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ATPase V-ATRase V-type proton ATPaseB3AE, Band 3 anion exchange protehta’/Cef*-
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ATPase FAM20C, Extracellular serine/threonine protein kinase FAM2MBP 2, Matrix
metallopreteinase; ZIMP 2, Tissue inhibitor of matrix metalloproteinaseApoAl,
ApolipoproteinAl; DSPP Dentin sialophosphoproteii)P, Intrinsically disordered protein
CKIl, Casein kinase JtPA, Tissuetype plasminogen activator; uPA, Urokinase plasminogen
activator BIEAST X, Basic local alignment search tool, nucleotidigenetranslationprotein
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Data depaosition:

Proteomics data are available from the ProteomeXchange Consortium via the i
repository with the dataset identifiek D011021 and10.6019/PXD011021. Transcript data are
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Abstract:

The mechanisms that underpin the formation, growth and composition of otoliths, the
biomineralizedstones irthe inner ear of fish, are largely unknown, as only a few fish inner ear
proteins'havebeen reported. Using a partial transcriptome for the inner esrkobtdam
(Acanthopagrus butchériin conjunction with proteomic data, we discovered hundreds of
previously unknown proteins in the otolith. This allowed us to develop hypotheses to explain the
mechanisms of.inorganic material supply and daily formation of growth b@felfurther
identified aslikelyproteinmediator of crystal nucleation and an explanation for the apparent
metabolic inertness of the otolitbue to the formation of both daily and annual increments,
otoliths are routinely employed as natural chronometers, being used for age and growth
estimation;, fisheries stock assessments, and thestegciion of habitat use, movement, diet,
and the impaets of climate change. Our findings provide an unprecedented view of otolith

molecular machinery, aiding in the interpretation of these essential archived data.

K eywor dsi*Biomineralization, proteomics$tanscriptomics, otolith, endolymph, inner ear,
teleost, reversphase HPLC, LEMS/MS, calcium carbonatextracellular serine/threonine
protein kinase FAM20C

I ntroduction

Otoliths are small, biomineralized earstones within the inner ear of fish that aid in gravity
reception and balang#]. Although understanding their functional anatomy and physiology is
important to hearing and balance research, otoliths are especially valsibidehronometers,
archiving age“and growth informati essential for assessing fisheries stocks globally and
predicting their responses to climate change, as well as elemental and stable isotope time series
for reconstructing fish life histories of habitat use, movement, pollution expasdigiet]2].

All bony fish have three pairs of otoliths, ternmsajittae, lapilliandasterisci[3]. Thesediffer in

size Gagittaeare usuallythe largest)location in the inner eaand calcium carbonate
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polymorph.Sagittaeandlapilli are typically aragonite (although calcite has been observed in
some speciell]), andasterisciiareoftencomposed of vaterif8]. In this study, the term
“otolith” refers tosagittal otolithsOtoliths grow continuously from embryo, being encased
within fluid-filled sacs that are the end organs of the inner ear. The fluid growth medium,
endolymphgis,rich in both inorganic materials as well as proteins and otlessanc
maciomolecules necessary for otolith formation and grdbth

Several hypotheses have beengased to explain the supply of inorganic constituents from the
saccular epithelial cells to the endolymftthas been proposed that calcium is supplied through
either a paracellular route or actively through ATPase activity, whereas bicarbonate ésreensf
through exehange with chloride iofts8]. However, the underpinning biochemical mechanisms
for ion transfer,;)exchange and regulation within the endolymph have not been fully elucidated.
Otoliths first form shortly after fertilization and grow incrementally piporating both inorganic
and organic_ material from the endolymph. A consequence of this is that a phgcicdl of
endolymphschange iseated, allowing for a lifetime chronology to be established. The utility of
otoliths as bioehronometers is reliant upon a proper understanding of the pretbated
mechanisms_of both nucleation as well as increment formation. These mechanisms &b curren
poorly understood. Incremental otolith growth occurs via a daily cycle of deposition of
alternating aragonitgeh (calcium carbonate) and proteinh bandsDespite being first
documented in 1971 by Panel¥§, a suitable explanation for how this happens remains
unresolved«Finally, a fundamental assumption of the use of otoliths as biochronontbtrs is
they are metabolically inert and do not undergo any remodeling. Although a study has
demonstrated that otoliths are only resorbed under extreme hypoxia [10], no mechariigarha
identified for their apparent metabolic inertness. The reason that these futalaquestions

remain unanswered is that fewer than a dozen otolith proteins have been aldntifie
comparison,.the understanding of other biomineralizing systeocassiderablynore advanced
over 1300 proteins in mouse osteoblast extracellular matrix [11] and more than 20@&in den

tissues (i.e-dentjrenamel and cementum), which also grow incrementally, are kfi@atv].

Although the first constituent of the organic matrix of fish otoliths was deskcaloeost 50 years
ago [15], to date only a handful of proteins have been successfully identified andesimad.ct
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These includ®tolin-1 (sometmes calledaccularorinner-ear specific collagen16], Otolith

Matrix Protein1 (OMP-1) [17], Starmaker(Stm) [18], Otolith Matrix Macromoleculé4

(OMM-64) [19], Starmakerike (Stml) [20], an ortholog to mammaliastoconin 90(Otoc)

[21], Osteonectir(Sparg [22], Neuroserpin22], Tectorin[4], Otogelin[4], Transferrin[4], and
Myosin Light.Chain $4]. In addition to these structural constituents, other proteins thought to be
necessary-for biominalization have also been identified in the inner ear. These include the
Na'/K* andCa*™ ATPaseg$23], GP96[24], andCarbonic anhydras€CA) isozymeg25]. Other
macromolecules, such as carbohydrates, proteoglycans, and lipoproteins, have alsetieeh det
in the inner eaj26, 27].

