Fanjul-Moles et al., 2004). However, it
would be most effective to design and develop species-specific M. edulis clock protein
antibodies as has previously been done for E. scolopes CRY1 (Heath-Heckman et al.,
2013). Clock protein isolation would allow subsequent quantification, for example by

using a loading control such as Glyceraldehyde-3-phosphate dehydrogenase
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(GAPDH) with Western blotting to perform relative comparisons between protein
expression in different treatments, or by developing specific ELISA assays. It could
then be established whether clock protein levels follow the same temporal patterns as
their mMRNA expression patterns, as both post-transcriptional and post-translational
modifications are essential to clock function (Kojima et al., 2011; Gallego and
Virshup, 2007).

Further investigation into mussel phototransduction genes would also be
beneficial in widening our understanding of the molecular mechanisms of light
perception in this species. A number of phototransduction genes including opsin,
rhodopsin and G-proteins have been discovered in scallops and oysters (Sun et al.,
2016; Pairett and Serb, 2013) which could provide interesting candidate genes for
investigation in mussels. At present, studies generating transcriptome data for
mussels, for example using microarrays and next generation sequencing, provide a
valuable molecular genetic tool in identifying novel genes and detecting large-scale
patterns in gene expression variation. For example, a recent study performing whole-
genome sequencing on M. galloprovincialis has contributed to the available genomic

resources available for mussels (Murgarella et al., 2016).

7.2.2 Function of clock components and oscillations

To determine the functional importance of M. edulis clock genes, the effects
of clock gene disruption could be measured on other aspects of circadian regulation.
Links between clock gene expression and organismal response have been revealed by
RNA interference (RNAI), which suppresses the expression of specific target MRNAS
allowing the knock-on effects to be investigated. For example, the effects of Per

RNAI performed on the wasp N. vitripennis were measured on both a molecular level,
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revealing altered expression of other clock genes, and on a whole-organism level,
revealing delayed diapause (Benetta et al., 2019). Similarly, in the insect R. pedestris,
RNAI of Per and Cyc disrupts diapause (Ikeno et al., 2011a) and Clk RNAI disrupts
the circadian rhythm of cuticle deposition and normal photoperiodic ovarian
development (lkeno et al., 2013). Tim-knockdown in S. gregaria females has been
shown to result in a detrimental effect on the number of progeny produced (Tobback
et al., 2011) and Drosophila Tim is involved in the nocturnal upregulation of
phagocytosis (Stone et al., 2012; Lee and Edery, 2008). Furthermore, both Tim and
Timeout/Tim2 knockout/disruption cause embryonic lethality in mice (Gotter et al.,
2000), worms (Chan et al., 2003) and Drosophila (Benna et al., 2010). Clk function
is also required to avoid potentially lethal effects in the desert locust S. gregaria
(Tobback et al., 2011) and prevent reproductive defects in Drosophila (Beaver et al.,
2002) and rats (Miller et al., 2004). Similarly, HR3 expressed in the fat bodies and
ovaries of the mosquito A. aegypti is involved in the regulation of ecdysone-triggered
vitellogenin response (Kapitskaya et al., 2000), and both HR3 and E75/Rev-Erb are
required for vitellogenesis and oogenesis in the beetle R. castaneum (Xu et al., 2010).

Pertaining to bivalves, a non-invasive RNAi method which disrupted Clk
expression in the oyster C. gigas has recently been shown to affect the expression of
Cryl, Per, Rev-erb and Bmal (Payton et al., 2017a). Results also suggested that such
disruption of the C. gigas clock could modify the bioaccumulation rate of the paralytic
shellfish toxin saxitoxin and that this physiological output also varied with ploidy;
triploid oysters (commonly used in aquaculture) were more sensitive to the
interference than diploids (Payton et al., 2017a). This non-invasive RNAI approach
could be applied to M. edulis clock genes to provide insights into gene function and

whether their oscillations are essential for circadian rhythms.
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M. edulis CRY1, identified herein, groups phylogenetically with insect-type
CRY1 sequences based on sequence similarity (Figure 2.5). Drosophila Cryl acts as
a blue-light photoreceptor, which facilitates the light-induced degradation of TIM
(Peschel et al., 2009), whereas the mammalian form is not light sensitive and acts as a
core clock component (Zhang and Kay, 2010). The light responsiveness of
cryptochrome has been investigated in Drosophila by experimenting upon Cry-null
mutants (Fogle et al., 2001) however, in non-model organisms, exposure experiments
on wild type individuals under different light spectra have also been informative
regarding Cry blue-light sensitivity. In the cnidarian N. vectensis, upregulation of two
Cry genes has been discovered under light regimes incorporating blue-light (Reitzel
et al., 2010). Alternatively, a photosensitive assay can be performed by expressing
Cry genes in Drosophila Schneider 2 (S2) cells, in which degradation of CRY in
response to light can be investigated (Zhu et al., 2005). These approaches could be
used to establish the effects of light spectra on M. edulis Cryl and its protein to provide
insights into their circadian functions.

