Interdisciplinary
Approaches in
Fish
Skeletal
Biology
6th Meeting
9-12 November 2022
Olhão, Portugal

Ria Formosa Sea Horse. Ceramic tile work sculpture
by Isa Fernandes (www.art-isafernandes.com)

Sponsors of the IAFSB2022 meeting
www.sparos.pt
www.necton.pt
www.sarstedt.com
www.ultragene.pt
www.laborspirit.com
www.concessus.pt
www.bioportugal.pt
www.vehice.com
www.s2aquacolab.pt
www.ugent.be
www.ccmar.ualg.pt

2

Contents
Welcome from the organisers

4

Scientific committee

4

Local committee

4

Programme

5

Abstracts

10

List of participants

71

Index of authors

74

3

Welcome from the organizers
We thank all participants for joining us at IAFSB, thus making this conference
possible. IAFSB conferences would also not be possible without many hours of volunteer
work of the local organising committee.
IAFSB aims to be a little bit different from other established meetings in the field. It is
a logical trend in the sciences that as a field grows, more specific areas of discussion are
formed – however, it is helpful to step back and have the chance to talk across
disciplines. Instead of disseminating discussion of work between often disparate fields of
aquaculture, development, ichthyology, paleontology, or medicine, At IAFSB we focus to
maintain a multidisciplinary focus to gain a deeper understanding of our broader field of
interest – the skeleton. As we are all bony fishes (osteichthyans) ourselves and the
cartilaginous fishes (chondrichthyans) are our sister group the comparative approach can
effectively bridge all disciplines from paleontology to biomedical research. However, this
creates the need for discussion across disciplines. IAFSB aims at providing time, space
and occasions for these discussions. We hope you will have a great and successful IAFSB
conference.
P. Eckhard Witten and M. Leonor Cancela

Scientific committee
Brian K. Hall
Ann Huysseune
Christoph Winkler
Matthew P. Harris

Gert Flik
Santosh P. Lall
Clara Boglione

Marc Muller
Per Gunnar Fjelldal
Stefan Schulte-Merker

Local organizing committee
Vincent Laizé
Joana T. Rosa

Paulo J. Gavaia
João Santos
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Natércia Conceição

Programme
Wednesday
09.11.2022

Friday
11.11.2022

Thursday
10.11.2022

Saturday
12.11.2022

09:00 Registration

09:00 SESSION 3

09:00 SESSION 6

09:00 SESSION 9**

10:20 Coffee break

10:30 Coffee break

10:30 Coffee break

10:30 Coffee break

11:00 SESSION 4

11:00 SESSION 7

11:00 SESSION 10**

12:30 Lunch

12:30 Lunch

12:30 Lunch

12:30 Lunch

14:00 SESSION 2

14:00 SESSION 5

14:00 SESSION 8**

15:30 Coffee break
Poster slam*

15:30 Coffee break
Poster slam

15:30 Coffee break
Poster slam

17:00 Keynote lecture

17:00 Keynote lecture

17:00 Keynote lecture

10:40 Welcome
11:00 SESSION 1

* Welcome drink
** Sessions sponsored by
BIOMEDAQU project

Wednesday November 09
09.00 Registration
10.20 Coffee break
10.40 Welcome from the organizers
Witten PE, Cancela ML

ORAL SESSION 1. Bone development
Chair: Rosa JT
11.00 Osteoblast migration and dedifferentiation are independent and generic injury responses that are
followed by bone regeneration only at distal-facing injuries in regenerating fins
Sehring I, Falah Mohammadi H, Weidinger G

11.30 Fin ray branching is defined by TRAP+ osteolytic tubules in zebrafish
Cardeira-da-Silva J, Bensimon-Brito A, Tarasco M, Brandão AS, Rosa JT, Borbinha J, Almeida PJ, Jacinto A, Cancela
ML, Gavaia PJ, Stainier DYR, Laizé V

12.00 Characterization of zebrafish cdkl5 mutant model for CDKL5 deficiency disorder
Varela T, Varela D, Conceição N, Cancela ML

12.30 Lunch
ORAL SESSION 2. Skeleton: evo-devo
Chair: Kolmann M
14.00 Recapitulation of the Chondrichthyes and Chondrostei cranium in the Grass snake embryogenesis:
assumptions about directions of the chondrocranial evolution in vertebrates
Sheverdiukova H

14.30 BMP signaling directly activates chordoblasts for notochord sheath mineralization at the onset of
zebrafish spine development
Pogoda H-M, Riedl-Quinkertz I, Hammerschmidt M

15.00 Notochord, the arcualia hypothesis and homology of vertebral bodies
Witten PE, Hall BK

15.30 Coffee break and POSTER SLAM
KEYNOTE LECTURE. Chondrichthyan cartilage
Chair: Shahar R
17.00 The vertebrate skeleton through the eye of a cartilaginous fish: Evolutionary perspectives raised
by the study of the small spotted catshark Scyliorhinus canicula
Leurs N, Martinand-Mari C, Debiais-Thibaud M
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Thursday November 10
ORAL SESSION 3. Early development
Chair: Ciruna B
09.00 Different gene expression patterns related to bone metabolism during larval stages of
Argyrosomus regius in response to different dietary concentrations of Omega-3**
Lújan-Amoraga L, Delgado-Martín B, Guerrero-Peña L, Marques CL, Pousão-Ferreira P, Bandarra N, Gavaia PJ,
Izquierdo M, Boglione C, Ribeiro L

09.30 Material forming the scales of the sturgeon (Acipencer guldenstatii) is composed of collagen fibril
bundles oriented in 3 dimensions
Milgram J, Shahar R, Weiner S

10.00 Loss of dlx5a alters Wnt signaling and impair Meckel’s cartilage morphology
Yu E, Saxena V, Perin S, Ekker M

10.30 Coffee break
ORAL SESSION 4. Deformities
Chair: Carter C
11.00 Ethanolic extracts of Tetraselmis striata and Skeletonema oceanica as dietary supplements to
improve the skeletal health of gilthead seabream
Rosa JT, Carletti A, Marques CL, Pes K, Barata M, Colen R, Engrola S, Pousão-Ferreira P, Gavaia PJ, Cancela ML,
Laizé V

11.30 Dark spots in Atlantic salmon fillets are associated with damaging incidents in the rib cage
Jiménez-Guerrero R, Baeverfjord G, Evensen Ø, Hamre K, Larsson T, Dessen J-E, Gannestad K-H, Mørkøre T

12.00 Deformities of the vertebral column in flatfish
de Azevedo AM, Losada AP, Vázquez S, Witten PE, Quiroga MI, Gavaia PJ

12.30 Lunch
ORAL SESSION 5. Odonthods
14.00 Miniature teeth in teleost fish: support for the ‘single odontoblast’ hypothesis

Chair: De Clercq A

Larionova D, Di Biagio C, Huysseune A

14.30 Dental dermal elements of ray-finned fishes
Suchánek T, Huysseune A, Cerny R

15.00 New insights into the nature of osteodentin
Shahar R, Milgram J, Thangadurai S, Raguin E

15.30 Coffee break and POSTER SLAM
KEYNOTE LECTURE. Tooth Replacement
17.00 From skin denticles to continuously replacing teeth: Insights from teleost fish

Chair: Pogoda H-M

Huysseune A

Friday November 11
ORAL SESSION 6. Bone organisation
Chair: de Azevedo AM
09.00 Evolutionary materials optimization? Anosteocytic and osteocytic fishbone have different water
permeability
Silveira A, Kardjilov N, Markötter H, Longo E, Greving I, Shahar R, Zaslansky P

09.30 Modularity & diversification in the air-breathing fishes and their allies
Kolmann MA

10.00 Platyfish bypass the constraint of the caudal fin ventral identity in teleosts
Rees L, König D, Jaźwińska A

10.30 Coffee break
ORAL SESSION 7. Biomedicine
Chair: Metz J
11.00 Unraveling of the ultrastructural features that determine the variability in phenotypic severity in
different dominant forms of OI, using the zebrafish as a model
Sahd L, Debaene C, Debaenst S, Jarayseh T, De Saffel H, Claeys M, Bek JW, Gistelinck C, Rodenburg F, Salmon P,
Witten PE, Huysseune A, Busse B, Coucke P, Willaert A, De Clercq A
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11.30 New transgenic zebrafish lines reveal beneficial effects of probiotics on bone development
Raman R, Sojan JM, Muller M, Carnevali O, Renn J

12.00 Resolving primary pathomechanisms driving idiopathic-like spinal curvature using a new katnb1
zebrafish scoliosis model
Meyer-Miner A, Van Gennip JLM, Henke K, Harris MP, Ciruna B

12.30 Lunch
ORAL SESSION 8. Dietary phosphorus
Chair: Gavaia PJ
14.00 Recovery, stabilisation and progression of vertebral deformities in Atlantic salmon (Salmo salar, L.)
fed low and high dietary P
Drábiková L, Fjelldal PG, De Clercq A, Yousaf MN, Morken T, McGurk C, Witten PE

14.30 Physical exercise and dietary phosphorus levels: Novel insights into bone homeostasis in response
to mechanical load
Di Biagio C, Cotti S, Huysseune A, Boglione C, Witten PE

15.00 The “super-bone” zebrafish model: A novel approach to stimulate bone formation by alternating
dietary phosphorus levels
Cotti S, Di Biagio C, Huysseune A, Forlino A, Witten PE

15.30 Coffee break and POSTER SLAM
KEYNOTE LECTURE. Osteogenesis imperfecta
Chair: Ekker M
17.00 Recessive osteogenesis imperfecta: Zebrafish and murine models as complementary approaches
Forlino A

Saturday November 12
ORAL SESSION 9. Dietary micro components
Chair: Muller M
09.00 Microalgae extracts stimulate mineralogenesis during zebrafish development and regeneration
Carletti A, Rosa JT, Pes K, Borges I, Barreira L, Santos T, Pereira H, Cancela ML, Gavaia PJ, Laizé V

09.30 Effect of vitamin D3 and K3 in growth and skeletal development of gilthead seabream (Sparus
aurata) larvae, juvenile, and bone-derived cell line
Sivagurunathan U, Dominguez D, Tseng Y, Boglione C, Prabhu PAJ, Laizé V, Gavaia PJ, Izquierdo M

10.00 Effects of dietary microminerals (zinc, selenium, manganese, copper) on growth and skeletal
development of gilthead seabream (Sparus aurata)
Tseng Y, Dominguez D, Sivagurunathan U, Prabhu PAJ, Boglione C, Witten PE, Izquierdo M

10.30 Coffee break
ORAL SESSION 10. Future aquaculture
Chair: Ribeiro L
11.00 Zebrafish osteoblast transcriptome reveals genes encoding bone extracellular matrix proteins that
have implications in osteoarthritis
Raman R, D’Cruz Salomao A, Dikoum C, Anthony M, Zappia J, Nivelle R, Lavergne A, Bahri MA, Dejueldre C, Caetano
C, Ostertag A, Cohen-Solal M, Plenevaux A, Henrotin Y, Renn J, Muller M

11.30 Cross-species comparison of the effects of density on skeleton in two model fish (medaka, Oryzias
latipes and zebrafish, Danio rerio) and a commercially reared marine fish (gilthead seabream,
Sparus aurata)
Di Biagio C, Dellacqua Z, Martini A, Witten PE, Boglione C

12.00 Deep learning based multi-modal image analysis in fish skeletal health research
Kumar N, Muller M, Geurts P, Maree R

12.30 Lunch

7

Poster Session (Wednesday November 09)
Bioinformatic analysis of DCST2 gene structure and function: A potential contributor in bone
development
Calado BL, de Radiguès de Chenneviére A, Varela D, Cancela ML, Conceição N

The use of live preys increase skeletal deformities of zebrafish larvae
Castro DT, Pinto G, Martins G, Gavaia PJ

Compression fractures and partial phenotype rescue with a low phosphorus diet in the
Chihuahua zebrafish osteogenesis imperfecta model
Cotti S, Huysseune A, Larionova D, Koppe W, Forlino A, Witten PE

Integrating NGS techniques to micro-anatomical analysis of zebrafish bone
de Azevedo AM, Bouza C, Pardo BG, Blanco A, Witten PE, Vázquez S, Quiroga MI, Losada AP

Rearing density and variations in the postcranial phenotype of medaka, Oryzias latipes
Di Biagio C, Dellacqua Z, Martini A, Huysseune A, Scardi M, Witten PE, Boglione C

Bone matrix formation and mineralisation can be uncoupled. A study on Atlantic salmon fed
diets deficient and oversupplied with phosphorus
Drábiková L, Fjelldal PG, Morken T, Yousaf MN, Witten PE

The biopotential of marine fungi associated to microplastics as possible source of mineralogenic
and osteogenic compounds
Florio Furno M, Spina F, Ferrero D, Carletti A, Gavaia PJ, Varese GC, Laizé V

