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Abstract

Background/objectives: Elastin is a highly hydrophobic extracellular matrix protein responsible for

the extensibility and elastic recoil of various organs. The Windkessel effect in blood vessels dampens
pressure variations during the cardiac cycle to provide continuous perfusion of tissues. Duplication
of the elastin gene in teleost fish led to the neofunctionalization of the EInB paralog, which confers
the uniquely low stiffness of the bulbus arteriosus to protect the fragile gill capillaries from large
pressure variations. Methods: We have examined the diversity of elastins in all major fish clades by
searching for eln genes in the sequenced genomes. Results: Tetraploid salmonids have two elna genes
but a single elnb, except for the tandem duplicated elnb genes in sockeye salmon and lake whitefish,
while the tetraploid common carp possesses four elna and elnb genes on separate chromosomes.
Rainbow trout showed strong elastin staining in the larval bulbus and ventral aorta, and elnb was
highly expressed in the bulbus of juvenile and adult fish. Teleost EInB differs from the EInA paralog
by containing considerably longer hydrophobic domains. The single elastin in cartilaginous and lobe-
finned fish showed high overall hydrophobicity, and no relationship was found between the
hydrophobicity levels of fish elastin and the ventral aortic blood pressure. Conclusion: The
differential gene expression of teleost elna and elnb during cardiac development probably evolved
together with the divergence in the genetic structure that resulted in larger hydrophobic domains of
the EInB paralog and decreases stiffness of bulbus arteriosus.

Keywords: elastin; extracellular matrix protein; hydrophobicity; subfunctionalization; bulbus
arteriosus; Windkessel effect

1. Introduction

Elastin is an essential extracellular matrix protein in all jawed vertebrates by providing
extensibility and elastic recoil in various organs like blood vessels, skin, lungs and ligaments. The
elastin fibers consist of a microfibrillar mantle surrounding the insoluble elastin core, which is formed
by self-assembly of the soluble tropoelastin monomers (onwards named elastin) followed by covalent
crosslinking of the elastin aggregates [1,2]. The extreme hydrophobicity together with the multiple
crosslinks are pivotal for the insolubility, proteolytic resistance, and exceptional stability and
longevity of elastin with a half-time of about 70 years in man [2,3]. The elastin protein consists of
alternating hydrophobic and hydrophilic domains, which usually correspond to the individual exons
in the genetic sequence [4]. The hydrophobic domains interact in the self-assembly, or coacervation,
process and are particularly rich in non-polar amino acids typically occurring in repeated motifs [5—
8]. The hydrophilic cross-linking domains are subdivided into KA and KP types, which consist of
alanine and proline residues, respectively, between pairs of lysine and form highly stable crosslinks
by the action of lysyl oxidases [4,9,10]. The KA and KP types can be covalently crosslinked with each
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other, and substitution of KP for KA crosslinks had little effect on the tensile mechanical properties
of elastin-like proteins[10,11]. The conserved C-terminal end contains a tetrabasic motif and a cysteine
pair of importance for the interactions with other matrix components [12-14].

The elasticity of blood vessels is crucial for smoothing the pulsatile blood flow generated by the
heart to provide continuous perfusion of peripheral tissues [15]. The large amounts of elastin fibres
in the aortic wall create the arterial elasticity below and at physiological pressure, while the collagen
fibres provide arterial stiffness to withstand the force of high blood flow [16]. The expanding energy
from the blood pressure is temporarily stored in the elastic arteries when the walls are stretched
during the systolic phase and is returned to the blood flow when the elastin recoils during diastole
[17]. This “Windkessel” effect also occurs in the elastic bulbus arteriosus of the teleost heart acting as
an damping chamber to provide a more even flow through the gill lamellae for efficient gas exchange
and for protecting the delicate gill capillaries [18-22]. The bulbus likely emerged in teleosts after the
whole genome duplication about 300 million years ago, and the subsequent divergence of the
duplicated eln genes resulted in the neofunctionalization of EInB [23,24]. This paralog is
predominantly expressed in the bulbus and plays a key role in the development of the bulbus by
promoting the differentiation of cardiac precursor cells into smooth muscle [24]. EInB was recently
shown to confer the uniquely low stiffness of the bulbus in zebrafish, thus contrasting with the high
stiffness of the ventricle [25]. Accordingly, the long hydrophobic domains in zebrafish EInB were
predicted to have implications for the decreased elastic modulus assuming a rubber model for the
elasticity of elastin [4,23].