Finally, binding partners of bivalve clock proteins have been hypothesised to
include PER-TIM and CLK-BMAL/CYC binding (Perrigault and Tran, 2017; Sun et
al., 2016), analogous to the Drosophila system. This may also be applicable to M.
edulis, but is yet to be confirmed in bivalves. In N. vectensis, heterodimerisation
between CLOCK and CYCLE has been evidenced by co-immunoprecipitation,
whereas CLOCK did not bind with ARNTL (Reitzel et al., 2010). Again, this
approach could be used to determine clock protein binding partners in M. edulis and
to provide more information on post-translational aspects of circadian regulation. A
more complete picture of the molecular clock system will allow subsequent

exploration of how the system may be linked to other biochemical networks and
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pathways.

7.2.3 Master clocks and peripheral clocks

Circadian rhythms can be sustained on the level of tissues and individual cells
(Tomioka et al., 2012; Welsh et al., 2004; Plautz et al., 1997). Clock gene expression
patterns are tissue-specific (Whitmore et al., 1998; Tomioka et al., 2012; Tobback et
al., 2011; Kubo et al., 2010) and the synchronisation of clocks operating in different
cells and tissues is necessary to coordinate large-scale rhythms in many species (Welsh
et al., 2004; Reppert and Weaver, 2002). This is achieved by the “master clock”
located in the mammalian SCN and in the ventro-lateral neurons of Drosophila
(Mohawk et al., 2012; Tomioka et al., 2012), however it is unknown whether a similar
central clock exists in bivalves.

Tissue types from which molluscan clock genes have been isolated include the
gills (Perrigault and Tran, 2017; Connor and Gracey, 2011) eyes (Pairett and Serb,
2013; Constance et al., 2002), adductor muscle (Mat et al., 2016), and mantle tissue
(Sun et al., 2016). Further studies investigating the clock mechanism in different
tissues of M. edulis would complement the research in this thesis on the mantle tissues.
It would be particularly interesting to investigate the eyes and cerebral ganglion of
mussels which are perhaps the most likely candidates to house a master clock, if
present. Light can both directly and indirectly entrain clocks with or without the
requirement of ocular phototransduction (Tomioka et al., 2012; Whitmore et al.,
2000). The role of the eyes in circadian clock rhythmicity has been investigated in
marine gastropods, implicating ocular pacemakers in the circadian activity of Aplysia
and Bulla (Block and Wallace, 1982), whereas extra-ocular pacemakers play a

predominant role in the clockwork of the closely related Bursatella (Naylor, 2010).
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M. edulis develop photosensitive eyespots as larvae which are retained into adulthood
as cephalic eyes (Morton, 2001; Rosen, 1977). The route of photoperiod detection
requires clarification, though extra-ocular detection is suspected to play a role
(Northrop, 2000; Rosen, 1977).

In situ hybridisation (ISH), using labelled RNA probes, allows target mMRNA
expression to be localised within cells, tissues embryos and larvae, providing
information about the spatial and temporal distribution of target genes. The
application of ISH to M. edulis could therefore localise clock MRNA expression to
different adult tissues and allow comparisons to be made. Furthermore, investigating
M. edulis clock gene activity at different stages of development is likely to prove
informative as the mobile, planktonic, larval stages occupy a distinct niche to the
sessile, benthic adults. Mussel larvae are known to exhibit either positive or negative
responses to light depending on development stage (Bayne, 1964), however any links
to clock mechanism are presently unknown. Clock expression patterns have
previously been shown to vary with embryo age and larval development stages in the
sponge Amphimedon queenslandica (Jindrich et al., 2017) and the sea anemone N.
vectensis (Peres et al., 2014). For example, after A. queenslandica larvae emerge from
the adult, Cry2 expression becomes more widespread and is no longer predominant
only in the photosensitive cells of the pigment ring (Jindrich et al., 2017). The
chronobiology of larval life stages of marine bivalves is an understudied aspect of their

ecology requiring further research focus.