Improving ballan wrasse hatchery robustness: Skeletal deformities as a key bottleneck in
sustainable cleaner fish production
Gaffney K, Weinand L, Simpson L, Baily J, Jimenez Fernandez E, Betancor M

Poster Session (Thursday November 10)
The thyroid hormone analogue triac enhances bone mineralization during early zebrafish
development
Geessinck QF, Ernst TR, Uunk F, Klaren PHM, Metz JR

Morphological diversification in the goldfish domestication process
Küng LC, Le Verger K, Fabre A-C, Schmelzle T, Aguirre‐Fernández G, Sánchez-Villagra MR

Mycotoxins in vegetable based aquafeeds decrease mineralization in vitro and increase skeletal
deformities in vivo
Laizé V, Fjelldal PG, Gavaia PJ, Berntssen MHG, Lie KK

Reference transcriptome of the vertebral bone tissue from postlarval and juvenile Senegalese
sole (Solea senegalensis): Unveiling the messages hidden by the anosteocytic bone
Losada AP, de Azevedo AM, Fernández-López JC, Álvarez-Dios JA, Barreiro A, Martínez P, Quiroga MI, Bouza C,
Vázquez S

Zebrafish scales as a pre-screening tool for anti-inflammatory drug discovery pipeline
Martins G, Pinto G, Poudel S, Castro DT, Santos JMA, Gavaia PJ
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Maternal effect on vertebra and lepidotrich counts in Atlantic salmon clonal lines
Murugesan S, Fraser TWK, Kryvi H, Witten PE, Prabhu PAJ, Remø S, Hansen TJ, Fjelldal PG

Retinoic acid-induced calvarial fragmentation appears to be based on concerted interactions
between osteoblasts, osteoclasts and also chondrocytes
Ohlebusch B, Pogoda H-M, Hammerschmidt M

Establishing the dietary dose of rotifers for optimal larval growth and skeletal development in
zebrafish
Pes K, Carletti A, Dellacqua Z, Martins G, Tarasco M, Diogo P, Gavaia PJ

Poster Session (Friday November 11)
The Sirt 1 activator resveratrol counteracts the doxorubicin-induced effects on
osteoclastogenesis
Poudel S, Martins Gil, Cancela ML, Gavaia PJ

Regular supplementation with antioxidants rescues doxorubicin-induced bone deformities and
mineralization delay in zebrafish
Poudel S, Martins G, Cancela ML, Gavaia PJ

foxe1 in zebrafish thyroidogenesis and skeletal development
Raterman S, te Morsche T, de Vriend C, Dijkstra S, Zethof J, de Vrieze E, Von den Hoff H, Wagener K, Metz J

Screening of marine osteoactive extracts using a zebrafish pipeline
Rosa JT, Carletti A, Varela T, Gavaia PJ, Cancela ML, Laizé V

The aged zebrafish skeleton: A shape and radiographical analysis
Sahd L, Cotti S, Witten PE, Huysseune A

Loss of Elastin function is associated with improper calcium metabolism in zebrafish
Santos JMA, Rodrigues C, Abreu RCR, Borges I, Conceição N, Gavaia PJ, Laizé V, Cancela ML

Effect of phylloquinone-rich macroalgae supplementation on juvenile sole skeleton
Silva N, Roberto VP, Oliveira CCV, Cabrita E, Gavaia PJ

Development of prototype formulation of microalgae and probiotics for green water technique
applied to meagre (Argyrosomus regius) larval development
Viegas AR, Castanho S, Candeias-Mendes A, Diogo P, Bastos G, Soares F, Lourenço-Marques C, Rodrigues A, del
Pino V, Navalho J, Pousão-Ferreira P
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Bioinformatic analysis of DCST2 gene structure and function: A
potential contributor in bone development

Calado BL1,#, de Radiguès de Chenneviére A1, Varela D2,3,4,#, Cancela ML2,3, Conceição N2,3
1
2
3
4
#

Master in Molecular and Microbial Biology, University of Algarve, Faro, Portugal
Centre of Marine Sciences, University of Algarve, Faro, Portugal
Faculty of Medicine and Biomedical Sciences, University of Algarve, Faro, Portugal
PhD in Biomedical Sciences, University of Algarve, Faro, Portugal
These authors contributed equally

Dendrocyte expressed seven transmembrane protein (DCST2), is a DC-STAMP-like protein family
member and DC-STAMP is an important regulator of osteoclast cell-fusion in bone homeostasis
that has been previously identified as a gene of interest in Paget Disease of Bone (PDB) following
Genome-Wide Association Studies. DCST2 was associated with birth length at a genome-wide
significant level (rs905938 in DCST2 at 1q22). This common genetic variant was also associated
with infant length and adult height, with decreasing magnitude of the associations in later life. To
our knowledge, while the gene is expressed in osteoclasts, its function is not established and
further studies are needed. Zebrafish has been used as an accepted model to study bone-related
diseases, due to its several advantages. The objective of the present work was to evaluate its
suitability to study the molecular mechanisms through which DCST2 may be involved. Through
bioinformatics analysis, we analyzed the neighbor genes, chromosomal localization, genomic
organization, the possible occurrence of alternative splicing, and the expression pattern, in both
zebrafish and human. Furthermore, we compared the structure of the DCST2 protein among
several species to identify the conserved domains. In conclusion, this study demonstrates that
DCST2 was well conserved throughout evolution, and therefore fish models, like zebrafish, which
has been previously validated as a biomedical model to study bone-related pathologies, could be
considered to further study the biological role of DCST2 in bone diseases and bone development.
This study received national funds from the Portuguese Foundation for Science and Technology (FCT) through
projects UIDB/04326/2020, UIDP/04326/2020 and LA/P/0101/2020. DV is the recipient of a PhD fellowship
from the FCT (SFRH/BD/141918/2018).
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Fin ray branching is defined by TRAP+ osteolytic tubules in
zebrafish

Cardeira-da-Silva J1,2, Bensimon-Brito A1,3, Tarasco M1,2, Brandão AS4, Rosa JT2, Borbinha J4,
Almeida PJ5, Jacinto A4, Cancela ML2,6, Gavaia PJ2,6, Stainier DYR1, Laizé V2
1

2
3
4
5
6

Department of Developmental Genetics, Max Planck Institute for Heart and Lung Research, Bad
Nauheim, Germany
Centre of Marine Sciences, University of Algarve, Faro, Portugal
INSERM, ATIP-Avenir, Aix Marseille University, Marseille Medical Genetics, Marseille, France
CEDOC, NOVA Medical School, NOVA University of Lisbon, Lisbon, Portugal
STAB VIDA LDA., Caparica, Portugal
Faculty of Medicine and Biomedical Sciences & Algarve Biomedical Center, University of Algarve,
Faro, Portugal

Proper shaping of bones is essential for skeletal function. However, how different cells coordinate
to shape individual bone structures remains poorly understood. In our studies, we used the
bifurcating rays of the regenerating zebrafish caudal fin to interrogate the cellular mechanisms of
bone shaping. By tracking individual fish, we found that fin rays form through two mineralizing
fronts that undergo an osteoblast-dependent fusion/stitching, indicating that bifurcation is more
complex than a simple splitting of one unit into two. Next, we identified long tubular tartrateresistant acid phosphatase+ (TRAP+) osteolytic structures, here named osteolytic tubules (OLTs),
lining the bone surface at the bifurcating sites. Although we observed that these structures are
composed of few nuclei, it is still unclear whether OLTs are composed of few mononucleated cells
or are single multinucleated cells. Interestingly, inhibiting their bone resorbing activity resulted in
severely impaired bifurcation, indicating that they play an anti-stitching activity to counteract
stitching by osteoblasts and, therefore, to define the branchpoint positioning. We then tested
different compounds with known osteogenic or osteolytic properties and show that the final
branchpoint positioning is a proxy of the balance between bone mineralization and resorption
activities, and can be used as a readout for screening purposes. Overall, we present a new
perspective on fin ray formation and bifurcation, identify new OLTs and describe their role during
fin ray bifurcation, and propose this system as a study/screening platform to identify new targets
and develop new therapeutic strategies for bone disease.
This study was funded by the Portuguese Foundation for Science and Technology (FCT) through the project
UIDB/04326/2020 (to the CCMAR) and grant PD/BD/52425/2013 (to J.C.-S.). Research in the Stainier lab is
funded in part by the Max Planck Society.
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Microalgae extracts stimulate mineralogenesis during zebrafish
development and regeneration

Carletti A1,2,#, Rosa JT1,3,#, Pes K1, Borges I1, Barreira L1,4, Santos T1, Pereira H4, Cancela ML1,2,
Gavaia PJ1,2,4, Laizé V1,3
1
2

3
4
#

Centre of Marine Sciences, University of Algarve, Faro, Portugal
Faculty of Medicine and Biomedical Sciences & Algarve Biomedical Center, University of Algarve,
Faro, Portugal
S2AQUA Sustainable and Smart Aquaculture Collaborative Laboratory, Olhão, Portugal
GreenCoLab, University of Algarve, Faro, Portugal
These authors contributed equally

Metabolic bone disorders such as osteoporosis are one of the main causes of fragility fractures
worldwide constituting a heavy burden on global health systems. Therapeutic options currently
available lack long-term efficacy and often present side effects that limit their implementation. As
such, there is an unmet need for novel therapeutic strategies. Marine microalgae have recently
gained momentum as a source of osteo-active compounds with biomedical and pharmaceutical
applications. In this work, we have screened solvent extracts prepared from two strains of marine
microalgae and observed that ethanolic extracts were able to induce a potent and consistent proosteogenic effect in different zebrafish in vivo screening systems. Extracts increased bone
formation and stimulated osteoblastic differentiation when administered via waterborne exposure
in zebrafish larvae. When supplemented in fish diet, the same extracts increased bone
mineralization, reduced the incidence of skeletal anomalies and upregulated bone anabolic
pathways. Finally, when tested in adult fish, ethanolic extracts were able to increase de novo
mineralization of bony rays in the regenerating caudal fin. Altogether, these evidences indicate the
presence of osteoactive compounds in the two microalgae extracts, and their bone anabolic
properties may have potential applications in the treatment of bone erosive disorders.
Work financed by the European Maritime and Fisheries Fund (EMFF/FEAMP) through the National Operational
Programme MAR2020 (grant 16-02-01-FMP-0057/OSTEOMAR), by the European Regional Development Fund
(ERDF/FEDER) through the Transnational Cooperation Programme Atlantic Area (grant EAPA/151/2016/
BLUEHUMAN), by the Marie Skłodowska-Curie innovative training network BIOMEDAQU (grant H2020-MSCAITN/766347), by National funds through the Portuguese Foundation for Science and Technology through
projects UIDB/04326/2020, UIDP/04326/2020, LA/P/0101/2020, Ph.D. Fellowship 2021.05406.BD, and by the
operational programmes CRESC Algarve 2020 and COMPETE 2020 through project EMBRC.PT ALG-01-0145FEDER-02212.
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The use of live preys increase skeletal deformities of zebrafish
larvae

Castro DT1, Pinto G1, Martins G1,2, Gavaia PJ1,2,3
1
2
3

Centre of Marine Sciences, University of Algarve, Faro, Portugal
Faculty of Medicine and Biomedical Sciences, University of Algarve, Faro, Portugal
GreenCoLab, University of Algarve, Faro, Portugal

Zebrafish is the second most used model species worldwide, with a focus on biomedical research,
aquaculture nutrition and aquatic toxicology (1). Normally, zebrafish larvae are reared with
microdiets, live preys such as rotifers and Artemia nauplii, or both in combination. There is still a
lack of consent among the zebrafish community on the establishment of a common feeding
protocol, which results in differences in fish growth, embryo production, and skeletal formation
and it also influences the replicability of results. This work aimed at investigating the effects of
some of the most used feeding protocols to promote adequate development. The experimental
design included different feeding protocols in co-feeding with microdiets and live feeds (Artemia
sp. and rotifers), rotifer-based feeding protocols were tested early (8 days post fertilization, dpf)
and extended transition (15 dpf) to a microdiet based diet. Besides that, we also evaluated the
effect of the concentration of rotifers, and for that, we used 50 rot/ml and 150 rot/ml. Additionally
to the co-feeding protocols, we also tested the use of a microdiet-based protocol at different
frequencies (3 or 4 times/day). Growth performance was evaluated at 15 and 30 dpf and skeletal
deformities were evaluated at 30 dpf. Overall, our results revealed that a rotifer-based and
extended co-feeding regime with Artemia sp. or rotifers decreased the size dispersion among
individuals and promoted larvae growth when compared to a microdiet-based feeding regime or
an early transition to microdiets. On the other hand, a feeding protocol using exclusively microdiet
decreases the incidence of skeletal deformities, without significant differences in the severity of
the skeletal deformities between the different treatments.
Work funded by European Regional Development Fund (FEDER/FEDER) and by the Portuguese Foundation for
Science and Technology (FCT) projects UIDB/04326/2020, UIDP/04326/2020, LA/P/0101/2020, Algarve project
39896 ZEBRABLOOM.
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The “super-bone” zebrafish model: A novel approach to
stimulate bone formation by alternating dietary phosphorus
levels