The mechanism underlying the reversible elasticity of elastin has been controversial for decades
and was recently concluded to be primarily driven by the hydrophobic effect that was suggested to
accounts for elastin’s low stiffness and high resilience [26]. An evolutionary trend towards increased
overall hydrophobicity in vertebrate arterial elastin was suggested to be an adaptive advantage in
homeothermic vertebrates related to the higher blood pressure in the more advanced circulatory
systems [27-29], or by lowering the coacervation temperature to facilitate elastin formation in
mammals, birds and alligators [30]. The structural and functional properties of elastin should be
investigated in a broad range of vertebrates to better understand the evolution of this unique protein
and the relationship with different physiological adaptations and functional requirements among
species. Many fish species are living in extreme environments, such as Antarctic icefish permanently
inhabiting ice-cold water and are apparently lacking bulbar elastin [21]. Deep-sea snailfish has
developed unique adaptations to withstand the extreme hydrostatic pressure at depths below 8000
meters in the Mariana trench [31,32]. The Greenland shark has the longest lifespan in any known
vertebrate of several hundred years that may be reflected in elastin stability and longevity. Here, we
examine the diversity of elastins in a variety of primitive and advanced fish species spanning about
450 million years of evolution. Elastin gene duplications and subsequent divergence of the paralogs
were investigated in tetraploid cyprinids and salmonids, including rainbow trout exhibiting three
elastin genes with differential cardiac expression.

2. Materials and Methods

2.1. Identification and Characterization of Fish Elastins

We searched for eln genes in sequenced fish genomes available at NCBI's Genome Resources
(https://www.ncbinlm.nih.gov/home/genomes) using the Blast tool
(https://blast.ncbi.nlm.nih.gov/Blast.cgi). The adjacent limk1 and septin4 genes were used to confirm
the identify of uncharacterized or misnamed eln genes. A phylogenetic tree of the elastins in
tetraploid salmonid and cyprinid species was made by alignment of the amino acid sequence data
using the ClustalW algorithm implemented in the software package MEGA (version 12) [33]. MEGA
was also used to perform a Neighbor-joining (NJ) phylogenetic analysis with a Poisson model
substitution matrix and uniform rates among sites. Bootstrapping with 500 pseudoreplicates was
used to assess tree robustness.
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Kyte-Doolitte hydrophobicity [34]
(https://www.peptide2.com/N_peptide_hydrophobicity_hydrophilicity.php) was calculated for
the full length Eln isoform coded by the complete transcript. Repeated hydrophobic motives and
crosslinking domains were identified by manually searching the sequences. Graphpad Prism 10.4.1
was used to visualize hydrophobicity (%), and to compare elastin hydrophobicity (%) and mean
ventral aortic blood pressure (kPa).

2.2. Fish Hold and Heart Sampling

Rainbow trout eggs and milt were supplied by AquaGen breeding company, and fertilized eggs
were incubated at 10°C at the Aquaculture Research Station at Sunndalsera, Norway, from 22. March
2023. The hatched larvae were transported before start feeding to Svaney Havbruk at Svaney island
on the west coast of Norway. During the freshwater growth phase, the fish were raised at 10°C under
constant light in fiberglass tanks from 16 to 280 m?. The oxygen levels were monitored continuously,
and the fish were fed daily with commercial pellets. Pit-tagged fish were transferred to sea water at
15. Dec. 2023 and were kept in net pens until slaughtering at body weight of about 3500 gr at 12. Dec.
2024.

Twenty fish were sampled for histology and qPCR analysis of cardiac expression of eln genes
during the freshwater phase at body weight of about 1 gr (22. May 2023), 10 gr (18. Aug. 2023), and
100 gr (01. Dec. 2023), and finally at about 700 gr in sea water (13. May 2024). The fish were
anesthetized with MS-222 (tricaine methanesulfonate, 150 mg-L') and killed with a blow to the head.
The heart was removed and was stored in RNA-later until extraction of RNA from the dissected
bulbus and ventricle. Larvae of 1 gr were fixated in 10 % PFA before histology and staining.

The study was conducted in accordance with the European Union Directive 2010/63/EU and the
National Guidelines for Animal Care and Welfare established by the Norwegian Ministry of
Education and Research. The Norwegian Food Safety Authority approved the experiment (FOTS ID
29083). Key personnel involved in the fish trial held FELASA C certification.

2.3. Histology

Formalin-fixed larvae (n = 10) were processed overnight in Tissue Processor (Logos; Milestone).
Paraffin embedded tissues were sectioned (2 pm) using a rotary microtome (Leica) and stained with
Elastin Van Gieson (EVG) staining kit (Atom Scientific Ltd, UK) according to manufacturer's
instructions. The slides were then analyzed using light microscopy and the QuPath (Quantitative
Pathology & Bioimage Analysis) software.