7.2.4 Genomics and proteomics
The circadian clock exerts influence on diverse molecular, cellular, and

organismal processes via the action of multiple CCGs (Doherty and Kay, 2010; Bozek
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et al., 2009; Zhang et al., 2009; Harmer et al., 2001; McDonald and Rosbash, 2001).
Rhythmic organismal processes have been documented in bivalves (Table 1.1), such
as circadian siphon extension (feeding proxy) in the clam P. philippinarum (Houki et
al., 2015), circatidal stomach epithelial renewal in M. galloprovincialis (Zaldibar et
al., 2004), and circadian and ultradian shell gape in M. edulis (Ameyaw-Akumfi and
Naylor, 1987) and C.gigas (Mat et al.,, 2016; Mat et al., 2012), however the
connections  between  molecular-level  clock  regulation and  whole
organism/population-level responses require further investigation. Few studies have
investigated the activity of clock genes as well as organismal responses in bivalves.
Cry1 expression was found to shift to peak during the dark phase of LD cycles when
C. gigas are nocturnal during the winter (Tran et al., 2015; Mat et al., 2012). In the
same species, a number of other clock genes were isolated and characterised over LD
and DD cycles in oysters in which valve activity was found to be circadian (Perrigault
and Tran, 2017).

At present, genomics and proteomics resources for mussels are relatively
scarce. Pertaining to chronobiology, studies using microarray technology have
revealed daily (Connor and Gracey, 2011), tidal (Connor and Gracey, 2011) and
seasonal transcriptomic variations (Banni et al., 2011) in Mytilus spp gene expression.
Investigations have also revealed temperature-dependent changes in expression in
Mytilus spp. transcriptomes in response to acute heat stress with shared, as well as
species-specific, transcript responses between M. galloprovincialis and M. trossulus
(Lockwood et al., 2010). Furthermore, tidal and, to a lesser extent circadian,
transcripts can lose periodicity following elevated temperature at low tide (Connor and
Gracey, 2011). Transcriptomic responses to another stressor, salinity, also showed

instances of significant changes in Mytilus spp. gene expression, some of which were
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species-specific (Lockwood and Somero, 2011). However, microarrays require
knowledge of sequences a priori and can have issues with probe performance (Zhao
et al., 2014). Advances in transcriptomics technology have led to the development
next-generation sequencing (NGS), also known as high-throughput sequencing. NGS
has recently given insights into the composition and structure of the genome of M.
galloprovincialis, predicting over 10,000 putative genes (Murgarella et al., 2016).

The RNA-Seq approach uses NGS to detect RNA presence and quantity,
allowing whole transcriptome sequencing and large-scale mMRNA quantification at a
higher resolution and over a greater dynamic range (Martin and Wang, 2011).
Comparative transcriptomics using RNA-Seq have allowed comparison of expression
profiles from different M. galloprovincialis tissues types (Moreira et al., 2015) and
revealed tissue-specific differences in response to toxins (Prego-Faraldo et al., 2018).
RNA-Seq has also recently allowed transcriptome comparisons between different
species of the Mytilus species complex revealing candidate genes representing
multiple molecular functions including mitochondrial activity, gametogenesis,
reactive oxygen species (ROS) production and ATP reserves (Knobel et al., 2020;
Romero et al., 2019). Application of the RNA-Seq approach to mussel samples
collected over a range of different timescales would generate a large amount of
comparative sequence data, which would provide further insights into their
chronobiology. Studies that investigate such transcriptome responses to zeitgeber
cycles, whilst measuring organismal responses in tandem, would help to integrate the
molecular clock with biological processes operating on a whole-organism scale.

The work in this thesis focused on clock mRNA expression however post-
transcriptional and post-translational modifications are also an essential aspect of

circadian regulation (Millius et al., 2019; Kojima et al., 2011; Gallego and Virshup,
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2007). Although mRNA expression is often used as a proxy for the presence of a
protein, there is not a necessarily a strict correlation between mRNA abundance and
protein abundance (Payne, 2015). This is due to various complex mechanisms
including the influence of micro RNAs, discrepancies in the rates of synthesis/decay,
and differences in the phase and/or amplitude of their oscillations (Payne, 2015).
Techniques to investigate protein abundance include nanoflow chromatography with
high-resolution tandem mass spectrometry, allowing rapid and high-sensitivity
quantification of proteins (Vogel and Marcotte, 2012). This approach could be used

to investigate rhythmic protein abundances in mussels in the future.