Cotti S1,2, Di Biagio C1,3, Huysseune A1,4, Forlino A2, Witten PE1
1
2
3
4

Evolutionary Developmental Biology, Ghent University, Ghent, Belgium
Department of Molecular Medicine, University of Pavia, Pavia, Italy
Department of Biology, University of Rome Tor Vergata, Rome, Italy
Department of Zoology, Charles University, Prague, Czech Republic

Dietary phosphorus (P) is essential for mineralisation of the collagen type I based bone matrix.
Low-P dietary reduces bone mineralisation, but increases formation of bone matrix in zebrafish [1]
and salmon [2,3]. We test the mineralisation potential of the non-mineralised bone matrix formed
in low-P fed zebrafish, by providing the animals with adequate dietary P. The aim is to mineralise
the formerly non-mineralised matrix and to increase the volume of mineralised bone. WT zebrafish
(1 month old) were fed a low-P diet (0.5% total P, LP) for 8 weeks. Subsequently, zebrafish
continued for 6 weeks on a LP, regular-P (1.0% total P, RP) or high-P (1.5% total P, HP) diet.
Controls received RP diet throughout. Alizarin red S, X-rays, micro-CT and several histological
techniques were used to analyse bone phenotype and mineralisation. Zebrafish with LP history
have increased total bone area at vertebral endplates compared to controls (p<0.001). A dramatic
increase in the volume of autocentra bone (mineralised and non-mineralised) is observed in all fish
with LP history. The non-mineralised matrix formed during the LP period mineralises in LP-RP and
LP-HP fish. Bone mineral density (BMD) is reduced in all groups with LP history compared to
controls (p<0.001), but BMD resumes control values when increasing dietary P. The bone formed
seems to be stable given the absence of excess remodelling/resorption. The low-P dietary intake
stimulates the formation of a large non-mineralised bone volume that undergoes mineralisation
when sufficient dietary P is provided. The result is a dramatic increase of lasting mineralised bone
volume. Different from human diseases with pathologically increased bone mass, no skeletal
malformations occur in zebrafish. This zebrafish model shows that the low-P/high P alternation has
the potential to mitigate bone loss, e.g. caused by osteoporosis or aging.
This research received funding from the European Union’s Horizon 2020 Research and Innovation Programme
under the Marie Skłodowska-Curie grant agreement 766347 (Biomedaqu), and from the Ghent University grants
BOF.ITN.2021.0012.01 and INTEC (International Network on Ectopic Calcification).
[1] Cotti S et al. (2020) Int J Mol Sci 21:5429
[2] Witten PE et al. (2019) J Exp Biol 222:jeb188763
[3] Drábiková L et al. (2021) Aquaculture 541:736776
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Compression fractures and partial phenotype rescue with a low
phosphorus diet in the Chihuahua zebrafish osteogenesis
imperfecta model

Cotti S1,2, Huysseune A1, Larionova D1, Koppe W3, Forlino A2, Witten PE1
1
2
3

Evolutionary Developmental Biology, Department of Biology, Ghent University, Ghent, Belgium
Biochemistry Unit, Department of Molecular Medicine, University of Pavia, Pavia, Italy
SimplyFish AS, Stavanger, Norway

The Chihuahua (Chi/+) zebrafish is an important model for dominant osteogenesis imperfecta (OI).
Mutations in collagen type I, reduced bone volume and excess mineralisation are main causes for
bone deformities, brittleness and fractures. Low dietary phosphorus (P) intake reduces bone
mineral content and promotes bone matrix formation in salmon and zebrafish, without causing
malformations. This study tested whether low dietary P-intake mitigates the OI phenotype in
Chi/+. Chi/+ were fed with low-P (0.5% total P, LP) or control (1.0% total P) diets for two months.
WT siblings were fed a control diet (ethical approval No.260/2020-PR). Alizarin red, geometric
morphometrics, histology, histomorphometry and TEM were used to assess vertebral body shape,
extent of mineralisation, bone cells and bone ultrastructure. Chi/+ have increased kyphosis and
lordosis of the vertebral column compared to WT (p<0.05), that are reduced in Chi/+ treated with
LP diet (Chi/+LP) (WT vs. Chi/+LP p=0.43). Chi/+ show increased shape variation of the vertebral
bodies compared to WT (p<0.001) that is strongly reduced in Chi/+LP (WT vs. Chi/+LP p=0.24). The
osteoid layer in the vertebral body growth zone, lacking in Chi/+, is partially restored with the LP
diet. Chi/+ have thinner bone elements compared to WT (p<0.001) and suffer from compression
fractures (first description for zebrafish). Furthermore, the animals show abundant osteoclast
activity compared to WT. Chi/+ osteoblasts have enlarged endoplasmic reticulum cisternae with a
high protein content. D-periodicity of secreted collagen fibres is lacking in Chi/+ but can be
recognised in Chi/+LP. The LP diet reduces vertebral column deformities and vertebral body shape
variation in Chi/+LP. Further, LP diet partially restores the osteoid at vertebral body endplates and
improves the bone matrix. Thus, reduced dietary P-intake can alleviate the severe bone phenotype
in Chi/+ zebrafish.
Funding: EU-H2020-MSCA-766347, BOF.ITN.2021.0012.001, BOFGOA2021000407.

15

Oral

07

Deformities of the vertebral column in flatfish

de Azevedo AM1,2, Losada AP1, Vázquez A1, Witten PE2, Quiroga MI1, Gavaia PJ3,4
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Department of Anatomy, Animal Production and Clinical Veterinary Sciences, Faculty of
Veterinary Science, University of Santiago de Compostela, Lugo, Spain
Evolutionary Developmental Biology, Department of Biology, Ghent University, Ghent, Belgium
Centre of Marine Sciences, University of Algarve, Faro, Portugal
Faculty of Medicine and Biomedical Sciences, University of Algarve, Faro, Portugal

Flatfish (Pleuronectiformes) are a highly derived teleost order, characterized by their flat and
asymmetric body organisation with both eyes located in one side of the animal. Flatfish have been
the object of research for more than a century due to their worldwide distribution and their
unique mode of development that involves a drastic alteration the vertebrate bilateral symmetric
bauplan. Dramatic changes, as eye migration and swimming behaviour, occurring at early stages of
flatfish rearing, open the interest to investigate more in depth the organization of their axial
skeleton. Given that flat fish are increasingly used as farmed species, the presence and prevention
of vertebral deformities are of particular interest. Vertebral column and caudal fin anomalies were
observed in flatfish with variable frequency, reaching almost 100% in certain species. Skeletal
anomalies compromise animal welfare, swimming performance and other health related
parameters such as food intake and growth. Thus, vertebral column deformities can represent a
major bottleneck for flatfish aquaculture. This work provides an overview of the available
knowledge regarding the development of malformations of the vertebral column of different
flatfish species. In the literature, skeletal anomalies in flatfish were attributed to nutritional and
environmental factors. Advances at the microscopic and the transcriptomic level unraveled some
so far overlooked cellular and molecular mechanisms related to the development of vertebral body
malformations. With the rise of Next Generation Sequencing, the transcriptomes and genomes
have been sequenced from several flatfishes, and information on the presence or expression of
relevant genes for skeletal development, homeostasis and remodelling can be obtained by data
mining. The new data will help to prevent vertebral column anomalies to optimize flatfish farming
towards a more sustainable aquaculture.
AM de Azevedo holds a postdoctoral contract from Consellería de Cultura, Educación e Universidade, Xunta de
Galicia, Spain.
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Integrating NGS techniques to micro-anatomical analysis of
zebrafish bone

de Azevedo AM1,2, Bouza C3, Pardo BG3, Blanco A3, Witten PE2, Vázquez S1, Quiroga MI1,
Losada AP1
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Department of Anatomy, Animal Production and Clinical Veterinary Sciences, Faculty of
Veterinary Science, University of Santiago de Compostela, Lugo, Spain
Evolutionary Developmental Biology, Department of Biology, Ghent University, Ghent, Belgium
Department of Zoology, Genetics and Physical Anthropology, Faculty of Veterinary Science,
University of Santiago de Compostela, Lugo, Spain

Zebrafish (Danio rerio) continues to gain increasing importance as a model for investigating
skeletogenesis. However, there are few studies on the mechanisms that occur in specific regions of
the skeleton, for which transcriptomic sequencing techniques can increase the knowledge
obtained by conventional microscopy. The aim of this work was to obtain a practical procedure to
integrate the cellular and molecular mechanisms that occur during the development of zebrafish
vertebrae, including the caudal complex. A total of 91 zebrafish between 6 and 12 mm in total
length were examined under a stereomicroscope to assess the absence of evident skeletal
malformations. The fish were stored individually in 4% paraformaldehyde for the microscopic
techniques, and RNAlater for the transcriptomic analysis. Individuals fixed in paraformaldehyde
were processed with whole mount alizarin red S technique, and for histopathologic study of glycol
methacrylate embedded samples. The stereomicroscopic and histological techniques allowed the
detailed observation of the development of the bones of the caudal complex and of the caudal
vertebrae, including mineralization. For the transcriptomic analysis, fish were pooled into three
groups of samples, from which two very small vertebral segments were dissected: caudal complex
region and 3-4 caudal vertebrae. RNA extraction and sequencing were performed. A good quality
and quantity of the RNA extracted from the two specific vertebral areas was obtained in the
sample groups, except in one group of caudal vertebrae. Data analysis confirmed the detection of
specific genes and functions associated with transcriptome profiles of fish bone in the dissected
vertebral segments. A total of 250 differentially expressed genes between the two vertebral
regions were registered: 165 and 87 genes were up-regulated and down-regulated in the caudal
complex segments, respectively. The integration of transcriptomics to morphological and microanatomical methods would be useful for analysing other anatomical regions of the skeleton or
skeletal disorders in zebrafish and other teleost species.
AM de Azevedo holds a postdoctoral contract from Consellería de Cultura, Educación e Universidade, Xunta de
Galicia, Spain.
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The vertebrate skeleton through the eye of a cartilaginous fish:
Evolutionary perspectives raised by the study of the small
spotted catshark Scyliorhinus canicula

Leurs N, Martinand-Mari C, Debiais-Thibaud M
Institute of Evolutionary Science, University of Montpellier, Montpellier, France
Bone together with other mineralized tissues evolved early in the vertebrate lineage (more than
415 Myr ago), even before the evolution of jaws. Endochondral bone though has evolved as a
general rule in the bony fish lineage only, to which most model organisms for developmental
biology belong (tetrapods and teleost fishes). In the cartilaginous fish lineage however, bone is
considered secondarily lost despite conspicuous mineralisation of the skeleton in the form of
tessellated cartilage. For the past 10 years, an integrative set of data has informed the
developmental dynamics, the cellular characteristics and the genetic actors of skeletal
mineralisation in sharks and rays. In particular, I will summarize how we have discussed these
issues in a non-model organism, the small spotted catshark Scyliorhinus canicula. These data
highlighted several aspects of cartilaginous fish-specific evolutionary events, including gene
duplication, diverged developmental processes and probably cell type identity. Despite prolonged
independent evolution in the bony fish and cartilaginous fish lineages, the comparative analysis of
these data also helps identify an ancestral genetic toolkit, that I will discuss also regarding other
mineralised tissues in extant jawed vertebrates.
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Cross-species comparison of the effects of density on skeleton in
two model fish (medaka and zebrafish) and a commercially
reared marine fish (gilthead seabream)

Di Biagio C1, Dellacqua Z1, Martini A1, Witten PE2, Boglione C1
1
2

Department of Biology, University of Rome Tor Vergata, Rome, Italy
Evolutionary Developmental Biology, Department of Biology, Ghent University, Ghent, Belgium

Skeletal studies in teleosts have been dedicated to the investigation of osteopathologies in humans
or to improve the quality of aquaculture fish production. Recent investigations have highlighted
that rearing at low stocking densities in two model fish species, medaka, Oryzias latipes (Di Biagio
et al., 2022) and zebrafish, Danio rerio (Martini et al., 2020), as well as a reared marine fish, the
gilthead seabream, Sparus aurata (Dellacqua et al., submitted 2022) augments the fish size and
reduces the incidence of some skeletal anomaly types. Medaka seemed to exhibit a reduced
magnitude of phenotypical response to augmentation of the density with respect to zebrafish and
seabream and noteworthy differences were found between the anomaly types and their
localization in the different body regions, highlighting species-specificities. In particular, vertebral
centra anomalies (fusions among vertebral centra included) showed a higher response in the
hemal, abdominal, and cephalic region in seabream and zebrafish reared at high densities, while
medaka show an increased prevalence in the caudal region. Seabream displayed a higher incidence
of cephalic arch anomalies, while zebrafish showed augmented frequencies of arch anomalies of
the abdominal, hemal, and caudal vertebrae; medaka, in general, more rarely displayed anomalous
vertebral arches. Regarding anomalies of fin rays and pterygophores, when density was increased,
zebrafish showed augmented anomalies affecting the dorsal and caudal fins, while in seabream the
anal fin resulted to be the fin most sensitive to high density. Medaka, again, very rarely showed fin
anomalies. Detailed anatomical and histological observations carried out on vertebrae fusions
revealed further differences among these three species. All these differences have been analysed
under an eco-evo-devo perspective.
The authors would like to thank the members/collaborators of the ‘Biomedaqu’ project and the funding for the
research by the EU Marie Sklodowska-Curie grant agreement No. 766347.
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Physical exercise and dietary phosphorus levels: Novel insights
into bone homeostasis in response to mechanical load