2.4. Molecular Analysis

Total RNA was extracted from heart tissue using Proteinase K digestion followed by Agencourt
RNAadvanced Tissue Kit® (Beckman Coulter Inc., USA) using the Biomek 4000® robotic workstation
according to the manufacturer’s protocol. RNA concentration and purity were assessed using a
Nanodrop 8000 Spectrophotometer (Thermo Fisher Scientific, USA). Complementary DNA (cDNA)
was synthesized from mRNA using the Qiagen QuantiTect Reverse Transcription Kit® (Qiagen,
Valencia, CA, USA) and then diluted 1:10 for qPCR analysis. No enzyme control and no template
control were included as negative controls. The PCR mix consisted of 0.5 uL forward primer (10 uM),
0.5 uL reverse primer (10 uM), 5 uL PowerUp SYBR green (Thermo Fisher Scientific, USA) and 4 uL
diluted cDNA. The qPCR conditions were: 50 °C/2 min, 95 °C/20 sec; 40 cycles of 95°C/1 sec, 60 °C/20
sec. The melting curve conditions were 95°C/1 sec, 60 °C/20 sec, 95°C/1 sec. Specificity of all primers
(Thermo Fisher Scientific, USA) were confirmed by Sanger sequencing (Eurofins genomics) of
amplicons (Table 1). efla and b-act were evaluated as reference genes using RefFinder [35], and the
relative gene expression level was calculated according to the AACt method [36] using efla as
reference gene. Statistical significance was assessed using one-way ANOVA followed by Tukey’s
post hoc test (p < 0.05).
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Table 1. Primers used in the qPCR analysis of rainbow trout eln and reference genes.

Gene Genbank Id Primer sequence (5’-3) Efficiency

elnal XM_036965318.1 F: ttcgatactgctctggcatgt 1.96

R: tggcecctaatctagcacac

elna? XM_021582450.2 F: tgtagcctactecgtgatggt 1.99

R: cggtattgctgggcacaagt

elnb XM_036944404.1 F: caaatcaggttatggctcctect 2.00

R: tgcatggctgtgtatttggct

efla AF498320.1 F: attaacattgtggtcattggccatgtc 2.03

R: atctcagctgcttecttetegaactttt

b-act XM_036973727.1 F: ggaggctccatcttggcttc 2.00

R: gaagtggtagtcggotgtgo

3. Results

We identified up to four different eln genes in the sequenced genomes from 51 jawed fish species
including cartilaginous fishes, basal ray-finned fishes, teleost fishes, and lobe-finned fish (Table S1).
All jawed fish genomes examined contain a syntenic block comprising eln, septin4/septin5 and limk1,
except for the more distant position of common carp elnb2 to the other genes, while no tarpon elnb is
linked to septin5 and limk1 on chromosome 3. Examination of the jawless fish genomes revealed no
eln gene close to the hagfish septin5 (LOC137430108), lamprey septin4 (LOC116957768) and lamprey
limk1 (LOC116958416).

All non-teleost genomes contain a single eln gene, whereas duplicated elna and elnb genes were
found in teleosts, including Northern pike and grass carp, which are close relatives to tetraploid
salmonids and cyprinids, respectively. The salmonids examined have duplicated elnal and elna2
paralogs, but only a single elnb gene, except for the tandem duplicated elnbl and elnb2 genes in
sockeye salmon and lake whitefish (Figure 1). Common carp has four eln genes named elnal, elna2,
elnbl and elnb2 located on separate chromosomes, while only elnal, elna2 and elnb were identified in
goldfish.

All fish eln genes were found to contain multiple hydrophilic and hydrophobic exons, but the
exon length varied considerably among the species and between the paralogs. Probably the most
remarkable genetic structure is found in the lesser devil ray eln gene, which consists of 70 exons
containing multiple copies of 36-nt and 48-nt long exons coding for alternating hydrophilic and
hydrophobic domains, respectively (Figure 2, Figure S1). Similarly, the teleost elna gene comprises
multiple short exons, whereas the elnb paralog consists of considerably larger hydrophobic exons.
For example, yellow tuna EInA of 1096 aa has 52 short exons, and the partial EInB of 1433 aa is coded
by 31 longer exons. The genetic structure also differs between the elna and elnb genes in the tetraploid
salmonids and cyprinids. The three eln genes in rainbow trout have about the same number of exons,
but the 2441-aa long EInB consists of much longer hydrophobic domains compared to EInAl and
EInA2 of 1357 and 1403 aa, respectively (Figure 3).
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Figure 1. Neighbor-joining (NJ) phylogenetic tree of the elastins in tetraploid salmonids and cyprinids based on
amino acid sequences. The tandem duplicated EInB2 in sockeye salmon and lake whitefish were excluded due
to low sequence similarities. Northern pike and grass carp EInA and EInB were included for comparison, and
spotted gar EIn was used as outgroup. Bootstrap values > 90 % have been indicated. NCBI accession numbers

are given in Table S1.