To understandin greater detail the protein machinery that composes the otolith weezbaduc
bottom-up proteomic approach to develop a comprehensive picture of the inner eakfor blac
bream Acanthopagrus butchgria species which has been extensively studied in terms of otolith
chemistry[28-39]. As atoliths archive proteins from all life stages, we constructed a library
composedredrmixture of bothadult and juvenile peptides for usdabelfree quantitative

Mascot searche3he inclusion of adult and juvenile tissues provides a more comprehensive
dataset ofithe proteins likely to be present in an otolith regardless of life stage. This is important
for future.studies that may compare the proteins in otoliths between vafeosistesBriefly,

we produced deep sequenced proteomic mass spectra through high pH reverse phase high
performance liquid chromatography (RFRLC) fractionatiorf40] followed by traditional low

pH-LC tandemymass spectrometry AMS/MS) of proteinaceous material fraadult and

juvenile otoliths & well asendolymph harvested from wild caught adults. The mass spectrometry
peptide data were then matched with annotated cDNA libraries that had been created from
homogenized adult brain tissue and juvenile heads and used to create aspeetiepeptide

library (Fig..l,,Database SITable 1 2). This was then used to identify peptigessent in the

otolith for adult/biologicateplicategfrom the same environmeritllowing a traditional
quantitativescEMS/MS approachAs otoliths are constantly bathed in endolymph, we also
identified peptides in endolymph samples harvested at the same time as durejitidiites.

This allowed us to assess the likelihood of whether a given protein was present dyetpal

functional role in biomineralization, or as an inescapable consequence of endolymph
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contamination — being either trapped during increment formation or adhering to the etirface
the otolith

Results

High pH reverse phase fractionation of both otolith and endolymph samples for pep#ide libr
creation proved highly effective, yielding a roughly seven-fold increase in unique peptides whe
comparingfractions with starting materials (Table 1). Contig sequences from the cDNA FASTA
files were'successfully aligned with RefSeq proteins. The percentage of significantly aligned
proteins differed from file to file, however, with 45.6%, 47.7% and 38.9% for Adult Brain and
each of the; Juvenile Heads, respecti@&lgble 2). The top scoring RefSeq protein was selected
for each alignment, and the redundancies removed. Subsequently, the customipegtide

used for quantitative analysis contained 175,396 unique inner ear peptides from black bream
944 proteins fronsparidae 52,715 top hit proteins from RefS&yMP-1 from L. crocea and
common contaminant®atabase 91

Mascot searches against the custom library for {abelquantitative assessment of inner ear
protein abundances resulted in the identification of 1,065 otolith peptides and 2,685 endolymph
peptides..Fhere were 997 total protein types present in otolith and endolymph tids@&, 8¢
occurring in the otolith, 61.1% in the endolymph and only 13.6% of these occurring in both
sample types (Fig. 2). Of those proteins occurring in the otolith, 54.4% were common teeall thr
replicates..Wewvere able to identify the presearuz relative abundance, at the peptide level, of
over 380proteins preent in theotolith, includingall previously identified otolith matrix proteins

as well af12 uncharacterized protei(Sig. 3,Database SDatabase S3Please note here that
featureintensity, is a guideline to sample protein abundancis. dn be affecteldy several

factors inclding,how well a given protein is extracted from the otolith, the effectiveness of it
undergoing.trypsin digestion, and the readiness of individual peptides to ionize heathin t
MS/MS. A truncated list of inner ear proteins is presented, along with thieis 1&t
otolith:endelymph abundance, in Fig. 4. Proteins presented are either known fish inner ear

proteins or known to be involved in vertebrate biomineralization.
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We identified several proteins from our quantitative proteomic data that are likelynwobesd

in inorganic material secretioBpdium/potassium-transporting ATPdBk’/K*-ATPasg, V-

type proton ATPas@/-ATPasg, Band 3 anion exchange prot€dB3AE), Sodium/calcium
exchanger ZNa’/Ca**-exchanger PandCalmodulin(CaM). We also found peptides aligning
with Plasma.membrane €aATPasgPMCA)in our deep sequence data. We found two
isozymes OfCA;CA 1landCA G Interestingly, the former was restricted to the endolymph and
the latter to'the otolith.

We found, enriched in the otolith, two key proteins in nucleation and polymorph control: a
phosphorylated putativtmhomolog as well as a kinase known to be involved in
biomineralizationExtracellular serine/threonine protein kinase FAM2EAM20Q) [41]. Stm
and its homologs aitiatrinsically disordered prote# and thus have low sequence homology,
despite playing similar functional rolg&2-45]. Consequently, videntifiedthe black breanstm
homologthrough Ward’s minimum variance hierarchical clustering method (Figakerals
and Methods)xOur constellation plot revealed high levels of conservation betwetstitall
proteins (except th8tmhomologs) across taxAdditionally, we undertook an error tolerant
search of'eur proteomics data which identified that our put&tivdnomolog has at least 4
phosphorylated serine residu@atabase 93

We, like others, also found considerable levels in the otoli®tolin-1, OMP-1, and
Neuroserpifamember of the serine protease inhibitor faifdily22, 46, 47]. In addition to this,
we identifiedSparg which plays a major role in the biomineralization of bone [22]. Unlike
previous studies, however, we also fodlnel presence of other substratebléuroserpinand
Sparcin the otolith and/or the endolympBRtasminogen, Matrix metalloproteinaséMMP 2),
andTissue,inhibitor of metalloproteinasgq PIMP 2) [48].