7.2.5 Lunar influences

The effects of light and temperature on M. edulis clock genes were main focus
of this thesis as the majority of the rhythmic transcriptome of the closely related M.
californianus is predominantly circadian in nature, even in an intertidal environment
(Connor and Gracey, 2011). However, intertidal zones are dynamic environments
where multiple other factors can also act as environmental cues. The changing
transcriptomes of M. californianus over a tidal cycle show at least four different
physiological states, the timing and magnitude of which are affected by height on the
shore and microhabitat characteristics (Gracey et al., 2008). Rhythms with tidal
periodicities in bivalves include the renewal of epithelial cells in the stomach of M.
edulis under subtidal conditions (Zaldibar et al., 2004) and circatidal value movements
in subtidal C. gigas in situ (Tran et al., 2011) though not under laboratory conditions
(Mat et al., 2012). Endogenous circatidal rhythms of locomotion have also been
identified in various mobile species of gastropod (Schnytzer et al., 2018; Vanagt et al.,

2008; Petpiroon and Morgan, 1983; Zann, 1973). In terms of the environmental cues
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able to entrain tidal rhythms, research on marine crustaceans has revealed that
zeitgebers include hydrostatic pressure, temperature, salinity and wave
action/mechanical agitation (Naylor, 2010). It is possible that these factors may also
act as tidal cues for bivalves such as M. edulis which contain a number of
mechanoreceptors including a pair of statocycts for gravity detection/orientation
(Bayne, 1971), various superficial mechanoreceptors (Murakami and Machemer,
1982; LaCourse and Northrop, 1978), and a pair of abdominal sense organs thought
to detect water currents and water-borne vibrations (Zhadan, 2005; Haszprunar, 1985;
Haszprunar, 1983). For all organisms, the molecular mechanisms of tidal clocks, and
their relationship with the circadian system require further investigation (Tessmar-
Raible et al., 2011). Rhythmic clock genes were only found to cycle with a circadian,
rather than tidal, periodicity in the gills of C. gigas (Perrigault and Tran, 2017) and M.
californianus (Connor and Gracey, 2011). Cryl is circadian under LD in adductor
muscle tissues of C. gigas, though it cycles with tidal periodicity under tidal conditions
in constant darkness (Mat et al., 2016). There is scope to explore whether the
clockwork of M. edulis exhibits circatidal periodicities in different tissue types under
tidal regimes.

Moonlight is also able to influence bivalve behaviour. C. gigas can detect
moonlight and sense whether it is increasing or decreasing throughout the lunar cycle,
modulating their valve opening behaviour to have a greater amplitude at third
compared to first quarter moons, despite similar illumination levels (Payton and Tran,
2019). It is not yet known whether this behaviour is a direct response or under
endogenous control, like the entrainment of the annelid Platynereis dumerilii
circalunar clock by moonlight (Hauenschild, 1960), though it is clear that even low

levels of nocturnal light can trigger a behavioural response. The influence of
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moonlight on mussel biorhythms remains to be investigated beyond conflicting reports
of lunar spawning (Korringa, 1947. Itis clear that intertidal organisms are exposed to
multiple environmental cycles and there is further scope to determine their relative

importance to different rhythmic biological processes.

7.3 Implications of climate change

Global mean surface temperatures are predicted to increase between 0.3 °C and
0.7 °C by 2035 with sea levels rising and the oceans continuing to become warmer
and more acidic (IPCC, 2014). Impacts on marine ecosystems are diverse, including
changes in  ocean  productivity, species  distributions, community
structure/composition, population dynamics and disease prevalence (Zippay and
Helmuth, 2012; Jones et al., 2010; Hoegh-Guldberg and Bruno, 2010; Harley et al.,
2006; Helmuth et al., 2006b). Effects on Mytilus distribution include poleward range
contractions as a result of extensive mortality at the southern limits caused by high
summer temperatures (Jones et al., 2010). However, mussel beds experience thermal
heterogeneity on a microhabitat level due to shading/sheltering resulting from
variation in substrate orientation and angle (Zippay and Helmuth, 2012) so body
temperatures occur in geographical mosaics rather than clear latitudinal gradients
(Helmuth et al., 2006a). Changes on small spatial and temporal scales can therefore
have large population-level effects (Westerbom et al., 2019).