MALWLVOGYLLLSLIRASLOGGVPGAGIQGTIGRLFLPSGLLRGAGVPGOI PGOAYPYKARAPGAGLLGAGVPGASVPGVY
PGARNHGLGVLPGVPTGTGLKARPSAGGQYGYPTGYGSFGVGVPVGY PYLSPKLPGGYGIPYSAAGE AARKAAKY AGAVP
GGVPGAIPGAIPGAVFGGYAARKAAKY AGAVPGGVPGAIQGVPGAVPGGVPGAIPGAVPGDY AAAKAAKY AGAVPGGVEG
ATPGAVPGGYARAKAARY AGRYARARKAARYAGAVPGGIPGATPGAVPGGY ARAKAAKFAGVVPGGIPGATPGAVPGRYAA
AKRARYAGAVPGGIPGAIPGAVPGGYAARKARKFAGAVPGGIPEAT PGAVPGVVPGAVPGAIPGAVPGGY VAAKARKYAG
AVPGGIPGAIPGAVPGVVPGAVPGAIPCAVEPGGY ARAKARKYAGAVPGAVPGAI PGAVPGGYARAKARKY AGAVPGGIPG
AIPGAVPGVVPGAVPGAIPGAVPGGYARRKARKLPGAVORGVSGAVPDGY ARAKARKYGGGIPGVSAGYVPGGLARRAPDG
YARARKAAKYAGAVPGGLPRISAGGFLGAVPGGYARAKAAKY PGAGGAGLAAGAFPGALPGGVPDAYARARKARKYGGILPR
GLLGPGGLIPGAVPAGYGAAKAAKYGGVPGVVPGGVPGVVPGGVPGVVPGCIPGGYARAKARKFAGGVEPGGIPALEITSG
LGGLPGGIPAGAYGARKARKFGAGVPGAVPGLPFRGVPGAVPGGVPGCYAAAKARKEF CGGVPGGVPIGVPGVGLGGVPGG
LARAKAAKFGGGFRGGIPGGVPGGFLGGLADAYRAAKAAKYGAGVAGAVPRDFPGGVVGGYPAAYRAARKARAKYRGALPGG
VPGCGLPAGVSDGLPRGIPGGVPDCAAARKARKFAGVPCATIQGVPGAVPGAGPGVOPGVVPGGLADGKALKYGGAPGAVEG
VOPGVVPGVLEDLPAGYARAKAAKYGDGGLEVOPGAGLGVOPGVEVKPEGGVGVQPCLGLGVTGVRPTGAPLTPQPGEAL
PGVGAKAARKLGFGTRGSAGFLPYYQPGAPCAMGKYCGRRRK

Figure 2. Elastin of the lesser devil ray (XP_062887248.1) with alternating crosslinking domains underlined and
imperfect repeats of hydrophobic motives shown in bold. The multiple copies of the hydrophilic and
hydrophobic exons are given in Figure S1.

Histochemical analysis of 2-months old rainbow trout larvae revealed strong elastin staining in
the bulbus and ventral aorta (Figure 4). Elastin was weakly stained in the bulboventricular valve and
in the pericardium, but was not found in the ventricle. qPCR quantification of the relative expression
levels of the three elnn genes showed that elnb dominated in the larval heart, and the elnb mRNA levels
were up to 15 times higher in the bulbus than in the ventricle of juvenile and adult fish (Figure 5).
The expression of elnal and eln2 genes was lower than elnb, but at significantly higher levels in bulbus
than in ventricle.
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MANEEVLSLLHGEFYLALIQPSLOG/ GWYVEA GZ;G\’SAGGAGPGAGLY?/G" GGIPAGAGYRSAETG /ACGYGGRECVEAGCLYEGGGACSIGALELGEGE/ GAGSKGPR
P/ RGYGEESFYG HFPOTEOPGEET GPGAGKEKAPRGETR/ GVGY2ET YOEGOVRG/ G
FGC.RG\*'LE’U I IQ,"CGYCI-‘\KVGGACGKLPF,'CY(‘ CCCOGACLPGCKGG2CSKPCYRIOT/ GV
AARKLAKY /GVPGGAGGVPGFGSVAGGAGGVPGELSGGAG, CYNPALAKALEY /
VEGAG/ GYNPAAAKARKY [ GLEGGGAGRLPGAGSVAGGAGS G G/