In addition.te'the ‘usual’ otolith proteins, we found high abundances of bone and cartilage type
proteoglycansNlimecan(Osteoglycii, EpiphycanBiglycan, Decorin, Aggrecan Collagen

types landll, and osteoblast regulating proteins (&8 .ligase itchylike) [11, 49-52].

Importantly, we found no evidence of protein markers for osteoclastic functimrdata set also
reveals considerable levelsAypolipoprotein AJApoA] andTransferrinas well as five key
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proteoglycans, although the former two, being prime components of the endolymph, are
probably the result of endolymph fluid trapping during increment deposition rather than their
playing a functional role. It is possible, however, thpbAlmay be involved innitiating
increment formatio through binding a product of polyketide synthase, an enzyme recently
implicated inproper otolith biomineralizati¢®3]. Similarly, it cannot be ruled out that
Transferrin,andron transporter, plays a role in otolith gro{&#.

Discussion

Supply of inorganic materials

The necessary.organic and inorganic materials for otolith growth are secreted from saccular
epithelial cellsinto the endolymph. For aragonite growth to occur, a sufficienhgyaadient
must be present along with bicarbonate and calcium[&nK is likely that at the epithelial cell
plasma membranéjcarbonateonsare being supplietb the endolymph byB3AEwhereas
calcium istransported by a combination BMCAandNa'/Ca?*-exchanger 2. B3AE a
transmembrane protein that has been previously observed to regulate calcificatdney duct
cells[55].Carbonic anhydras€CA) has been implicated in otolith growth, its expression
following a.digrnal pattern [56]t is likely thatCA 1acts to produckicarbonate ions from
carbon dioxide In the epithelial cells, which is then supplied to the endolymph. At thegrow
edge of the otolithCA 6is likely to be cooperating with-ATPasan theplasma membrane of
epithelial cells,to maintain pH while alsaaintaining the observed constant supersaturation of
bicarbonate.in.the endolymiph7]. These two proteins have been suggested to provide the same
function daring enamehaturationin teeth[57]. In Fig. § wepresent our hypothesis for the

supply of inorganic components to the endolymph, expanding on previous nf&jdels

The importance of phosphorylation in nucleation and polymorph control

The nucleus.(or primordium) of the otolith can be described as a dense organic conedeatr
by a rigid'ealcified layer. The very early expression patteri@troin the inner eafl8] suggests
it is involved in initial otolith seedingstm, Stm;IOMM-64,and the functionally similar human
Dentin sialophosphoproteifpSPB are intrinsically disordered proteins (IDPs), having low

sequence homology but comparable functional roles in biomineral grow8tnfssxdOMM-64
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regulate crystal polymorph selection in the otoliths of zebralsimip rerio) and rainbow trout
(Oncorhynchus mykissespectively, it is likely that oBtmhomolog performs the same

function in black bream. Sdéllner [18] demonstrated in the seminal knockout stu&ies, thfat a

lack of this protein invariably seilted in calcite and malformed “statnaped” otoliths. From this

it was inferred,thaStmboth coordinates calcium ions for proper precipitation as aragonite as
well as restricts the plane of crystal growth. Similarlyiravitro study ofOMM-64 andOtolin-1
suggested‘a‘cooperative role where absence of the former led to calcite being formed, whereas
absence of the'latter resulted in vatef®i@]. Considering that calcite is the naturally occurring
inorganic form of calcium carbonate, the fact that the protein scaffold faslttagegrecipitation

of aragonite, which is normally only stable at much higher temperatures, is ofipiémest.

Woijtas et al[59]) showed that the ability @tmto act as a crystal nucleation factor is directly
related to its degree of phosphorylation. In that study, the authors phosphoggtateditro
through action witlfCasein Kinase I{CK Il) and examined its effectiveness as a crystal
nucleator and=regulator. The authors suggest that the increased negative charge due
phosphorylation allows greater binding of calcium, and later allows for inhibitiooartbl of
crystallization following nucleatiorA similar regulatiorof nucleation and mineral growth
through phesphorylation has been showarmelogeninn ename[60, 61].It has also been
shown that, with IDPs, an increased degree of calcium binding leads to greatertmongidbe

protein, allowing for closer packing and thereby regulating the extent of crystahge5, 59].

In inorganiesehemical analyses of otolith cores, the primordium has been found tachedemr
both manganesnd phosphoru62]. Until now, no suitable explanation has been given for this
observation. In a previous study, we identified the presence of phosphorus exclusively in the
high molecular.weight fractions of endolymj@8]. The kinas¢~AM20Chas two manganese (ll)
ion cofactors.and has been found to regulate biomineralization pathways through
phosphorylation of the small integrimnding ligand, Nlinked glycoprotein (SIBLING) family,
which are found in the extracellular matrices of dentih leone [41]. Thertholog ofStm

DSPR is a member of this familfkAM20Cacts by targeting a Serine-gfutamic
acid/phosphoserine {&E/pS) motif[41].
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We suggest, considerittAM20C’spresence in our dafas well as the absence of other suitable
kinases such asK IlI), coupled with the evidence of manganese and phosphorus enrichment at
the otolith core, that it is acting to phosphorylate the black b&arhomolog during the crucial
early period of nucleation. Only with effective and complete phosphorylatiSimafanthe

proper polymerph, aragonite, be selected during seeding, thereby setting the teonplatstal
growth.Furthermore, Reimer et 464] observed an increased prevalence of vaterite among
otoliths'fromfarmed salmoand hypothesized that this was due to a shift irfOtodin-1/OMM-

64 ratio and"Gauldi¢65] detected increased levels of phosphorus in aragonite otoliths when
compared with vaterite otoliths. Wheypothesiséhat it is not the ratio of these proteins that is of
importance: taspolymorph selection, but rather the degree of phosphorylatiorSbiihemolog

that is presentsboth during nucleation as well as later, during increment deposition.