Di Biagio C1,2, Cotti S1,3, Huysseune A1,4, Boglione C2, Witten PE1
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2
3
4

Evolutionary Developmental Biology, Department of Biology, Ghent University, Ghent, Belgium
Department of Biology, University of Rome Tor Vergata, Rome, Italy
Department of Molecular Medicine, University of Pavia, Pavia, Italy
Department of Zoology, Charles University, Prague, Czech Republic

Strain, primarily exerted through muscle activity, is required to maintain a healthy bone volume.
Swim training accelerates bone mineralization during early zebrafish development [1] and
increases bone matrix formation and mineralization in adult zebrafish and medaka [2,3]. Yet, the
underlying molecular mechanisms have not been fully elucidated. To better understand the
process, 5-month-old zebrafish preconditioned for 4 months on a regular (RP) or low-phosphorus
diet (LP) were split into a control (C) and an exercised (E) group: RPC, RPE, LPC, LPE. RPE and LPE
individuals were trained against a laminar flow, 6 h/day and 5 days/week (speed: 10 SL/s). The
advantage of the LP zebrafish relays on the uncoupling of matrix formation and mineral deposition
[4]: in low phosphorus conditions, the secretion of bone matrix is increased, yet mineral deposition
is decreased. Exercise combined with RP or LP had no impact on survival or growth. Specimens
were analyzed for bone microstructure, bone formation, mineralization and modeling, gene
expression, and protein levels. Bone formation is increased in RPE animals compared to RPC
animals. LPE animals display extensive mineralization of vertebral centra and elasmoid scales. Yet,
cranial dermal elements maintain a typical non-mineralized LP phenotype upon exercise. Thus, as
other skeletal elements remain non-mineralized, increased scale mineralization likely does not
represent a systemic response. The lack of increased scale resorption together with the observed
mineralization increase rules out the scales as possible P source. The response of bone formation-,
resorption-, and P metabolism-related genes to exercise was investigated via RT-PCR. Exercise
increases the expression of genes (bglap, spp1, on) that promote collagen assembly, stimulate
mineral deposition, and direct the orientation of crystals along the collagen fibers. Interestingly,
sost is upregulated upon exercise, in line with recently published work [5,6] but in contrast to the
widely accepted idea that sost downregulation promotes bone formation.
This research received funding from the European Union’s Horizon 2020 Research and Innovation Programme
under the Marie Skłodowska-Curie grant agreement 766347 (Biomedaqu). PEW and SC also acknowledge
funding from the UGent INTEC project.
[1] Fiaz et al. (2012)
[3] Suniaga et al. (2018)
[5] Pickering et al. (2017)

[2] Ofer et al. (2019)
[4] Cotti et al. (2020)
[6] Falk et al. (2016)
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Rearing density and variations in the postcranial phenotype of
medaka, Oryzias latipes

Di Biagio C1,2, Dellacqua Z1,3, Martini A1, Huysseune A2, Scardi M1, Witten PE2, Boglione C1
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2
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Experimental Ecology and Aquaculture, Department of Biology, University of Rome Tor Vergata,
Rome, Italy
Evolutionary Developmental Biology, Department of Biology, Ghent University, Ghent, Belgium
GIA-ECOAQUA, University of Las Palmas de Gran Canaria, Las Palmas, Spain

Oryzias latipes is gaining increasing attention as model for osteopathologies’ studies. Yet, the
variability of the skeletal elements in laboratory conditions is incomplete, and guidelines on
optimal rearing density are lacking. Thus, this work is focused on: (I) providing a comprehensive
overview of the axial skeleton in medaka; (II) investigating the skeletal response to varying rearing
densities in terms of standard length, meristic counts, mineralization, variability and plasticity of
skeletal elements, and presence of skeletal defects. For these aims, hatched medakas were reared
in a closed recirculating system for 40 days at 3 different rearing densities: low (5 fishes/L),
medium (15 fishes/L) and high (45 fishes/L). At sampling, individuals with deviated vertebral axis or
vertebral fusions were fixed for histological and histoenzymatic investigations. All others were
whole mount stained with Alizarin red S. HD juveniles were significantly smaller. Rearing density,
however, did not produce fish with differences in meristic counts. The reduced mineralization of
skeletal elements in the HD group was correlated with the standard length, as indicated by the
logistic regression analysis. The analysis of 86 types, including variations in numbers, shape and
presence/absence of specific skeletal elements, revealed that the caudal complex is the most
plastic region. Interestingly, vertebral centra and arches behave differently: high density increases
anomalies affecting vertebral centra, with an increase of observed vertebral body fusions. A series
of static observations on preural fusions provided insights into the etiology of centra fusion. The
fusion of preural centra involved the ectopic formation of bony bridges over the intact
intervertebral ligament. An apparent consequence is the degradation of the intervertebral
ligaments and the remodeling and reshaping of the fused vertebral centra into a biconoid-shaped
centrum. This study highlights the importance of rearing conditions, natural variability, skeletal
phenotypic plasticity, and the genetic background along with species-speciﬁc peculiarities when
screening for skeletal phenotypes of mutant or wildtype medaka.
This research received funding from the European Union’s Horizon 2020 Research and Innovation Programme
under the Marie Skłodowska-Curie grant agreement 766347 (Biomedaqu).
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Bone matrix formation and mineralisation can be uncoupled. A
study on Atlantic salmon fed diets deficient and oversupplied
with phosphorus

Drábiková L, Fjelldal PG, Morken T, Yousaf MN, Witten PE
Evolutionary Developmental Biology, Department of Biology, Ghent University, Ghent, Belgium
Phosphorus (P) is critical for bone matrix mineralisation. Inorganic P is a limited resource. The daily
uptake of P in humans is commonly exceeded and associated with health problems [1]. Farmed
fish are supplemented with inorganic P, also frequently surpassing the recommended levels.
Aquaculture and agriculture P effluents pollute waters. A long-term study on Atlantic salmon
examines the effect of P-deficiency and P-oversupply on bone and the potential to recover from Pdeficiency [2-3]. Freshwater stages of Atlantic salmon (Salmo salar, L.) (from 13.5 g to 50 g) were
fed diets with a low (2.6 g/kg), regular (5.9 g/kg), or high (9.1 g/kg) available P for 11 weeks.
Animals were subsequently fed a regular P diet, transferred to seawater, and reared until harvest
size (4.5 kg). Animals were kept in a flow-through land-based system and were handled only
sporadically to limit stress. Analyses included: Growth data, plasma P, bone minerals, fgf23
expression, X-ray images, mechanical testing, histology to visualise bone cells and mineralised
matrix, and Alizarin red S whole mount staining for 3D imaging [1-2]. Low P intake results in
cessation of matrix mineralisation Bone matrix formation continues, albeit it remains nonmineralised. Animals fed low-P grow regularly. Bone P and Ca decrease by 50%, plasma P
decreases 3-fold. Expression of fgf23 is down-regulated. Vertebral centra stiffness is reduced.
Animals fed high-P diet do not show an enhancement in bone health compared with regular-P diet.
Regular P diet restores bone mineral content and mechanical properties of the low-P bone.
Mineralisation resumes distant from the osteoblasts at the last mineralised matrix. Teleost fish
were able to recover from low-P diet history. High-P was not advantageous over regular-P diet.
This study questions diets oversupplied in non-renewable inorganic P which may lead to excessive
P effluents and water pollution.
LD and PEW acknowledge funding from the European Union’s Horizon 2020 research and innovation
programme under the Marie Sklodowska-Curie grant agreement No. 766347 (Biomedaqu), from Ghent
University, Bijzonder Onderzoeksfonds, grant code BOF.ITN.2021.0013.001, and from Fond Wetenschappelijk
Onderzoek Vlaanderen (FWO).
[1] Calvo and Uribarri (2013) Am J Clin Nutr 98:6-15
[2] Drábiková et al. (2021) Aquaculture 541:736776
[3] Drábiková et al. (2022) Aquaculture 559:738430
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Recovery, stabilisation, and progression of vertebral deformities
in Atlantic salmon (Salmo salar, L.) fed low and high dietary P

Drábiková L, Fjelldal PG, De Clercq A, Yousaf MN, Morken T, McGurk C, Witten PE
Evolutionary Developmental Biology, Department of Biology, Ghent University, Ghent, Belgium
Calcium (Ca) and phosphorus (P) are main components of mineralised bone. Water-borne Ca is
absorbed via gills but P is limited and teleosts require its dietary supplementation. Today, fish
meal-based diets for farmed teleost (variable P digestibility 20-70%) are replaced by plant-based
diets. These require supplementation with inorganic P, a limited resource but with a digestibility of
up to 90% [1]. Still, dietary P commonly exceeds requirements. Current studies analyse (a) effects
of low and high dietary P in freshwater (parr) stage of Atlantic salmon and (b) long-term effect of
different freshwater dietary P history on seawater stages. Atlantic salmon (Salmo salar) parr (13.5
g) were fed mono-ammonium phosphate supplemented diets with a low (2.6 g/kg), regular (5.9
g/kg), or high (9.1 g/kg) available P for 11 weeks. Animals were subsequently fed a commercial diet
for 66 weeks in seawater up to harvest (4.5 kg) and tagged to monitor individuals. Analyses
included: growth data, mineral content and expression of fgf23 in vertebrae, plasma P, x-ray
images, Alizarin red S, mechanical testing, and histology. High-P does not benefit mineralisation,
nor does it prevent deformities. Low-P animals growth regularly, develop extended areas of nonmineralised bone while bone mineral and plasma P are significantly reduced. fgf23 downregulation
in low-P animals indicate that animals increase kidney P reabsorption. Low-P associated
deformities (low-mineralised and hyper-dense vertebrae), recover in seawater. Severe and lateonset deformities are infrequent and occur in all P history groups. Parr and seawater stages of
Atlantic salmon can withstand a period of low-P diet without the development of long lasting
deformities [3-6]. A high P diet is not advantageous. Low-P diets increase P reabsorption and
utilisation of P resources. Possibly, intermittent feeding of low-P in less P sensitive stages of
salmon can aid in P utilisation by the animal.
LD and PEW acknowledge funding from the European Union’s Horizon 2020 research and innovation
programme under the Marie Sklodowska-Curie grant agreement No. 766347 (Biomedaqu), from Ghent
University, Bijzonder Onderzoeksfonds, grant code BOF.ITN.2021.0013.001, and from Fond Wetenschappelijk
Onderzoek Vlaanderen (FWO).
[1] Morales et al. (2018) Aquaculture 495:568-574 [2] Bureau & Hua (2010) Aquac Res 41:777-792
[3] Drábiková et al. (2021) Aquaculture 541:736776 [4] Drábiková et al. (2022) Aquaculture 559:738430
[5] Witten et al. (2016) J Fish Biol 88:690-708
[6] Witten et al. (2019) J Exp Biol 222
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The biopotential of marine fungi associated to microplastics as
possible source of mineralogenic and osteogenic compounds

Florio Furno M1, Spina F1, Ferrero D1, Carletti A2, Gavaia PJ2, Varese GC1, Laizé V2
1

2

Department of Life Sciences and Systems Biology & Mycotheca Universitatis Taurinensis,
University of Turin, Turin, Italy
Centre of Marine Sciences, University of Algarve, Faro, Portugal

Human disorders such as osteoporosis and osteopenia are the most common chronic disorders
related to bone and are characterized by low bone mineral density. Bisphosphonates are among
the most used drugs to treat osteoporosis– they reduce the rate of bone resorption thus
preventing bone loss – but they are associated with rare and acute side effects. The search for
novel anti-resorptive and bone anabolic compounds has gained momentum in the last decade and
marine environment was found to be rich in osteo-active molecules, probably because marine
organisms are subjected to extreme conditions (pressure, salinity etc.), fueling specialization and
adaptation. Among organisms that have already demonstrated a remarkable diversity of bioactive
compounds, and although this remains largely unexplored, fungi have the potential to synthetize
primary and secondary metabolites with osteogenic activity. We explored the biopotential of
marine fungi (both filamentous and yeast-like) associated to microplastics, and evaluated for the
presence of bioactive compounds with the capacity to promote calcification and increase bone
mineral density in 34 crude extracts from fungi produced using different culture conditions. We
used bone-derived cell lines capable of in vitro mineralization to assess their mineralogenic
potential and developing larval zebrafish operculum to assess for their osteogenic potential.
Results showed that extracts from three fungal strains (Cladosporium cladosporioides,
Cladosporium halotolerans and Vishniacozyma carnescens) significantly increase opercular bone
growth in vivo while three extracts (from Cladosporium cladosporioides, Sesquicillium microsporum
and Cladosporium pseudocladosporioides, respectively) increase the extracellular matrix
mineralization in vitro. Therefore, marine fungi represent a promising and sustainable source of
osteo-active molecules with possible therapeutic applications in the treatment of human bone
disorders.
Work funded by the Portuguese Foundation for Science and Technology through funding to the CCMAR (grants
UIDB/04326/2020, UIDP/04326/2020 and LA/P/0101/2020), and through FCT Ph.D. fellowship 2021.05406.BD.
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Recessive osteogenesis imperfecta: Zebrafish and murine
models as complementary approaches