z VSAGCACAG/GVEGC

Y/ GOGRAGEPRGGY GEVPRGEY PRPG, GY
SEAKY GGACVAGRAGAVPGAGYGGVPGAGYGGVEG
AGYGGVEGPGYCGVPGAGYGGYPCACYGEVPGAGYE, GYT PARLKARKY /GLPGGACAGLGACGT GGLCCT GGRCCVRVEGCYNEAVAKYAKY / GYPGCAGAETGACER
EGLPEBELEGYPEACGYNPARAKARK Y / GYEGGVGTGL GAGE GVEGGVGAG/ GYDEARKAAKY /GMPSGAGIGGEGVPAPTATPRPGVGVGGEVGGTATERT
LOPS /WOTCERQP/ CVGVCOAGCHAPEPPCA/ GGY 2YGCGYCQ /AT

GGAGIPLIGAGGGA/GEYPYCYGOGEGYEOG0/ GARYPTGECLGAGAG
JTAPLTRCQ/ AKARKYGLLOGFLGGAGGGGYRE/ GGVAAGTQSKYCE

NPARAKAR

KPR/ GYGNLGRGGAGYSP /GAGVFPGYEGGY POORGYTQOGEGY PLORY E/ GAYG

B
MANEMY LS LLHGLEY LSL IDPSLOG/ GYYVEPAGAGYREGAGGSGPGAGLY B/ GAGE L PAGAGY A BAK'1'G/ AGGY GERGGVGAGGLY PGEEAGE _BAGGLGEGE/ GVEGKG
PXE/GYCNLGACGVCGGCLOCCCYGACPGATCLGTCSMGCCCCYAK PG/ AGYCGCSPYGCSTYCOGCACS I FPGCCLGOKACPXEGYGACAGLOR /CYCACCLQFE,/ CYG

GGLUPEL/ GEPGEAGTGAAY]
GGPMQEGVFHGYPLKTPKTQ
VGGAYPG/GYNPAAR
EY /GLPGEEGRGELE

GTPEGETETETGRGRAPKGGEV R / GVEVPELY OGGOVS
GGRLEF/ GYGEEGGEE GGPGSKEGYPL
GGAGGVPGLGEVAGEAGEYEGEYE EAM
SGVGGVTCAGAG/ GYNPARAKARKY / n\'jqf'F!(;ALﬂ‘ JGAG/ GYGRGARPEYY GV FGEAGTFPGAG/ GYNTATKARKY /GTRGG
nL,AGLCﬁf—GL("CAln GVEGACGG/GYNPARRLKARKY /GVPGCAGAGLEAGGLGGTCGVRPAGEAGAG / CVEGGAGACGVPGCEAGGVPCALGYNPARRKARKY /GVEGE
MAGRGLGAGSLGEGEEVPWAGCYNPALAKAMKY / GVOGEVETGLGAGGLEGAGGEI QGVPG! FPGAGCYNPAMAKAAKY / COGAAGEPEGGYGEVERGGYPREG/ 5Y
CEYGGAAGGRAGAG/ BYNPAAAKARKY / GAGVAGLGAGVAGLEGAGGGPET GRGPGYE/ G IPAGGARAARAKAAKY /GVPGGAGYASRAGGVEGAGY G/ GHNPAR

KLLKY /GV GAGGL PGAGGL PGAGGYNPARAKAAKY / CV2COACACT CAGCACCLFGCCLLECOCCAY ICACCYNEARRRARKY / GV
SGGVGTELEAGEVIEEYGAG/ GYDPAAKAREY / GKPNGVG T GEEGVPAPALT PS PEVGVGEEYGGTATERT DL PVGTGT PTAGKE/ CPTPTGTQRTEAPKPER / SATGL
PG/VGACVLQPS/ACTGRAQR /GVGVCGAGGKAPKPPGA/ COYPYGGYCY/ RCRLEYCLGY / CAGGYPYGEGYS/ TRYGAGACQLEGAK 2 LXER / VWVCGAGCVACGRGTR
LTGAGGGVYGGYPYCYGOGCEYERG0/ GnR‘t FAGVGLETGAGRCGKAPKPP/ GYGHLGAGGRAGYIE / GAGAVENYGEEYEQORGYPQOGGEYEQOAYP/ GAYGACHTARL
LPOQ/ AKAAKYGPLDSFLGGAL VAAGCOSKYCBRRK