These hypotheses (i.e. the rolesSsthandFAM20Cin nucleation and polymorph selection) can
be tested iIn two ways. Firstly, one can investigate the levels of expressioseopthteins in
embryonicsfishy Secondly, to further understand their roles in polymorph selection, one could
compare the proteins and associated degrees of phosphorylation besvessci(vaterite) and

sagittae(aragonite) otoliths

Diel entrainment of increment deposition

Increment deposition is well characterized as occurring diurnally, with theorganic and
mineral compoenents of an increment being deposited during the crepuscular periods of the
night:day cyele. As the endolymph is constantly supersaturated with respegdoita,al akagi
et al. speculated that the timing of increment deposition is purely a functiogaoiio molecules
[47]. The main structural proteins in the organic matrix@i&in-1, which has sequence
homology,toCollagen Xas well as a @erminus C1q domain, ar@MP-1, which contains a
transferrinlike domain [17, 66].0tolin has been found to interact wi@toconin 90n the
formation of:otoconia in mamma]&7]. In fish it may act as a general interaction hub for otolith
organic matrix proteins (such @MP-1) through trimerization of its C1q domdiB8].
Consequently, we suggest that it specifically asta atabilizing molecule for the organic
scaffold[69], providing a link between the various collagens and abur@lelif1 molecules in
the matrix. This hypothesis is consistent with previous studies demonstratingatdreffe
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knockdown ofOMP-1 or Otolin-1 on nucleation [69], and that the timing of expression of both

proteins coincided with increment deposition [46, 70].

Considering this underpinning role fotolin-1, any circadian regulation of the organic matrix
must occur.through interaction with this crucial molecule. We foundMMP 2andTIMP 2,
proteins whose expression likely follows a circadian pattern as knockout studieglotthe

gene PER2"has resulted in a shift in their lej€l$. MMP 2 catalyzes the cleavage of several
types of collagen, including type X. Considering thiiP 2is also able to cleave those collagen
types occurring in the macular epithelium, organic matrix, otolith membrane andikinoei
suggest that regulation MMP 2 activity — specifically cleavage ddtolin-1 —is essential for the
cyclical growth’pattern of the organic matrix. @solin-1 is likely to be an interaction hub for

the otolith matrix proteins, any cessation of organic growth can be achieved through its

proteolysis.

Mineralizationslikely occurs at dawn, withtolin-1 expression occurring throughout the night
[56, 72-74]:0uradult fish were caught in the late afternoon. This is reflected in the relatively
high abundance d@dtolin-1 in our endolymph samples (Fig. #ye theorize that at dawn,
organic_matrix growth is halted through a proteolytic cascade. SpecifitedInactive protease
Plasminogens coordinated and targeted@bolin-1 by Sparc Sparcis multi-functional, being
able to bind to calcium as well as collagens, and is therefore likely to have roles in both
chaperoning'eellagen to the organic matrix and gidnmneral precipitatiof22]. Sparchas been
additionallysshown to be able to enhance the activiflaémin(the active form of
Plasminogen[22]. Plasminogens converted to its active form, the proteBsasmin,by either
Tissuetype plasminogen activat@tPA) or Urokinase plasminogen activator (URA)deed,
examination.of our deepequenced proteomic data indicates the preseriBdah the otolith,
suggesting,that its expression may also be circadian in nature, with its alveentieef
endolymphdikely because we collected fish in the late afterrf@lasminthen activate®MP 2
[48], which'eleave®tolin-1, halting growth of the organic matrix and allowing aragonite
mineralization to begin. At dusk, we suggest that this proteolytic casciauthbised by TIMP 2
andNeuroserpinallowing growth of the organic matrix to recommen@&MP 2 inhibits any
activeMMP 2in the endolymph, where&&uroserpirhalts any further activation &MP 2.
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Neuroserpins well established as a regulator of padytic cascades through its inhibition of
tPA anduPA A flowchart of our proposed mechanism for circadian control of organic matrix
growth is presented in Fig. 7. Whilst our proposed mechanism is hypothetical, we thedigve
can be effectively testetirough an immunohistochemistry study focused on the timing of
expression.oefithese protei(@d their interactiong)ver a 24 h perigdn combination with
genetic manipulation, in a model organism sucb.a®rio. This would be especially valuable as

very little is'Tknown about the daily timing of otolith proteins other t®&olin-1 andOMP-1.

Otoliths are like bones but inert

We found thespresence of many other proteins involved in the biomineralization of bone,
cartilageorteeth in other vertebrat@sig. 8) [11, 12, 49, 50]This suggestshat the
macromolecules involved in biomineralization are highly conserved - a given pratgicamy

out the same function in separate systems, regardless of whether the mineral is hydroxyapatite
(bone, cartilage or teeth) or calcium carbonate (otolith). Interestinglie wkifound an
abundancerofesteoblaatsociategroteins(e.g.E3 ligase itchylike, Collagen triple helix
repeatcontaining protein 152, 75, 76]), we found no typical markers of osteoclast activity such
asCarbonie,anhydrase,Zathepsin K, Calcitonin receptor, Cell surface aminopeptidase
N/CD13,erintegrin 3 [77]. Cathepsin Kparticularly, is abundantly expressed by osteoclasts
[78]. In contrast to this,\a@dence of osteobladike activity has been observed in previous studies
of fish otoliths, notably wittfOsterix(a protein that differentiates osteoblasts) being identified in
the piscinesinner ear [79h a twoway biomineralizing system, which involves the alternating
processes of.growth and remodeling, the lack of one of these protein types would be unusual.
The lack of osteoclastic pathways supports the-loeld assumption that otolith formation is
unidirectional and doesn’t undergo remodeling. This provides further suppbg assumption