Forlino A
Biochemistry Unit, Department of Molecular Medicine, University of Pavia, Pavia, Italy
Osteogenesis imperfecta (OI) is a family of collagen type I related disorders characterized by
growth retardation, skeletal deformity and bone fragility. Historically OI was considered a brittle
bone disease caused by dominant mutations in COL1A1 and COL1A2 genes encoding the α1 and α2
chains of collagen type I. Since 2006, recessive and X-linked mutations in several other genes
encoding for proteins and enzymes involved in collagen type I synthesis, secretion, processing and
matrix incorporation as well as osteoblasts differentiation and activity have been reported as
responsible for OI and their characterization help to identify and to shed light on new bone specific
metabolic pathways. Murine and zebrafish are among the most common animal models created
and used to investigate OI. These models, by reproducing the human genotype and phenotype,
address common, peculiar and overall complementary tasks that help to understand the molecular
basis of the disease, to identify new therapeutic targets and to develop novel treatments. A good
example is represented by the murine and zebrafish models for OI type VII and VIII associated to
defects in either cartilage associated protein or prolyl 3 hydroxylase. These models allowed to
better understand the role of a newly identified endoplasmic reticulum (ER) complex involved in
collagen I post translational modification highlighting its enzymatic and chaperon role,
respectively. More recently, we generated a mouse and a zebrafish model for OI type XIV caused
by loss-of-function mutation in the ER potassium channel TRIC-B which helped to define a new role
of calcium in collagen biosynthesis and in osteoblast and osteoclast differentiation, respectively. Of
note, OI type VII, VIII and XIV mice and zebrafish also contributed to identify previously unknown
target for new treatments. In conclusion. the generation of different animal models for heritable
human diseases represents a powerful tool to facilitate the bench-to-bed translation.
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Improving ballan wrasse hatchery robustness: Skeletal
deformities as a key bottleneck in sustainable cleaner fish
production

Gaffney K1, Weinand L1, Simpson L1, Baily J1, Jimenez Fernandez E2, Betancor M1
1
2

Institute of Aquaculture, Faculty of Natural Sciences, University of Stirling, Stirling, UK
Otter Ferry Seafish Ltd, Tighnabruaich, Argyll, Scotland

Sea lice infections are a major health, economic, and environmental issue for the Atlantic salmon
(Salmo salar) aquaculture industry. The industry utilises an Integrated Pest Management (IPM)
approach to controlling sea lice infections, combining physical, environmental, medicinal and
biological tools. The use of cleaner fish as biological control is a key component of this approach,
providing continuous removal of lice without compromising salmon welfare. Ballan wrasse (Labrus
bergylta) are one of two species currently farmed in Scotland as cleaner fish and the industry is still
in early development. One key issue in ballan wrasse production is the presence of
nephrocalcinosis, swim bladder abnormalities and skeletal deformities. The frequency of
abnormalities in wild ballan wrasse are low but initial studies investigating post-weaning (0.3-0.9g)
and pre-deployment (25-80g) farmed populations have shown elevated rates of key malformations
(Cavrois-Rogacki et al., 2021; Fjelldal et al., 2021). This currently leads to the downgrading of a
significant percentage of farmed wrasse prior to deployment and may have implications for the
growth and welfare of the fish affected. As demonstrated in many other marine species, the
abnormalities seen in these studies are likely to have developed before the post-weaning stage,
during larval and early juvenile stages. This trial followed 3 commercial batches of ballan from
hatching to post-weaning (0-1500 degree days (DD)) to characterise the abnormalities present
during these stages. Every 100 DD gross inspection for externally visible abnormalities was carried
out and photos taken for morphometric analysis. Initial data demonstrated the presence of swim
bladder abnormalities and skeletal deformities at 200 DD (4-5 mm length, 17-21 days posthatching) and nephrocalcinosis at 300 DD. This is significantly earlier than demonstrated by
previous studies for this species and will facilitate the investigation of potential causative factors.
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The thyroid hormone analogue triac enhances
mineralization during early zebrafish development

bone

Geessinck QF, Ernst TR, Uunk F, Klaren PHM, Metz JR
Institute for Biological and Environmental Sciences, Department of Animal Ecology and Physiology
Radboud University, Nijmegen, The Netherlands
Triiodothyroacetic acid (triac) is a thyroid hormone metabolite, with high affinity for thyroid
hormone receptors. It has been suggested that triac may be an ancient thyroid hormone, making it
an interesting compound to understand the evolutionary origin of the endocrine control of the
skeleton. We found that during early zebrafish development, triac accelerates bone mineralization.
Our research further aimed to examine how triac affects skeletogenesis and to identify its targets.
We hypothesized that triac could either enhance mineralization directly, by targeting bone cells, or
indirectly by targeting mechanisms involved in calcium homeostasis. To investigate this,
developing zebrafish embryos were exposed to triac under different ambient calcium
concentrations (low, standard, and high) from 0 to 7 days post-fertilization. Effects on skeletal
development were determined by bone and cartilage double staining (alcian blue and alizarin red).
Effects on calcium metabolism were assessed by fluorescent in vivo staining of larval epithelial iontransporting cells (DASPMI staining), whole-body mineral analysis (ICP-OES), and relative
expression of genes involved in calcium-uptake mechanisms and of osteoblast- and bone matrix
marker genes (qPCR). We found that triac stimulates bone mineralization in an ambient calciumdependent manner. The expression of two osteoblast genes, sp7 and entpd5a, and the bone
matrix gene collagen 1a1 were increased in triac-exposed larvae. Triac did not directly affect
osteoblast sp7 activity in a scale assay. However, triac exposure resulted in an increased number of
ion-transporting cells in the skin of larvae. Additionally, expression of the anti-hypercalcaemic
hormone stanniocalcin 1 like was downregulated in triac-exposed larvae, and whole-body calcium
levels significantly increased. These results indicate that triac stimulates mineralization, possibly
via interference with calcium-uptake mechanisms and thereby increasing whole-body calcium
levels. Our results provide promising leads for the possible physiological and biological functions of
triac and to understand the evolutionary origin of thyroid hormone function.
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From skin denticles to continuously replacing teeth: Insights
from teleost fish

Huysseune A
Vertebrate Zoology Department, Charles University, Prague, Czech Republic; Evolutionary
Developmental Biology, Department of Biology, Ghent University, Ghent, Belgium
While the homology of teeth (internal odontodes) and dermal denticles (external odontodes) is
firmly established, teeth have evolved mechanisms for continuous replacement in order to secure
lifelong function. Classical morphological studies on tooth replacement in teleosts focused
primarily on patterns of replacement (when, where, under local or general control?). Today these
studies are complemented by molecular approaches aiming to elucidate expression patterns and
functions of genes involved in replacement tooth formation. Teleosts display a wide diversity with
respect to the location of replacement tooth formation (site of initiation, presence or absence of a
dental lamina, development on the surface of the dentigerous bone or within its medullary cavity,
…). As replacement teeth do not necessarily have the same molecular signature as first-generation
teeth, a crucial question concerns the actual trigger for tooth replacement. Several studies have
emphasized the potential role of epithelial stem cells in initiating tooth replacement but the
concept has also been disputed. Alternatively, replacement may result from local proliferation of
undifferentiated progenitors, stimulated by hitherto unknown (mesenchymal?) factors. So far, the
role of the neurovascular link in continuous tooth replacement has been poorly investigated. This
is surprising, considering the rich vascularization around actinopterygian (as well as
chondrichthyan) dentitions, and the evidence that – at least in cichlids - nerve resection can
completely arrest tooth replacement. Finally, tooth replacement appears to be coopted as a
process to ontogenetically expand the number of teeth in a dentition whilst conserving features of
the primary dentition. This recapitulation of an embryonic process may offer an alternative yet
rewarding approach to elucidate mechanisms of tooth replacement.
A. Huysseune thanks P. Eckhard Witten and R. Cerny for many fruitful discussions and gratefully acknowledges
grants from the Special Research Fund of Ghent University, Belgium (BOF24J2015001401) and from the GACR,
Czech Republic (Project n° 22-25061S).
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Dark spots in Atlantic salmon fillets are associated with
damaging incidents in the rib cage

Jiménez-Guerrero R1, Baeverfjord G2, Evensen Ø3, Hamre K4, Larsson T5, Dessen J-E5,
Gannestad K-H2, Mørkøre T1,5
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Nofima, Ås, Norway

Focal dark spots (DS) are the largest quality problem in farmed Atlantic salmon (Salmo salar L.).
Usually, DS are presented as red or black discolorations predominantly found in the cranio-ventral
region of the fillet under the rib cage. The present study investigates the potential association
between damaged ribs and DS by X-ray imaging. The fish used were slaughter size salmon farmed
in commercial sea-cages (4.5 kg), and large size wild salmon (5.1 kg). Rib abnormalities (RA) were
found in most fish, with around eight RA per rib cage side in farmed while four in wild salmon. In
farmed salmon, RA were symmetrically concentrated in central areas of the rib cage (ribs 11-14),
with an increasing tendency from proximal to distal rib parts. In wild salmon, RA were equally
dispersed over the rib cage. DS were only found in farmed salmon, with a symmetrical
concentration in central areas of the rib cage (ribs 11-14), more frequently in mid rib parts, and
with more severe and rounder forms in mid-proximal rib parts. X-rayed black DS presented a 1.6
times higher prevalence of RA than control tissue, principally contributed by bent and broken ribs.
Micro-CT of DS at different rib positions revealed recurrent injury processes increased in midproximal parts. Flattened DS forms were associated with a smaller area and a higher prevalence of
RA in the form of bent ribs (rib injury), in contrast to round DS (possible muscle injury). DS with
large intensity levels had a lower prevalence of RA but low-density ribs if occurring than DS of low
intensity levels, probably due to secondary rib changes by the pro-inflammatory environment.
Traumatic incidents in the rib cage are the primary cause of DS. The bone/muscle injury location in
the rib cage is important for DS development.
The Norwegian Seafood Research Fund (FHF) and Norwegian University of Life Sciences (NMBU) supported this
study. The study in sea-cages was carried out using Nofima's R&D licenses granted by the Norwegian
Directorate of Fisheries for large‐scale Industrial Research. The authors acknowledge the skillful assistance and
dedicated fish management of the technicians at Lerøy Midt AS, with special thanks to Helge Endresen. The
authors remark on the excellent work provided by staff at the Research Station for Sustainable Aquaculture
(Nofima) and laboratories. Thanks to Dr. Elisabeth Ytteborg for helping to interpret some results. Thanks to
M.Sc. Sumeng Galdat for your assistance processing part of the data. Thanks to Gunhild Haustveit for your help
with micro-CT scans during COVID-19 restrictions. Thanks to Professor Øivind Andersen for valuable
contributions to the manuscript.
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Modularity & diversification in the air-breathing fishes and their
allies

Kolmann MA
Department of Biology, University of Louisville, Louisville, USA
Changes in the complexity of vertebrate body plans are linked to the degree to which modules
within these bodies are covariable - how much does changing one structure influence adjacent
structures? The adaptive significance of certain structures, key innovations or novelties, may exert
considerable influence on the phenotypic evolution of body plans across entire clades. We
explored whether a key innovation, air-breathing organs, influence body shape modularity and
evolution in the labyrinth fishes (Anabantaria). The anabantarian fishes exhibit a suite of different
air-breathing structures, from vascularized pharyngeal sacs to complex air-breathing organs called
labyrinth organs. We radiographed 155 species and 402 individuals from all major clades and then
used 2D geometric morphometrics to characterize changes in body shape across air-breathing and
non air-breathing lineages. We tested whether air-breathing lineages exhibited greater degree of
phenotypic integration than non air-breathers at both intraspecific and interspecific
(macroevolutionary) scales. We also tested whether morphospace occupation was inherently
different among air-breathing and non air-breathing lineages. Anabantarians show some
indications of an early burst in body shape disparity and we found differences in morphospace
occupation among air-breathing and non air-breathing lineages. However, we found near identical
magnitudes of integration among air-breathers and non air-breathers, both phenotypically and
evolutionarily. This suggests two seemingly disjunct conclusions: (1) that phenotypic patterns of
modularity can be mirrored across biological scales and that (2) these modes of phenotypic change
are not enough, in isolation, to explain macroevolutionary patterns.
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Deep learning based multi-modal image analysis in fish skeletal
health research