/ GFGGRGVLPGVATGNGLNPKSPGGGROGPGGSGRVGY
X PG

Cc
MASGTVALFLYGELLLSLWKPSLOG/ GVY I PAGVGEGAGTGLGAGAGVRAGFGPGGA TGY GAGPGGAGFGPGA YTK
PGKTG/ AGYGGOVVGQGOGGLGTGGLGEGRY GAGGLGA PGGOGAGLGAGGLGGGGLRPGA YGPGGYGPGAGLSLGGAV
AGGLGGGYGLEGGLGAGELGA / GNGEK PR XN / GAGYGGRDPGGQGAGLGVGGFGPGGY GPGGAGAGPGGYGLEVGLGPGCAGPGVFGGGYGPDGT / GRGY VGRS PGEQRG
AGLGA GGA GAGGOGDTLGA GYGGLGAGEL )\ GAGGLEAGOGLEAGOGDGY AGGLY!
QKPPKT / GAGSTLGGDGY PGGT GG TGPGGAGTGPSGTGAYGAGGAGTGPSGAGGVGLGCFG
PGGAAVPAG/ PV POTGVPGEEARRKE CHEANKOVE / GVGVRELYQGGTVESQ/ GREGRGVLEGVAT POT/ GRGVLGOEGVEAGT 3R G/ GERESTNGVFREY PT,
ISFKSG/ROCGESANSQARLARKY /AGGVLRY PIGV. VLR IPSGVPGADGVPGY P( GGI. TRA
GGV PGYGGGAGPGGVPGAGGVPGSGGYGY PGGYPGGGRYPGAGL YPG/ERGSKARKY / GQGG SQGVPASGIGIGRLPGGAGGEPGGGYRPGGSFG
YGE GGY 4 GGV /GYDANAKARKY /GMLSG
VLGTPGGGQAASLGGVPGCEAGTGVGQGGVPGEG. PGGY GPGRGT GAGTGPGRGAGPGAGLGAGGVPGGGYRPGGGLPGEGAGYGPGAG
VG/GYPAGBRSTEY/ PGGGL PGGGL YV L PGGGYGT TGPGAGYGRGAGGVPGGGYEARVRAGGLPGAG
Y¥GPGR/CYCAGSKARKYGQVACGAGCALGGGAGQE / FGGVREGEYGE /| YGPG PGGLPGG KR/ CYG

TSSEFRADKY / GPGEASGALGAGHAGGAGHGTEACTGAGTGG /GEAGPTEGPETRASGDETVIGACCNRTGAGGACTGAG / CEFGGAGCVIEGEGSSGGPGD/ GTGVT
BGEVGGEVEITGT PETGEK D/ DOSGILRETATD /GTAT T ISNTARISP/ GTAVER/ TEAGVVIRE / AGAGY / DEVEYV PSS/ ENSEAGVEHOEQSGA /Li"'F'TG_G GARGGK

PSKERQA/GAANGDITGGGTLPGAKPLKAPRGDT. GGGA IGAGGA VGRDGD GGKDGGA
GVEPGGGAGPGSSDKPPK,/ GY GHGGRGILEAGEACEARL Y PESGGREDVELGTPERGR,/ SY G JG‘./LPGC/[GYGAGQFGAGGRRPGGYGAGPGGYGASPGGYGTGPGGY
GARP A 4 YCAGQGGYGAGP {PY. AGSLGAT IPGGVGSRY
P! 'GTIGKPPK / DGLGGY! v T GGAGVRE GGYGAGPGGYGPGAGLGPGGYG
AEPGGY RPGG. G: A Y GPLGAGAGQGTGAG /G DANAKARKY / GMLSGSLGGGQAAGQGR
GQGGV TGLGHGGVPGSAL YGPGIGTHGGYGP! TGLGQ DYGPLGAGAGQGTGAG / CYDANAXARKY /GMLSGS
LGGGQAAGQGRVPGGGARAGLGQGGVP" GAGTGLGHGGVPGSAL GAGYGPGIGTHGGYGPGGGAGTGLGQGRAGAGPGGYGELGA.GAGQGTGAG’ FDANAKA
RXY /MLSGTIGEGOAAGQGSY QGGVPGESGEL PGGY VGG VGAVPD OGAVKPNK

SGYGSSSSGGALFGP/ CCCAGCVPGAGATGRROCVE /COYCVCEACOSCOK / SKADXARRY TAMOCFLCARSYR,/ CYADCOCIYCGRRRE

Figure 3. Amino acid (aa) sequences with exon borders (/) of rainbow trout EInA1 (A), EInA2 (B) and EInB (C).