thatotoliths. are.‘permanent’ archives of fish life histories.
Conclusion

In conclusionwe identified over 380 proteins in the otoliths of adult black bream. As the
majority of these are unlikely to be directly involved in biomineralization, it sug¢jest a
diversity of proteins present in the endolymph are being trappéeeé iotolith during increment

formation. This raises the intriguing possibility that the otolith is not onlyiang elemental
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markers of environmental history, but also protein markers of development and phyalologic
change over an individual’s lifetime. Depending on the lability and spatial resold@tioese
biomarkers, this has the potential to reconstruct the life historiehetfte an unprecedented

level, opening up new and exciting avenues of research in ecology and fisheries science.

Materialsiand Methods

Animals

JuvenileAcanthopagrus butchewere caughtia seine neeither o the Werribee River,

Australia (37°57'45.6"S, 144°40'02.9"@DNA library creatiohin May 2016 oiin the

Gippsland Lakes (37°51'28.3572"S, 147°44'39.0984"E,qeefpirary creabn) in July 2017.
Juveniles'were/measured {&cm fork length) and then euthanised. Following this, they were
immediately placed on dry ice until their return to the University of Melbourne, aretist -80
°C. Adult A™butcheriwere caghtvia gill net on the Werribee River, Australia over a range of
dates; August 2015, March 2016, February and June 2017. Adult fish were measured (30-38 cm
fork length), euthanised and decapitated at the first cervical vertebiavirgl decapitation,
otoliths, endalymph and brain tiss(vehich also included saccular tisswere removed and
individually'stored on dry ice in labelled microcentrifuge tubes. Our method fdulcammoval

of otoliths and*endolymph has been described previ¢é3lyUpon return from the field, all
samples were stored-&®0 °C at the University of Melbourne. Fish were collected under Arthur
Rylah Institute Animal Ethics Committee approval 14/12 and the State of Victoria, Australia
Department.of Environment and Primary Industries’ Fisheries research#irh85 and

#1204.

Chemicals and'standards

All standards, samples and buffers were prepared usingpuiteaMilli-Q H,O (18.2MQ; Merck
Millipore, Australia). Unless otherwise indicated, all chemicals were purcliesedsigma

Aldrich, CastlesHill, Australia and were of the highest available purity.

Transcriptome sequencing, assembly and annotation

Two juveniles were selected for transcriptome assembly. They were thawed and decapitated at

the first cervical vertebraheir heads were homogenisedRNALatef™ and refrozen for
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subsequent RNA extraction. A sample of atiskue(consisting of the brain, as well as saccular
tissue)was similarly homogenised RNALatef™. Total RNA was extracted and purified from
each samle using a QIAGEN RNeasy® Plus Mini Kit, following the supplied protocol. All
samples were mRNAurified, converted to cDNA and prepared for sequencing as per the Low
Sample protecol, lllumina® TruSeq® RNA Sample Preparation v2 Guide. cDNA libveeies
sequenced.onan Illlumina® NextSeq 500® at the Walter and Eliza Hall Institute of Medical
Research(WEHI). cDNA sequences were then assembled using Trinity (v2.2.0). FastQC
(v0.11.5) wasinitially employed to generate quality control summaries for theRARTRQ

files. The results from this suggested that there was a small amount of adapter contamination at
the beginningrof the reads. Consequently, three similar assembly pipelines wéiteerfirst

used the default Trinity pipeline whereas the second and third trimmed the inputyeads
removing the first 5 bases and running Trimmomatic (v 0.36) respectively. Thiatelym

produced three cDNA FASTA filestwo for juvenile heads, and one for adult brain.

The three €DNA FASTA files were then annotated by using BLASTX (v2.6.0+) to compute
alignments'between the query cDNA contigs and the complete RefSeq protein database

(retrievedron May 28 2011tp://ftp.ncbi.nim.nih.gov/refseg/relea¥&vith a threshold Expect

value (E-valte) of 1E-6, on a supercompuk39-PRO server, Xeon Ejrocessors, 32GB
RAM, Plant Genome and Molecular Evolution Lab, Department of Life Science, Tunghai
University,Taiwan). Theoutput was parsed to a tabular format and the matches per query
sequence were, sorted hierarchically based on Bitsceralue, and Percentage ldentity. The
best matches:for each query were extracted, compiled to a table, and impor@penRefine
(v2.7).

Tissue preparation for peptitlbrary creation

Otoliths from wild caught juveniles (n=10, 6-28 mg) and adults (n=6, 74-120 mg) were eissolv
in an excessof 20% w/v trichloroacetic acid (TCA, Chem-Supply, Australia) farCh at this
concentratiorhas been demonstrated todmimal for otolith protein extraction, as it both
dissolves the mineral phase as well as precipitates the entirety of the phateawvhile

minimizing protein denaturatigd]. The dissolved otoliths were then centrifuged for 30 min at
16000 x g (Eppendorf 5415 D), after which the supernatant was discarded, and the remaining
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pellets washed with 100 pL of -20 °C acetone and recentrifuged for 5 min at 16000 x g. The
pellets were aidried before being resuspended in 1mL of 90% v/v trifluoroacetic acid (TFA) in
the presence of 50 mg of cyanogen bromide (CNBr). These were then incubated, ik, tae dar
ambient conditions for 48 h. Finally, the suspensions were frozen at -80 °C and lyophilized
(Christ Alpha.14 LD Plus).Protein content of each otolith was determined through the Bradford
Assayindicating that 0.40.5% wi/w protein wasxracted from each otolith.