Kumar N, Muller M, Geurts P, Maree R
University of Liège
In this research work, we have developed Artificial Intelligence based computer vision algorithms
for the automatic analysis of multi-modal bio-images in the context of the fish species under study.
To develop the AI algorithms, we used state-of-the-art deep learning techniques for different
tasks, including image segmentation, landmark detection and deformity classification, using
various fish bio-image datasets of different modalities. For each task, we compared and evaluated
several supervised deep learning based Convolutional Neural Network (CNNs) architectures.
During the development, we evaluated different loss functions used to handle class imbalance
problems that are prominent in the biomedical domain. We have also experimented with training
from scratch and transfer learning approaches in order to assess qualitatively which methods
works best for our datasets. In our research, we have worked on datasets of Zebrafish and Medaka
for biomedical studies and Seabream for Aquaculture research. All our trained deep learning
models are integrated within the web-based open-source image analysis tool Cytomine
(http://research.uliege.cytomine.org/).
Navdeep Kumar is fellow of BioMedAqu project (Grant agreement number 766347), Marc Muller is a ”Maıtre de
Recherche” at FNRS. Raphael Maree is supported by the BigPicture EU Research and Innovation Action (Grant
agreement number 945358).
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Morphological diversification in the goldfish domestication
process

Küng LC1, Le Verger K1, Fabre A-C2, Schmelzle T1, Aguirre‐Fernández G1, Sánchez-Villagra MR1
1
2

Paleontological Institute and Museum, University of Zurich, Zurich, Switzerland
Natural History Museum of the Burgergemeinde Bern, Bern, Switzerland

Goldfish domestication, focused on selection for ornamental purposes, has led to a broad diversity
of integumentary and skeletal morphology among breeds. Its study offers insights into the
morphological evolvability of a single species and the differential effects of extensive artificial
selection on skeletal modules. To explore the morphological diversification in goldfish, we
conducted a three-step study. First, we constructed a discrete-character morphospace to
investigate whole-body external variation. A selection of 16 external traits across 19 goldfish
breeds was analyzed using principal component analysis, revealing a clustering of breeds based on
body shape and fin configuration. Given the trait distribution, we hypothesize that the absence of
dorsal fins imposed constraints on the expression of some caudal fin features. Selection for a
globular body shape led to changes in the vertebral column and in swim bladder size and shape.
Second, we investigated variation in the Weberian apparatus, variable in cypriniforms; we
hypothesize that globular breeds are more divergent from the wild type. Most of the variation is
present in parts of the pars sustentaculum. Changes in the Weberian ossicles are subtle and based
on alterations in shape and relative length of some processes. Finally, we analyzed neurocranial
morphological variation in a sample of goldfish and wild cyprinid species using 3-D geometric
morphometrics. Domestication led to increased neurocranial variation in goldfish compared to the
wild form, in both neural crest and mesoderm derived bones, a result consistent with the effects of
domestication in other vertebrates. Among the most salient variations detected, we found that the
neurocranium of goldfish tends to be relatively shorter with a large orbit while wild cyprinids
exhibit an elongated, flat neurocranium with a relatively smaller orbit, a result echoing the
selection towards more globular forms during domestication.

32

Poster

24

Mycotoxins in vegetable based aquafeeds decrease
mineralization in vitro and increase skeletal deformities in vivo

Laizé V1,2, Fjelldal PG3, Gavaia PJ1, Berntssen MHG3, Lie KK3
1
2
3

Centre of Marine Sciences, University of Algarve, Faro, Portugal
S2AQUA Sustainable and Smart Aquaculture Collaborative Laboratory, Olhão, Portugal
Institute of Marine Research, Bergen, Norway

The predicted increase in global temperature and extreme weather fluctuations is believed to
accelerate the occurrence of mycotoxins in food and feed commodities. Mycotoxins represent a
global challenge for animal health and food safety as the addition of vegetable ingredients in
aquaculture feeds has also introduced these potential toxic contaminants in farmed animals. Here,
we have used in vitro and in vivo systems to evaluate the toxicity of two lipophilic mycotoxins, the
enniatin B (ENNB) and beauvericin (BEA), both shown to be highly prevalent in salmon feed and
feed ingredients. Bone derived cell lines capable of in vitro mineralization (SSV2 and SSJ1 derived
from Atlantic salmon vertebrae and jaw, respectively) were exposed for 5 weeks to ENNB or BEA
and the staining of their extracellular matrix with alizarin red S revealed the anti-mineralogenic
activity of both mycotoxins, with ENNB showing a stronger osteotoxicity. Analysis of gene
expression indicated a down regulation of several bone marker genes central to osteoblast
differentiation in cells exposed to mycotoxins. Again, a stronger effect was observed for ENNB. A 3months in vivo feeding trial was conducted to further investigate the effect of these mycotoxins on
salmon performance and health, which showed a reduced growth in length for fish fed the
experimental diet containing ENNB, and a not-significant trend for induced spinal deformity in fish
fed diets containing ENNB or BEA. We propose that skeletogenic and mineralogenic effects of
ENNB and BEA may be related to their ionophoric properties and their effect on inflammatory
cytokines and oxidative phosphorylation.
Work funded by the Research Council of Norway through the AQUAMYC project (grant 281032 HAVBRUK2) and
by the Portuguese Foundation for Science and Technology through funding to the CCMAR (grants
UIDB/04326/2020, UIDP/04326/2020 and LA/P/0101/2020).
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Miniature teeth in teleost fish: Support for the ‘single
odontoblast’ hypothesis

Larionova D1, Di Biagio C1,2, Huysseune A1,3
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Biology Department, Ghent University, Ghent, Belgium
Biology Department, University of Rome, Tor Vergata, Rome, Italy
Department of Zoology, Charles University, Prague, Czech Republic

Teleost species that are frequently used for biomedical research, such as zebrafish and medaka,
are miniaturized and have accordingly extremely small-sized first-generation teeth. Yet, these
develop normal dentin and enameloid matrices and erupt. e.g., in medaka (Oryzias latipes), firstgeneration oral teeth reach a size of 4 µm across. Serial transmission electron microscope (TEM)
sections, followed by 3D-reconstructions of TEM images, have previously revealed that during
tooth morphogenesis and cytodifferentiation, only one mesenchymal cell possesses the properties
of an actively secreting odontoblast [1]. Later, this odontoblast forms one long process extending
into the dentin, supporting the predominant role of this cell in further tooth development. The role
of a second cell, adjacent to this odontoblast - whether acting as osteoblast or odontoblast - was
not resolved at the time. To further test the hypothesis of a ‘single odontoblast tooth’ in medaka,
and to explore the role of the second cell, we studied the expression of scpp5, a secretory calciumbinding phosphoprotein essential for formation and mineralization of teeth in actinopterygians [2]
and differentially expressed between osteoblasts and odontoblasts [3]. Whole mount in situ
hybridization (ISH) analysis of first-generation oral teeth in medaka revealed that scpp5 is
exclusively expressed in the cells of the inner dental epithelium (IDE) and in the odontoblasts at
cytodifferentiation stage. Within the IDE, the signal gradually disappears from the apical cells,
transiently persisting only in the cells located close to the cervical loop. scpp5 expression persists
in the apical part of the ‘single odontoblast’ and its process, even after the complete
disappearance of the signal from the IDE. This may indicate that scpp5 plays a role in the
mineralization of both enameloid and dentin, and provides support for the hypothesis that only a
single odontoblast participates in the formation of first-generation teeth in medaka.
CDB acknowledges funding from the European Union’s Horizon 2020 Research and Innovation Programme
under the Marie Skłodowska-Curie grant agreement 766347 (Biomedaqu).
[1] Larionova et al. (2021) Dev Dyn 250:1021-1035
[2] Kawasaki et al. (2021) iScience 24:102023
[3] Rosa et al. (2021) Front Physiol 12:723210
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Reference transcriptome of the vertebral bone tissue from
postlarval and juvenile Senegalese sole (Solea senegalensis):
Unveiling the messages hidden by the anosteocytic bone

Losada AP1, de Azevedo AM1, Fernández-López JC2, Álvarez-Dios JA3, Barreiro A1, Martínez P2,
Quiroga MI1, Bouza C2, Vázquez S1
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Department of Anatomy, Animal Production and Veterinary Clinical Sciences, Faculty of
Veterinary, University of Santiago de Compostela, Lugo, Spain
Department of Zoology, Genetics and Physical Anthropology, Faculty of Veterinary, University of
Santiago de Compostela, Lugo, Spain
Department of Applied Mathematics, Faculty of Mathematics, University of Santiago de
Compostela, Santiago de Compostela, Spain

The prevalence of skeletal anomalies in Senegalese sole (Solea senegalensis) is an important issue
for its production. To unveil the mechanisms involved in these complex traits, it is crucial to follow
the expression of landmark transcription factors, signalling pathways and other factors involved in
the regulation of bone development and pathology. This multidisciplinary study was applied to
sample and analyse the vertebral bone of Senegalese sole reared at different conditions to obtain
a transcriptomic reference repertoire. The experimental trial performed in the ECIMAT (Vigo,
Spain) started with Senegalese sole fertilized eggs either incubated at 18 or 22 ºC. Hatched eggs
were then placed in triplicate tanks per condition. Stereomicroscopy, digital radiography, and
digital imaging methods were used for vertebral phenotyping at 31 and 123 days after hatching,
classifying vertebral anomalies and supporting transcriptomic sampling. Spinal bone tissues were
collected for RNA extraction. Twelve samples of vertebral bone were dissected out and cleaned of
adjacent tissues for the transcriptome analysis at both life-stages studied, covering two incubation
temperatures and different spinal pathologies (fusions, deformations, and deviations). Filtered
reads obtained by Illumina RNA-seq were aligned against the Senegalese sole genome. Vertebral
bone reference mRNA and miRNA transcriptomes were generated for functional evaluation of
bone homeostasis in the conditions and phenotypes tested. A comprehensive functional analysis
revealed a wide repertory of coding and miRNA candidate genes, along with enriched pathways
related to development and growth of spinal bone. Differentially expressed genes between stages
and conditions, and the interactions between mRNA-miRNA were evaluated. This study sets the
basis for further analysis between vertebral phenotypes across tissues and life-stages under
different incubation conditions, providing insights into the functional mechanisms of spinal
pathologies in Senegalese sole. The transcriptomic resources of this vertebral bone will be useful
for future investigations on the spine of fish and vertebrates.
Spanish Ministry of Science, Innovation and Universities & European Regional Development Fund (RTI2018097110-B-C21). AM de Azevedo holds a postdoctoral contract from Consellería de Cultura, Educación e
Ordenación Universitaria, Xunta de Galicia, Spain.
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Different gene expression patterns related to bone metabolism
during larval stages of Argyrosomus regius in response to
different dietary concentrations of Omega-3

Lújan-Amoraga L1, Delgado-Martín B2, Guerrero-Peña L3, Marques CL1, Pousão-Ferreira P1,
Bandarra N1, Gavaia PJ4, Izquierdo M5, Boglione C6, Ribeiro L1
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Aquaculture Research Station, Portuguese Institute for Sea and Atmosphere, Olhão, Portugal
Bioinformatics Core, University of Málaga, Málaga, Spain
Aquatic Biotechnology Lab, Institute of Marine Research, Vigo, Spain
Centre of Marine Sciences, University of Algarve, Faro, Portugal
GIA-ECOAQUA, University of Las Palmas de Gran Canaria, Telde, Spain
Department of Biology, University of Rome Tor Vergata, Rome, Italy