Exons coding for more than 50 aa are shown in bold.

Figure 4. Histochemical EVG staining of elastin in the heart and ventral aorta of rainbow trout larvae at two
months (1 gr). Cross section of ventral aorta and enlarged image of bulboventricular valve are included.

Arrowhead shows elastin in pericardium.
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Figure 5. gPCR quantification of relative expression levels (mean + SE) of rainbow trout elnal, elna2 and elnb in
bulbus and ventricle at 1, 10, 100 and 700 gram body weight (sample size n=10). The bulbus and ventricle were

not dissected in the larvae. The relative expression levels were normalized using ef1 as reference genes.

The overall hydrophobicity of fish elastin varies largely among species ranging from 28.6 % in
the EInB paralog of Emerald rockcod to 56.3% in the lesser devil ray Eln. Highly hydrophobic elastin
was consistently found in cartilaginous and also in lobe-finned fish, while teleost EInB paralogs are
less hydrophobic (Figure 6). The hydrophobicity of the elastin of the reptiles, birds and mammals
examined suggested higher levels in tetrapods than in bony fish.
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Figure 6. The overall hydrophobicity (Kyte-Doolittle) of the elastins in the major fish clades and selected tetrapod
species shown in different colors. Mean levels are indicated (-). .

The relationship between the mean ventral aortic blood pressure and the overall elastin
hydrophobicity was examined in various fish species. No correlation was found between the blood
pressure levels and the hydrophobicity levels of non-teleost EIn and teleost EInA (Figure 7).
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Moreover, the overall hydrophobicity of the teleost EInB paralog showed no relationship with the
blood pressure in the bulbus, where pressure levels were derived from the strong correlation between
bulbar plateau pressure and ventral aortic pressure [37]. In comparison, the tetrapod species
examined possessed high elastin hydrophobicity and high blood pressure levels (Figure 7).
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Figure 7. Elastin hydrophobicity plotted against mean ventral aortic blood pressure in various fish and tetrapod
species. References to the blood pressure measurements are given in Table S1. The codes refer to the scientific
names. Pe.ma: Sea lamprey (Petromyzon marinus), He.oc: Epaulette shark (Hemiscyllium ocellatum), Ca.mi:

Elephant shark (Callorhinchus milii), Sc.ca: Spotted catshark (Scyliorhinus canicula), Mo.hy: Lesser Devil ray
(Mobula hypostoma), Pr.pe: Smalltooth sawfish (Pristis pectinata), Mo.al: Swamp eel (Monopterus albus), Da.re:
Zebrafish (Danio rerio), Ch.ac: Blackfin icefish (Chaenocephalus aceratus), Th.al: Yellow-fin thuna (Thunnus
albacares), Ga.mo: Atlantic cod (Gadus morhua), An.ro: American eel (Anguilla rostrata), On.my: Rainbow trout
(Oncorhynchus mykiss), On.ki: Coho salmon (Oncorhynchus kisutch), Pr.an: West-African lungfish (Protopterus
annectens), Ra.ca: American bullfrog (Rana catespiana), Ch.my: Green sea turtle (Chelonia mydas), No.sc: Tiger
snake (Notechis scutatus), Al.si: Chinese alligator (Alligator sinensis), Py.bi: African python (Python bivittatus),
Ga.ga: Chicken (Gallus gallus), Se.ca: Common canary (Serinus canaria), St.ca: South African ostrich (Struthio
camelus), Ho.sa: Human  (Homo sapiens), Mu.mu: Mouse (Mus musculus), Pt.va: Large flying fox (Pteropus

vampyrus), Ca.ba: Bactrian camel (Camelus bactrianus).