Endolymph'samples from wild caught adults (n=4) and the lyophilized otolith materal w
suspended in 100 pL of 8 M Urea 100 mM ammonium bicarbonate (ABC). The protein content
of each sample, was determined through the Brddissay. Tris(Zarboxyethyl)phosphine

(TCEP, ThermoFisher, Australia) was added to a final concentration of 10 mM andéacaba
60°C for 10 min. After this, the solution was alkylated through the addition of lodoadetam
(IAA) to 40 mM and incubated at 37°C in the dark for 1 h. Each sample then underwent an
eightfold dilution with 50 mM ABC/1 mM calcium chloride Finally, trypsin (Signis4Z6

bovine trypsin)iwas added at a weight ratio of 1:50 and the entire mixture allowed tderetuba
37°C, in the dark, for 12 h. Following trypsin digestion, the samples were acidified in €0% v/
TFA and'underwent C18 cleap on a Waters Positive Press@@&Processor, employing 99.9%
ACN/0.1%TFA as the initial medium, 0.1% TFA for equilibration and washing, and eluting in
70% v/v ACN/0.1% Formic acid (FA). The cleaned material was vacuum dried (Savant SC100
SpeedVac) and then resuspended in 100 pL of 5% ACN/0.2% ammonium hydroxideHNH

Samples were‘pooled to create both an otolith and an endolymph sample that each contained 200
pg of peptides. These pooled samples were fractionated, following the method of &ilar e

[40], through high pH reverse phase high performance liquid chromatography (RP-HPLC) on an
Agilent Technologies 1200 Series Infinity Il fitted with a Waters Acquity UBEEH 300 A

column. The buffers employed were 0.2% JXHH and 90% ACN/0.2% NHOH. Fractions were
collected every 0.7 min, resulting in 32 fractions collected from each staréitegial. These

were concatenated to 16 samples by adding fractions that were 16 fractions.gp&rattion 1

+ Fraction 17, Fractiol + 18 etc.). The starting material was retained. Finally, the 34

subsequent samples (16 concatenated otolith, 16 concatenated endolymph, and corresponding
starting materials) were vacuum dried and resuspended in 50 pL of a 2% ACN/0.05% TFA
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buffer. Each othe 34 samples was individually separated and sequenced on a Thermo Scientific
Orbitrap Fusion Lumos Tribrid Mass Spectrometer-US/MS) at the Mass Spectrometry and

Proteomics Facility at the Bio21 Institute, the University of Melbourne, Australia.

Custompeptidelibrary creation

The resulting raw mass spectra from the fractionated endolymph and otolith material were run
through"MaxQuant (v1.5.8.3) to provide peptide feature intensities. Following this, the
Andromeda'Peak Lists (APL) were converted to Mascot Generic Format (MGF) using the WEHI
APL to MGF converter, before being searched with Mascot (v2.4.0) on the WEHI Mascot server
(https://sysbiemascot.wehi.edu.au/mascot/home.Ntaganst our annotated cDNA FASTA

files. This search was conducted in six reading frames, and generated pPpiilenatches,
while retaining accession information from Trinity. We employed the followirggstiolds for
all searches: a Mascot score of 13 or Argdnd E-value of 0.01 or lower. These transcript-
matched peptides were then combined, in a database, with all currently 8pavithaeproteins

(retrieved orJanuary 3 201 http://www.uniprot.org. In addition to thisto capture any missing

peptide sequences, we also included all top scoring proteins from the resultsafishaptome
BLASTX"alignments with RefSeq. As a preliminary evaluation of our transcripts revealed the
absence.of'the cDNA entry correspondin@tdP-1, we included the full sequence of this from
giant yellow croaker,L@rimichthys crocep We did this because, whi@VIP-1 mRNA
expression,is constant in rainbow trout [46,,4{7s possible that it was either not present at the
time of death"or was otherwise not captured by our mRNA extraction. Finally, wadlsbeid
common contaminant sequences (Bygpsin, keratin, alph&-casein, serum albumand

others). Our custom peptide library is availabl®atabase S1

Quantitative.assessment

In order to.compare the presence of proteins in endolymph and otoliths extracted froduaidivi
fish, we undertook mbelfree quantitative proteomicpproachlindividual otoliths from wild

caught adult bream (n=3, 37-59 mg) were manually abraded on all sides with sandpaper (3M
Wetordry 1000 grit) to physically remove any adhering membranous tissue or endolymph, and
then individually dissolved in excess 20% w/v TCA. Endolymph samples (n=8&) p4d) were
thawed to room temperature and similarly dissolved. Both tissue types were tiieropgi the
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CNBr/trypsin digest and C18 cleap protocols as described above for otoliths. Following
clearup, each sample (representing either endolymph or an otolith from an individualdsh) w
resuspended in 2% ACN/0.05% TFA to give an estimated protein concentration of 0.35 mg/mL.
Each sample was then individually run on a Thermo ScientifioN@rQ Exactive Plus Hybrid
Quadrupole@rbitrap Mass Spectrometer at the Mass Spectrometry and Proteomics Facility at
the Bio21 Institute, University of Melbourne, Australia.