Episodes of elevated temperature, where mussel body temperature increased by
7 °C, disrupted the rhythmic transcriptome of M. californianus, causing loss of
periodicity in numerous circadian and tidally expressed transcripts lasting a number
of hours after the event (Connor and Gracey, 2011). Endogenously regulated circadian

rhythms are temperature compensated so the phase remains relatively stable over a
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range of temperatures in plants, vertebrates and invertebrates (Sweeney and Hastings,
1960) however diurnal temperature cycles can entrain rhythms in diverse organisms
including invertebrates such as insects (Glaser and Stanewsky, 2005) and arthropods
(Rensing and Ruoff, 2002) and were also shown to disrupt the otherwise rhythmic
cycling of clock gene Rev-erb in the gonads of male mussels herein (Figure 5.13).
Further studies investigating temperature, particularly as a zeitgeber, are required to
clarify the role of this environmental variable in the circadian regulation of marine
mussels.

In terms of reproductive development, both temperature and photoperiod are
important cues for marine bivalve gametogenesis (Dominguez et al., 2010; Fabioux et
al., 2005; Saout et al., 1999; Paulet and Boucher., 1991). For example, gametogenesis
in C. gigas can be advanced or delayed under different coupled photoperiod and
temperature regimes (Fabioux et al., 2005). Food supply is also required for mussel
reproductive success, with a greater number of gametes produced under conditions of
favourable food supply (Dominguez et al., 2010; Kang et al., 2000), with different
algal diets resulting in different levels of fecundity and spawning success (Pronker et
al., 2008). Mussels exhibit a plastic response to environmental stress, balancing trade-
offs between stress response and reproduction (Petes et al.,, 2008b). In M.
californianus, accelerated mass spawning with slower regeneration was found to occur
on the relatively high stress upper shore (lower food availability and higher
temperatures), whereas potentially less risky “dribble spawning” was apparent under
the less stressful conditions of the lower shore throughout the year (Petes et al., 2008b).
Mussels that are thermally stressed or starved are not able to develop mature gametes
and experience a decline in dry weight, experiencing reductions in protein and

carbohydrate content (Bayne and Thompson, 1970). Elevated water temperatures and
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limited food supply also affect post-spawned adult M. edulis, leading to decreased
byssal thread attachment strength and increased mortality (Clements et al., 2018).
Furthermore, sex inversion in M. galloprovincialis has been recorded under starvation
conditions in post-spawned females, impacting upon sex ratios (Chelyadina et al.,
2018). Marine invertebrates using environmental cues to synchronise reproductive
development, including mussels, will be impacted by the decoupling of temperature,
photoperiod and food availability as a result of climate change (Petes et al., 2008b;
Lawrence and Soame, 2004). Detrimental impacts on reproductive success could
include incomplete gametogenesis, spawning failure or spawning at an unfavourable
time, which would impact upon larval survival and recruitment with ramifications for
higher trophic levels (Lawrence and Soame, 2004). Intertidal mussels can inhabit
niches close to the limits of their physiological tolerances (Mdgica et al., 2015) so the
disruption of biological rhythms or phase shifts in the timing of environmental cues
and stressors could therefore have serious physiological consequences. Determining
the interaction between temperature and other environmental stressors, whether
additive, synergistic or antagonistic (Crain et al., 2008) and investigating the
sensitivity, acclimatisation and local adaptation of mussels is needed to predict the
direct and indirect effects of climate change on this genus (Zippay and Helmuth,

2012).

7.4 General conclusion

Despite the wide-reaching importance of rhythmic biological processes, the
molecular mechanisms regulating timekeeping ability of marine bivalves are little
understood. Bivalve chronobiology is an emerging area of research. This thesis

outlines the first investigation into the molecular clock mechanism of the
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commercially and ecologically important blue mussel M. edulis. Novel insights into
the chronobiology of the species were revealed by isolating and characterising clock
genes, revealing the endogenous nature of their oscillations, and demonstrating the
ability of temperature cycles to modulate clock and clock-associated gene expression.
Investigations also uncovered sex and seasonal differences in clock gene expression
patterns and revealed other putative seasonal genes meriting further investigation.
Key areas for future research include further characterisation of the components and
function of the mussel molecular clock mechanism, ascertaining the importance of
clock function at different stages of larval and sexual development, and exploring the
importance of and interaction between different zeitgebers in the context of dynamic
intertidal environments influenced by environmental change. A greater depth of
understanding in bivalve chronobiology is not only relevant from an ecological
perspective, but also to aquacultural broodstock conditioning, environmental
biomonitoring, and investigations into the impacts of environmental change.
Rhythmic biological processes are at risk of disruption if environmental cues become
desynchronised, leading to potentially serious physiological and ecological

implications.
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