4. Discussion

The systematic survey of elastin genes in the sequenced genomes from diverse fish species
identified up to four different elastins in the jawed species sharing the characteristic properties of
multiple alternating hydrophobic and hydrophilic domains with a Cys pair in the negatively charged
C-terminal end. Whereas the linear sequence of the single elastin in sharks and rays has been well
conserved during almost 450 million years of evolution, teleost EInA and EInB have diverged
considerably in agreement with the subfunctionalization of the paralogs in zebrafish [23-25].
Consistent with the differential expression of elna and elnb in the developing zebrafish heart, the
expression of rainbow trout e/nb dominated in the larval heart and in the bulbus of juvenile and adult
fish. The different expression patterns of teleost elna and elnb may have diverged in parallel with the
divergence in the genetic structure comprising multiple short exons in elna similar to non-teleost eln,
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while teleost elnb contains considerably longer hydrophobic domains exons. Accordingly, the low
stiffness imparted by EInB for proper bulbus cell fate and function was predicted to be the result of
the long hydrophobic domains in EInB [4,23,25]. The high distensibility and resilience of the bulbus
have consistently been reported in various teleost species, and was calculated to account for 25% of
the blood flow in rainbow trout at rest [38]. Intriguingly, thermal remodeling of the rainbow trout
heart during cold acclimation resulted in decreased elastin-to-collagen ratio and increased stiffness
in the bulbus [39].

The Antarctic icefish EInB paralog has very low overall hydrophobicity, such as the red-blooded
Emerald rockcod, which together with the white-blooded crocodile icefish are lacking bulbar elastin
[40,41]. The low hydrophobicity and few cross-links support the suggested inability of the bulbar
elastin in Antarctic icefish to aggregate into larger units at freezing temperatures [40]. In human
elastin, disruptions of the hydrophobic domains were shown to be detrimental to the self-assembly
process, and mutated human elastin required much higher temperatures than the normal
physiological temperature to achieve full coacervation [42]. On the other hand, the absence of elastin
fibers in Antarctic fish could be simply the result of extreme morpho-functional adaptation to
constant sub-zero temperatures [21]. The Antarctic icefishes have very large hearts, high blood
volumes and low blood pressure, and smooth muscle cells may contribute to the elastic properties of
the bulbus maintaining constant aortic flow in the large branchial vessels [41,43-45].

Except for Antarctic icefishes, the various fish species examined revealed no relation between
elastin hydrophobicity and blood pressure. Cartilaginous fish exhibit the most hydrophobic elastin
among jawed fish, but slow-mowing sharks have low ventral aortic blood pressure below 4 kPa,
while blood pressure around 7 kPa has been recorded in fast-mowing sharks that is probably similar
in rays [46-49]. In comparison, lobe-finned fish exhibited relative high elastin hydrophobicity, while
low blood pressure of 3.1 kPa was measured in West-African lungfish [50]. Similarly, the primitive
sterlet sturgeon showed the highest elastin hydrophobicity of 44.8% among non-teleostean ray-
finned fish, but blood pressure less than 3 kPa was reported in white sturgeon [51]. Except for tarpon
and baby whalefish, all teleost elastins examined have hydrophobicity below 50 %, but show large
differences in ventral aortic blood pressure varying from 0.3 to 13 kPa in zebrafish and tuna fish,
respectively [52,53]. While the overall hydrophobicity of EInA is higher than EInB in the two species,
the importance of the long hydrophobic domains in zebrafish EInB for the elasticity [4,23] should be
further investigated in other teleost species. On the other hand, the athletic tuna fish has thick aortic
elastin lamella and bulbar elastin fibres, in contrast to the low amounts of elastin in zebrafish
[22,23,53]. Consistently, the higher elastin content in some species than in others probably gives
higher tissue compliance and elasticity [19,21,38,54,55].

Deep sea snailfish possess diverse adaptations to withstand the extreme pressures of the deep
ocean. Their blood pressure is in equilibrium with the immense external pressure partly due to the
incompressible nature of their body fluids and tissues preventing them from being crushed. Deep-
diving mammals have significantly stiffer arteries than other mammals that is presumably an
adaptation to high hydrostatic pressure [56]. Elastin in whales and dolphins were found to contain
unusual high amount of acidic amino acids (0.7-0.8%) that may reduce the elastic modulus of the
elastin polymer by forming stable salt bridges [57]. In comparison, snailfish EInB has more than 1%
Glu and Asp residues that may contribute to surviving the high pressure by making the blood vessels
stiffer. However, it should be noted that the number of acidic amino acids varies greatly in fish
elastins ranging from a single residue in elephant shark to 52 residues (4.5%) in the little skate, while
both species are living in shallow waters down to 100-200 m.

5. Conclusions

The single elastin in non-teleosts has been well conserved during 450 million years of evolution,
but structural differences among species may be related to dissimilar adaptations and functional
requirements. In teleosts, the differential expression and subfunctions of the duplicated EInA and
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ElnB during cardiac development probably evolved together with the divergence in the genetic
structure leading to the enlarged hydrophobic domains in the EInB paralog.
[58-65]
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