Mass spectra‘from each otolith (n=3) and endolymph (n=3) sample were simikdylgeahwith
MaxQuant, converted to MGF and searched with Mascot on the WEHI Mascot server against our
custom database (peptides from-RPLC, Sparidaeproteins, topscoring proteins from

BLASTX, L¥'crocea OMPL, contaminants). We employed the same E-vahgMascot score
thresholds as described above. Additionally, we performed decoy se@ehetlizing amino

acid sequences that had been reversed, shuffled, or Markovgemaratedo validate these
thresholdsas per Kéll et al[80]. The outputs from these searches were ranked by feature
intensity, providing an estimate of the most to least abundant peptides (and thenafres) in
each sample.xThe average feature intensity (FI) for each peptide was determined for the three
otolith samples and the three endolymph samples and log 2 (x+1) transformed (Fig. 3, 4). In
addition terthis, to identify potential post-translational modifications such agiptig$ation and
glycosylation, we also performed an error tolerance Mascot seair data. A flowchart of

our library-creation and quantitative analysis methods is presented in Fig. 1. The parameters

employed are"presented in TaBle

Identification of a starmakeike protein

Preliminary Mascot searches revealed peptides for a candidate stalikekeotein, and its full
primary sequence was inferred from its cDNA entry. This sequence was analysed using the

protein parameter tool at ExPASyips://web.expasy.org/protpargrd provice molecular

weight, theeretical isoelectric point, percentage amino acid composition, instability index,
aliphatic index.and grand average of hydropathy (GRAVY). In addition to the candidate
starmaketlike protein, parameters were also extracted from the primary sequer@esinfl
(or its homolog) OMP-1, Transferrin NeuroserpinStarmaker/OMM-64/Dentin

sialophosphoproteiDSPPB, andSparcfor black bream as well as the following speci2anio
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rerio, Lates calcariferLarimichthys crocegOryzias latpes Oncorhynchus mykiss

Oreochromis niloticusSalmo salarSeriola lalandj Stegastes partitus, Takifugu rubipesd
Homo sapiensThese data were then analysed using Ward’s minimum variance clustering
method, and visualized as a constellation plot, labelling our candidate protein as anrunknow
(Fig. 5 JMP.\,13, SAS Institute Inc).

Data deposition

The mass"spectrometry proteomiesadhave been deposited to the ProteomeXchange
Consortium via'the PRIDE partner repository with the dataset ider®XiBxX011021 and
10.6019/PXD011021. Transcript data have been deposite@BI BioSample Database with
the accession numbe®d M N10272979, SAM N10272980, SAM N10272981.
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Peptides, starting Peptides, RP-HPLC Total

material fractions
Otoliths 459 3216 3261
Endolymph 2743 21080 21355

Table 1.

Comparison of unique peptides occurring in starting material verst$FRE fractions for pooled

otolith and endolymph samples froheanthopagrus butcherhll peptides are Mascot Scoré3 and E-
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value< 0.01. Mass spectra were produced on a Thermo Scienfic Orbitrap Fusion Lumos Tribrid Mass

Spectrometer.

FASTA file No. of cDNA No. of successful No. of best scoring
contigs alignments alignments

Adult Brain 92273 17963561 42033

Juvenile Head 1 70334 14465474 33553

Juvenile Head 2 44402 6997060 17258

Table 2.

Results of BLASTX v2.60+ alignment éfcanthopagrus butchecDNA FASTA with RefSeq proteins.

RefSeq proteins:weretrieved on May 28 201 #tp://ftp.ncbi.nim.nih.gov/refseg/releasehd obtalled

84,756,971, An Bvalue of 1E6 was employed as a threshold. All search results were sorted

hierarchically"based on BitscoreMalue and Percentage Identity.

Parameter RP-HPLC, Endolymph  RP-HPLC, Quantitative, Quantitative,
otolith Endolymph Otolith

Missed cleavages.. 2 2 2 2

Fixed CAM CAM CAM CAM

modifications

Variable

modifications

Precursorsmass

tolerance

Fragment ion

tolerance
Database used

Mascot score
threshold

MetOx, N-acetyl, N
pyroGlu

20 ppm

0.3 Da

cDNA

13

MetOx, N-acetyl,
N-pyroGlu, Hse,
Hsl

20 ppm

0.3 Da

cDNA

13

MetOx, N-acetyl, N
pyroGlu, Hse, Hsl

20 ppm

20 mmu

Custom

13
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MetOx, N-acetyl,
N-pyroGlu, Hse,
Hsl

20 ppm

20 mmu

Custom

13


ftp://ftp.ncbi.nlm.nih.gov/refseq/release/�

E-value threshold 0.01 0.01 0.01 0.01

Table 3.

Parameters employed for Mascot searches of proteomic data. Relvasseshigh pH liquid
chromatography. fractionated samples {{RIPLC) were run on a Thermo Scientific Orbitrap Fusion
Lumos Tribrid Mass Spectrometé&uantitative samples were run on a Thei®oientific NanoLCQ
ExactivesPlus:Hybrid Quadrupef@rbitrap Mass Spectrometer. Abbreviations are as follows: GNBr
cyanogen bremide; CAM carbamidomethyl; MetOx methionine oxidation; Micetyl— N-terminus
protein acetylation; NbyroGlu— N-terminus pyroglutamic acid; HseHomoserine; Hs+ Homoserine

lactone.

Figurel.
Schematic/of workflow for creation of a custom spesigscific proteomics sequence databh@sgabase
S)).