Long-chain polyunsaturated fatty acids regulate several cellular and molecular pathways involved
in bone metabolism. Therefore, these nutrients have been proposed as crucial factors contributing
to the appearance of skeletal malformations in reared fishes. These anomalies that cause
significant economic losses to the aquaculture sector seem to appear during larval stages, when
the skeleton is forming. It is therefore believed that optimising the levels of these components in
larval diets could improve skeletal development. While both families are required, omega-3 PUFAs
are generally believed to promote bone formation, and omega-6 PUFAs appear detrimental in high
amounts. However, have becoming increasingly evident that a great complexity of biochemical and
functional competitions is involved in the metabolism of these families. Consequently, almost
nothing is known about the molecular mechanisms under the control of LC-PUFAs that are
involved in the onset of malformations. In this study, larvae from 28 DAH, fed with diets containing
different levels and ratios of omega-3 fatty acids, were analysed to study the impact on gene
expression during skeletal formation. Raw reads were processed using a bioinformatic pipeline,
including pre-processing with SeqTrimBB (v2.1.8), mapping with BWA-MEM2 (v2.2.1), differential
gene expression analysis with DEgenesHunter (v1.0), functional enrichment of GO and KEGG terms
and KEGG pathway analysis with in-house R scripts. The reference transcriptome (RefSeq assembly
accession: GCF_000972845.2) was annotated with eggNOG (v2.1.6) to obtain the GO terms
associated with the genes. Genes were considered as differentially expressed (DEG) if [fold change]
> 1.5 and adjusted p-value < 0.05. The results evidenced some genes and pathways differentially
expressed concerning the different consumption of these LC-PUFAs during the larval stages of
meagre, which can be related to the alteration of skeletal remodelling processes. These
contributions will provide insights to optimise diet formulations for aquaculture-bred species that
could improve bone health.
Funding from the European Union's Horizon 2020 research and innovation programme under the Marie
Skłodowska-Curie grant agreement No. 766347 and by the DIVERSIAQUA II – Diversification, Innovation and
Development of Aquaculture in Portugal (MAR-02.01.01-FEAMP-0175) led by the IPMA I.P.
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Zebrafish scales as a pre-screening tool for anti-inflammatory
drug discovery pipeline
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Chronic inflammation is responsible for the development of many inflammatory diseases including
osteoarthritis and osteoporosis. Treatment for chronic inflammation is based on blocking the
synthesis or action of the mediators responsible for the body’ response to an injury. Unfortunately,
as most drugs available in the market present side-effects, there is a need for novel antiinflammatory drugs. In vitro systems (e.g. Raw 264.7 cells) have been fundamental for unravel
critical aspects of immune mechanisms and disease conditions, and to obtain new insights related
to macrophage cells. Currently, there is a tendency to replace in vitro testing with in vivo assays to
accelerate drug discovery. The zebrafish has been fundamental to uncover critical aspects of
immune mechanisms and disease conditions and obtain new insights related to macrophage cells.
Zebrafish scales consist in a flat bony tissue that contains several cell types, including macrophage
cells, which can be easily accessed, and collected for ex vivo culture using traditional in vitro
methodologies. Our data showed an increase in the number of macrophage cells in response to
LPS stimulation, where exposure to LPS at 10 µg/mL induces an increase in the number of
macrophages (mpeg1.1+ cells, Tg(mpeg1.1:eGFP)gl22) at 24, 48, and 72 hours post-exposure, when
compared to untreated scales. Here we establish the methodology to use zebrafish ex vivo scale
culture as an alternative model for pre-screening anti-inflammatory compounds to accelerate drug
discovery.
Work funded by the Portuguese Foundation for Science and Technology (FCT) through projects
UIDB/04326/2020, UIDP/04326/2020 and LA/P/0101/2020. Gil Martins acknowledges the financial support
from the FCT doctoral grant SFRH/BD/146378/2019.
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Resolving primary pathomechanisms driving idiopathic-like
spinal curvature using a new katnb1 zebrafish scoliosis model

Meyer-Miner A1,2, Van Gennip JLM1,2, Henke K3,4, Harris MP3, Ciruna B1,2
1
2
3

4

Program in Developmental & Stem Cell Biology, The Hospital for Sick Children, Toronto, Canada
Department of Molecular Genetics, The University of Toronto, Toronto, Canada
Department of Orthopedic Research, Boston Children’s Hospital; Department of Genetics,
Harvard Medical School, Boston, USA
Department of Orthopaedics and Department of Human Genetics, Emory University, Atlanta, USA

Idiopathic scoliosis (IS) refers to abnormal spinal curvatures that occur in the absence of vertebral
or neuromuscular defects. IS accounts for 80% of human spinal deformity, afflicts ~3% of children
worldwide, yet pathogenic mechanisms are poorly understood. A key role for cerebrospinal fluid
(CSF) homeostasis in zebrafish spine development has been identified. Specifically, defects in cilia
motility of brain ependymal cells (EC), CSF flow and/or Reissner fiber (RF) assembly are observed
to induce neuroinflammation, oxidative stress, abnormal CSF-contacting neuron activity and
urotensin peptide expression, all associating with scoliosis. However, the functional relevance of
these observations to IS remains unclear. Here we characterize zebrafish katnb1 mutants as a new
IS model. We define essential roles for Katnb1 in motile ciliated lineages, uncouple EC cilia and RF
formation defects from spinal curvature, and identify abnormal CSF flow and cell stress responses
as shared pathogenic signatures associated with scoliosis across diverse zebrafish models.
This work was supported, in part, by funding from Canadian Institutes of Health Research (FDN-167285) and the
Canada Research Chair program to B.C., as well as Orthopaedic Research Foundation of Boston Children’s
Hospital to K.H. and M.P.H.
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Material forming the scales of the sturgeon (Acipencer
guldenstatii) is composed of collagen fibril bundles oriented in 3
dimensions

Milgram J1, Shahar R1, Weiner S2
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Weizmann Institute of Science, Department of Chemical and Structural Biology, Rehovot, Israel

Scales are calcified elements embedded in the skin of fish, and are generally composed of bone
with a scale specific covering. In this study we investigate the material contributing to the bulk of
the scales of the sturgeon (Acipencer guldenstatii), and describe the structure in the millimeter,
micrometer and nanometer length scales. Polished and fracture surfaces were prepared in each of
the three anatomic planes for imaging with light and electron microscopy, as well as focused ion
beam – scanning electron microscope (FIB SEM). The scale is comprised of three layers with lower
and upper layers forming the bulk of the scale. FTIR shows that the scale is composed of collagen
and carbonated hydroxyapatite. Lacunae are present throughout the structure. Fracture surfaces
of all three layers are characterized by larger diameter fibril bundles emanating from a plane
comprising smaller diameter fibrils orientated in different directions. The aligned lineations seen in
polished surfaces of both major layers is interpreted as the predominant fibril direction and is
defined as the striation plane. FIB SEM image stacks of the upper and lower layers show that the
lineations are indeed collagen and that the organization of the collagen fibril bundles (CFBs) in the
striation plane is consistent with a radial collagen fibril array pattern. In addition, large CFBs
emanate from the striation plane at different angles. This study shows that both major layers of
the sturgeon scale are comprised mainly of collagen fibril bundles oriented in multiple directions
within the plane, as well as relatively large collagen fibril bundles oriented obliquely to the plane.
Together they form a 3 dimensional structure reminiscent of mammalian orthodentin, but without
tubules.
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Maternal effect on vertebra and lepidotrich counts in Atlantic
salmon clonal lines
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We examined the maternal and paternal contribution to vertebra and fin ray numbers in Atlantic
salmon. Two XX females (A and B) from different homozygous clonal lines were crossed with 4
different homozygous YY supermales (a, b, c, d) to produce eight all-male families. These were
reared to ~4 kg and 10 from each were examined for vertebra, supraneural, and fin (dorsal, anal,
pectoral, pelvic, and tail) lepidotrichs and pterygiophores counts. In addition, the vertebral column
was defined into five distinct regions viz., post cranial (V1 to V2), abdominal (V3 to V26-27),
transitional (V27-28 to V35-36), caudal (V36-37 to V53-54) and ural (V53-54 to V58-59).
Exploratory proportional odds logistic regression models suggest significant dam effects on the
total vertebrae, anal fin lepidotrichs and pterygiophores, and tail fin lepidotrichs counts. Dam A
had modes of 58, 12, 10, and 45, respectively, while dam B had modes of 59, 12, 9, and 42,
respectively. Weaker sire effects were observed for the total vertebra. Sires a and b had a mode of
58 vertebra, whereas sires c and d had a mode of 59. At the population level, the total number of
vertebrae was significantly positively associated with the number of abdominal and caudal
vertebra. However, these trends were not always significant at the family level. In contrast, the
strong negative relationship between the number of transitional and abdominal vertebra at the
population level generally held true at the family level. There was also an unexpected negative
trend between weight and vertebral number with an average 3% decrease in the mean weight for
every additional vertebra, but this effect was not significant. These results provide a baseline for
further studies on the environmental and genetic regulation of meristic characteristics and skeletal
abnormalities in Atlantic salmon.
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Retinoic acid-induced calvarial fragmentation appears to be
based on concerted interactions between osteoblasts,
osteoclasts and also chondrocytes

Ohlebusch B, Pogoda H-M, Hammerschmidt M
Institute of Zoology, Department of Developmental Biology, University of Cologne, Cologne,
Germany
Retinoic acid (RA) is a potent signaling molecule with crucial functions in various aspects of
vertebrate development including the formation of the skeletal system. Thus, elevated RA levels
can cause an array of bone related, but on first sight opposing, phenotypes like attenuated growth,
ectopic mineralisation, bone fragility and fragmentation in fish and humans. We previously
published that calvarial plates of juvenile zebrafish undergo growth arrest, but also develop an
ectopic mineralisation within the calvarial sutures when exposed to exogenous RA. Furthermore, a
spatially restricted calvarial fragmentation occurs along the underlying cartilaginous epiphyseal bar
(eb) under such conditions. We previously reported that osteoclast activation by cells of the
osteoblast lineage is necessary to cause this RA-dependent bone fragmentation. Noteworthy, our
most recent results indicate that also the spatially associated chrondrocytes of the eb appear to be
highly RA-responsive. However, it remains unresolved whether and which of these osteogenic celltypes respond directly or indirectly to RA and how chondrocytes, osteoclasts and cells of the
osteoblast lineage orchestrate this spatially restricted bone resorption. To address such questions,
we performed osteoblast- and chondroblast lineage specific RNAseq experiments on accordingly
manipulated calvarial samples. Surprisingly, initial analysis of the hereby obtained data, point
towards an involvement of immunological mechanisms presumably opening the door towards the
sophisticated field of osteoimmunology. Latest results will be presented.
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Establishing the dietary dose of rotifers for optimal larval growth
and skeletal development in zebrafish
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Saltwater rotifers (Brachionus plicatilis) are widely used as live feed for zebrafish (Danio rerio) since
1970. They represent one of the best live feeds for early-stage fishes due to their smaller size,
higher reproductive rate, adaptability to salinity and temperature changes, and slower swimming
behaviour. In addition, being filter feeders, they can be nutritionally enriched via bioencapsulation
with different species of microalgae, allowing optimization of their nutritional properties for the
target species. Despite being used in zebrafish facilities for more than 50 years, a standardized
feeding protocol has not yet been established. Each research laboratory uses different
concentrations of rotifers, thus making it impossible to make a comparative assessment. This study
aimed to establish the optimum concentration of rotifers that meet larval zebrafish nutritional
requirements and promote a harmonious skeleton development, and at the same time optimizing
resources expenditure. To accomplish this, wildtype zebrafish embryos (AB) were fed from 5 to 30
days post-fertilization (dpf) using different concentrations of rotifers (25, 50, 100, 150, 200 rots
mL-1) enriched with Nannochloropsis sp. liquid concentrate (19% microalgae dry weight, Green
Formula, Necton) on a daily basis. Zebrafish growth parameters (total length, body depth, wet and
dry weight) were assessed at 15 and 30 dpf. Additionally, at 30 dpf fish were sampled to evaluate
the incidence of skeletal deformities. Our result showed that fish fed with 150 and 200 rots mL-1
had an improved growth rate, but the ones fed with 100 rots mL -1 developed a significantly lower
number of skeletal deformities, although still displaying better growth compared to the groups fed
lower rotifers concentrations. We propose that zebrafish larvae should be fed with 100 rots mL-1 in
order to find a balance between good growth rate and an optimal skeleton development.
This work was funded by COMPETE202 and CRESC Algarve2020 project ZEBRABLOOM-ALG-01-0247- FEDER039896 and by the Portuguese Foundation for Science and Technology (FCT), through projects
UIDB/04326/2020, UIDP/04326/2020 and LA/P/0101/2020.
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BMP signaling directly activates chordoblasts for notochord
sheath mineralization at the onset of zebrafish spine
development