Figure 2

Comparison of protein distributions, based on unique peptides, occurring in otolith and endolymph
samples from adulcanthopagrus butche(n=3). All samples underwent identical CNBr/Trypsin
digestion pretecols and were sequenced on a Thermo Scientifal ReQ Exactive Plus Hybrid
QuadrupoleOrbitrap Mass Spectrometer. All peptides are Mascot Sddrand E-value<0.01. Venn

diagram created withttp://bicinfogp.cnb.csic.es/tools/venny/

Figure 3.

All proteins, based on proteotypical peptides, found in the otoliths of adult black keanthopagrus
butcheri n=3). Previously identified inner ear proteins are highlighted in red andeldbigiéights of bars
are indicative of protein abundance in the otolith, based on logarithm+1 transformegkéeature
intensity. All data were collected on a Thermo Scientific Nar@LEXxactive Plus Hybrid Quadrupele
Orbitrap Mass Spectrometéieatureintensities were calculated using MaxQuant v1.5Bh@full list of

peptideswith associatefleatureintensities is available as Database S2
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Figure4.

Heat map of selected proteins occurring in the inner ear of black bAeamtilopagrus butcheri

Relative protein abundances are represented as the logarithm fatiuoéintensities (FI) of peptides in
otolith relativestorendolymph (n=3). All data were collected on a Thermo SéWinoLGQ Exactive
Plus Hybrid Quadrupot©rbitrap Mass Spectrometer. Featiumensities were calculated using
MaxQuantw1:5:8:3roteins presented have either been previously identified in the fish inner ear or
known to be involved in biomineralizationhe full list of peptideswith associatedieatureintensites is

available as Database .S2

Figureb.

Constellation plot illustrating the clustering of inner ear proteins from a rangghcfdecies;
Acanthopagrus butcheri, Danio rerio, Lates calcarjifearimichthys crocegOryzias latipes
Oncorhynchus mykis®reochromis niloticusSalmo salarSeriola lalandj Stegastes partitus, Takifugu
rubipes as well asdomo sapiensThe putativeStarmakeihomolog fromA. butcheri(*“Unknown”)
clusters closely.witlOtolith Matrix Macromoleculé4 (OMM-64), theStarmakerfunctional homolog in
O. mykissThe distribution oDentin sialophosphoproteifPSPB, Starmakerand their homologs is as
expected forintrinsically Disordered Proteins. In contrastnsferrin NeuroserpinOtolin-1 (Otolin),
Otolith Matrix Proteirl (OMP-1), andOsteonectifSPARG show high levels of conservation among
species. Thefollowing data were analysed, for each protein, using the protein pataoiett EXPASyY

(https://web.expasy.org/protpargmholecular weight, theoretical isoelectric point, percentage amino

acid compaosition; instability index, aliphatic index and grand average of hydropathy/({JREhe plot
was constructed;iin JMP v 13 (SAS Institute Inc.) using Ward’s minimum varigareedhical clustering
method on standardised data. In this approach, the distance between two clusters géreseat
length of the line in the plot) is the ANOVA sum of squares between clusters summed oadahlés.
Clustering at each subsequent level of the hierarchy is achieved by merging clustene fpoevious

level, which minimizes the withigluster sum of squares relative to all possible clusters.

Figure®6.

Schematic of hypothetical ion transport mechanisntise inner ear of black baen (Acanthopagrus
butcher). The sagittal otolith pictured is in the sacculum, a ffilldd sac in the inner ear. The sacul
arelocated in the cranium behind the brain and approximately level, vertically, with the dpete

epithelial cell,Carboric anhydrase ICA 1) converts carbon dioxide to bicarbonate ions and protons. The
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bicarbonate ions are transferred across the cell membraBanioly3 anion exchange prot§B3AB),
which exchanges them for chloride ions in the endolyr@athmodulin(CaM) transfers intracellular
calcium toNa'/Ca’*-exchanger ZndPlasma membrane EaATPasgPMCA). Na'/Ca*-exchanger 2
andPMCAtransfer calcium into the endolymph. At the growing surface of the otolith, bicarbonate i
precipitate with calcium as aragonite needles. The carbon dioxide created-podumt of this reaction
is converted to protons and bicarbonatsituby Carbonic anhydrase @CA 6. The protons are pumped
out of the endolymph by-type proton ATPas@/-ATPas¢. The combined action &f-ATPaseandCA 6
maintain the necessary pH for aragonite formation while at the same time ensurthg #ratolymph is
supersaturated,with bicarbonate ions. Sodium/potassium ATRa9&{ ATPas¢ generates the

electrochemical potential necessary for all active transport processes.

Figure7.

Proposed regulation of diehtrained organic matrix depositidhis believed that the organic phase is
deposited at dusk and that mineralization occurs at {diyriy274]. At dusk, Otolirl is expressed,
forming interaction hubs with othestructural protein§s8]. The organic matrix continues to be deposited
until dawn, where the action of Matrix metalloproteinase 2 (MMP 2) cleaves Qtblitns, halting

organic deposition, and allowing mineral precipitation to commence. The astightMMP 2 is through

a proteolytic.cascade. At dusk, this cascade is inhibited from activating furthBravby Neuroserpin.
Any still active®™™MMP 2 are inhibited by the action of Tissue Inhibitor of Metatitginase 2 (TIMP 2).
MMP2 and. EIMP; 2 levels have been shown to be affected by the clock gene[PER2

Figure8.

Proteins common tbone andther biomineralizatiosystems found in the inner ear of adiéick bream
(Acanthopagrus butchem=3)[11, 12, 49, 5Q]In addition to structural collagens and proteoglycares,
also found/proteins that are associated with osteoblast function or otherwise actratesufost

extracellular matrix formatiofb2, 75, 76, 81]
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