Pogoda H-M, Riedl-Quinkertz I, Hammerschmidt M
Institute of Zoology, Developmental Biology division, Cologne University, Germany
Iterative domains within the notochord epithelium express Ectonucleoside Triphosphate
Diphosphohydrolase 5a (ENTPD5a) to allow for mineralization of the collagenous notochord sheath
and thus chorda-centra formation, in zebrafish larvae. This way, the segmented anlage of the
developing spine is laid out. Although Notch and Retinoic acid (RA) signaling are already known to
feed into this process, the overall molecular machinery controlling the precisely patterned
notochord sheath-ossification remains far from understood. Therefore, to identify additional
players with crucial functions in early zebrafish spine formation we set out to test Bone
Morphogenetic Protein (BMP) in this context. First, we used transgenic approaches to either
increase or abrogate BMP activity globally. Hereby, we found BMP signaling to be sufficient and
required for regulation of entpd5a activity within the chordoblast layer, subsequently causing
block-centra formation or complete loss of mineralization along the notochord, respectively. Via
immunohistochemical detection of the intracellular BMP-signal transducer pSmad1/5/8, genetic
ablation of chordoblasts in parallel to BMP2b overexpression, and chordoblast-specific activation
or inhibition of BMP signaling, we identified the notochord epithelium cells as the direct targets of
BMP signals. We also found that in the absence of BMP activity, RA is unable to induce the
previously described hyper-ossification along the notochord. Thus, we identified BMP signaling as
another crucial and direct regulator of entpd5a activity within the chordoblast layer. Furthermore,
it appears to act epistatically to RA in this context. We conclude that BMP defines an early
transition stage on the way from the simply matrix producing towards the mineralizing
chordoblast.
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The Sirt1 activator resveratrol counteracts the doxorubicininduced effects on osteoclastogenesis
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Secondary osteoporosis has been associated to cancer patients on doxorubicin (DOX)
chemotherapy. However, the molecular mechanism behind DOX-induced bone loss have not yet
been fully elucidated. Furthermore, molecules that can protect against the adverse effects of DOX
are still a challenge in chemotherapeutic treatments. In this study, we investigated the effects and
mechanisms of DOX in osteoclast differentiation and used the Sirt1 activator resveratrol (RES), to
counteract DOX-induced effects on osteoclastogenesis. RAW 264.7 cells were differentiated into
osteoclasts under cotreatment with DOX and RES, alone or combined. RES treatment counteracted
DOX-induced osteoclast differentiation showing reduction in TRAP-positive cells, in osteoclast
fusion marker Oc-stamp and on expression of osteoclast differentiation markers Rank, Trap, Ctsk
and Nfatc1. Conversely, RES induced. FoxM1 expression, which regulates ROS levels by stimulating
mRNA expression of ROS scavenger genes, such as Sod 1 and Nrf 2. In contrast, DOX significantly
reduced FoxM1 expression resulting in oxidative stress. DOX-induced activation and differentiation
of osteoclasts was also studied using a zebrafish cathepsin-K reporter line Tg(ctsk:DsRed). DOX
significantly increased ctsk positive signal, while cotreatment with RES resulted in a significant
reduction of ctsk positive cells. Interestingly, RES also significantly rescued DOX-induced intestinal
mucositis in this model. In addition, zebrafish exposed to DOX displayed altered locomotor
behaviour and locomotory pattern, while RES significantly reversed these effects. Our research
suggests that RES prevents DOX-induced osteoclast fusion and activation in vitro and reduces DOXinduced ctsk positive cells and mucositis while improving locomotion parameters in vivo.
Therefore, these results suggest that RES is an excellent candidate to counteract DOX-induced
osteoporosis, which might be highly beneficial for chemotherapeutic regimens.
Work funded by the Marie Skłodowska-Curie innovative training network BIOMEDAQU (H2020-MSCAITN/766347) and by the Portuguese Foundation for Science and Technology through projects UIDB/04326/2020,
UIDP/04326/2020, LA/P/0101/2020.
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Regular supplementation with antioxidants rescues doxorubicininduced bone deformities and mineralization delay in zebrafish
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Osteoporosis is characterized by abnormal bone structure with low bone mass and degradation of
skeleton microarchitecture leading to bone fragility and high risk of fracture. Oxidative stress
induces an imbalance in osteoblast and osteoclast activity that leads to bone degradation, a
primary cause of secondary osteoporosis. Doxorubicin (DOX) is a commonly used
chemotherapeutic agent for treating various cancers and known to induce secondary osteoporosis.
The mechanism behind DOX-induced bone loss is still not fully understood, but one of the relevant
mechanisms is through massive accumulation of reactive oxygen and nitrogen species (i.e., ROS
and NOS) leading to oxidative stress. We investigated the effects of antioxidants resveratrol (RES)
and MitoTEMPO (MT) on DOX-induced bone impairment using the zebrafish and analyzed effects
over skeletal deformities, lipid peroxidation, mineral contents, and molecular markers. DOX was
shown to increase mortality, induce alterations on intestinal villi, and impair growth and
mineralization of zebrafish. Lipid peroxidation was also significantly increased in DOX
supplemented groups as compared to control and antioxidants, suggesting that ROS formation is
one of the key factors for DOX-induced bone loss. The osteoblast differentiation markers
osteocalcin 2 and osterix/sp7 were significantly downregulated upon DOX supplementation.
Furthermore, DOX negatively affected mineral contents (calcium, phosphorus, sodium, potassium,
and magnesium) of zebrafish, suggesting a deregulated mineral metabolism. However, upon
regular supplementation with antioxidants, DOX-induced effects on mineral content were rescued.
Our data shows that regular antioxidant supplementation effectively improves overall growth and
mineralization, while counteracting pro-oxidant induced negative effects on bone.
Work funded by the Marie Skłodowska-Curie innovative training network BIOMEDAQU (H2020-MSCAITN/766347) and by the Portuguese Foundation for Science and Technology through projects UIDB/04326/2020,
UIDP/04326/2020, LA/P/0101/2020.
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New transgenic zebrafish lines reveal beneficial effects of
probiotics on bone development

Raman R1,#, Sojan JM2,#, Muller M1, Carnevali O2, Renn J1
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Laboratory for Organogenesis and Regeneration, GIGA-R 1, University of Liège, Liège, Belgium
Department of Life and Environmental Sciences, Università Politecnica delle Marche, Ancona,
Italy

Zebrafish larvae are increasingly used to study vertebrate skeletal development and zebrafish
mutants and transgenic lines are very useful models for studying human pathologies such as
osteoporosis, osteopetrosis, osteoarthritis. Probiotics have been recognized in recent years as a
treatment for various age-related health issues in humans. Here we present two new zebrafish
transgenic lines containing the coding sequences for fluorescent proteins inserted into the
endogenous genes for sp7 or col10a1a. These larvae display fluorescence in developing osteoblasts
or in the bone extracellular matrix, respectively. Furthermore, we use these transgenic lines to
show that exposure to two different probiotics, Bacillus subtilis and Lactococcus lactis, leads to an
increase in bone matrix formation and mineralization. Bacillus subtilis was revealed as the most
potent probiotic and it was able to significantly reverse the inhibition of bone matrix formation
when larvae were exposed to the BMP inhibitor LDN212854. Gene expression analysis evidenced
the effect of probiotics, particularly Bacillus subtilis, in modulating several skeletal development
genes such as runx2, sp7, spp1 and col10a1a, evidencing their ability to improve bone health by
reducing bone loss.
This work is funded by H2020 Marie Skłodowska-Curie Actions Innovative Training Network No 766347
“BioMedAqu”.
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Zebrafish osteoblast transcriptome reveals genes encoding bone
extracellular matrix proteins that have implications in
osteoarthritis

Raman R1, D’Cruz Salomao A1, Dikoum C1, Anthony M1, Zappia J2, Nivelle R1, Lavergne A3, Bahri
MA4, Dejueldre C4, Caetano C5, Ostertag A5, Cohen-Solal M5, Plenevaux A4, Henrotin Y2, Renn J1,
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Belgium
GIGA Platform Genomics, B34, C.H.U. de l’Hôpital, Liège, Belgium
GIGA CRC In vivo Imaging at Sart Tilman, University of Liège, Liège, Belgium
INSERM UMR 1132 BIOSCAR Lab, Biology of Bone and Cartilage, Paris, France

Understanding osteoblast differentiation and their function in bone matrix deposition and
mineralization is central to the comprehension of bone development and of various bone
pathologies. It is, therefore, crucial to not only follow the expression of some landmark
transcription factors or extracellular matrix (ECM) proteins, but to also investigate the status of
signalling pathways and factors regulating these processes. ECM proteins have diverse functions in
vertebrate organism. This can only be achieved by assessing the entire transcriptome of these
cells. The aim is to study the osteoblast transcriptome, focusing on the possible existence of
specific subpopulations at 4 dpf and to investigate the role of the efemp1, fbln1 and col10a1a
genes that encode bone ECM proteins in zebrafish skeletal development indicated in the
osteoblast transcriptomic data. We employ developing zebrafish larvae expressing green
fluorescent protein under the control of the endogenous, osteoblast-specific sp7 promoter Tg(sp7:
sp7-GFP) to isolate the entire osteoblast population at 4 dpf. The expression and function of the
specific genes efemp1, fbln1 and col10a1a were investigated by generating mutant lines and using
bone and cartilage staining at various stages of development and state of the art technologies like
X-Ray and µCT on one year old adults. Our results show that some of these genes are dynamically
expressed in developing osteoblasts and are playing a role in bone skeletal morphogenesis.
The work is funded by H2020 Marie Skłodowska-Curie Actions Innovative Training Network No 766347
“BioMedAqu” and Fondation Arthrose.
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foxe1 in zebrafish thyroidogenesis and skeletal development

Raterman S1,2, te Morsche T2, de Vriend C2, Dijkstra S2, Zethof J2, de Vrieze E3, Von den Hoff H1,
Wagener F1, Metz J2
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Radboud Institute of Molecular Life Sciences; Department of Dentistry - Orthodontics and
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Radboud Institute for Biological and Environmental Sciences, Department of Animal Ecology and
Physiology, Radboud University, Nijmegen, The Netherlands
Department of Human Genetics, Radboud University Medical Center, The Netherlands

The Forkhead box transcription factor E1 is important for the development of the human thyroid
gland and head skeleton. Homozygous loss- and gain-of-function missense mutations in the
forkhead domain of FOXE1 cause Bamforth–Lazarus syndrome, which is typically characterized by
thyroid dysgenesis, cleft palate, spiky hair as well as in some cases choanal atresia and bifid
epiglottis. Additionally, variants in the FOXE1 locus have been shown to contribute significantly to
non-syndromic orofacial clefts. To investigate whether zebrafish could provide meaningful insights
for developmental defects in humans related to FOXE1, we generated a hypomorph foxe1
zebrafish mutant. We established foxe1 expression on mRNA and protein level in developing wild
types and mutants. We also characterized the effects on skeletal development and
thyroidogenesis, focusing on embryonic and larval stages. Mutants showed skeletal phenotypes in
the ceratohyal cartilage and reduced total levels of Ca, Mg and P, indicating a crucial role for foxe1
in early skeletal development. Consistently, markers of bone and cartilage (precursor) cells were
differentially expressed in mutants in post-migratory cranial neural crest cells in the pharyngeal
pouches at 1 dpf (dlx2a, runx2b), at induction of chondrogenesis at 3 dpf (dlx2a, col2a1) and at the
start of endochondral bone formation at 6 dpf (sp7, col1a2). The morphology of cranial neural
crest cell populations in the pharyngeal arches at 24 hpf was affected by the foxe1 mutation. Foxe1
was detected in differentiated thyroid follicles, suggesting a role for the transcription factor in
zebrafish thyroidogenesis, but there were no significant differences regarding thyroid follicle
morphology, nor in tg and tshb expression in mutant larvae compared to wild types. These findings
highlight the conserved role of Foxe1 in skeletal development and reveal new genes in the Foxe1
network.
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Platyfish bypass the constraint of the caudal fin ventral identity
in teleosts

Rees L, König D, Jaźwińska A
Department of Biology, University of Fribourg, Fribourg, Switzerland
The caudal fin of teleosts is characterized by dorsoventral symmetry. Despite this external
morphology, the principal rays of this appendage connect to bones that are all situated below the
notochord, indicating the ventral (hypochordal) identity of this organ. Here, we report that this
typical architecture of the caudal fin is not fully conserved in the platyfish (Xiphophorus
maculatus), a representative of the Poeciliidae family. We show that in this species, 3 to 4 principal
rays connect to bones above the notochord, suggesting an epichordal contribution. Consistently,
dorsal identity genes zic1/4 were highly expressed in these rays, providing molecular evidence of
their epichordal origin. Developmental analysis revealed that the earliest rays above the notochord
emerge at the 10-ray stage of fin morphogenesis. In comparison to zebrafish and medaka, platyfish
display a high internal symmetry of the caudal endoskeleton with a mirrored shape of dorsal and
ventral processes. Our study suggests that an ancestral bauplan expanded in the platyfish by
advancing its symmetrical pattern. The platyfish evolved a fin architecture with the epichordal
origin of its upper principal rays and a high level of symmetry in the endoskeleton. This innovative
architecture highlights the variability in skeletal development among teleosts.
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Ethanolic extracts of Tetraselmis striata and Skeletonema
oceanica as dietary supplements to improve the skeletal health
of gilthead seabream

Rosa JT1, Carletti A2, Marques CL1,3, Pes K2, Barata M3, Colen R2, Engrola S2, Pousão-Ferreira P1,3,
Gavaia PJ2,4, Cancela ML2,5,6, Laizé V1,2
1
2
3
4
5
6

S2AQUA - Sustainable and Smart Aquaculture Collaborative Laboratory, Olhão, Portugal
Centre of Marine Sciences, University of Algarve, Faro, Portugal
Aquaculture Research Station, Portuguese Institute for Sea and Atmosphere I.P., Olhão, Portugal
GreenCoLab, University of Algarve, Faro, Portugal
Faculty of Medicine and Biomedical Sciences, University of Algarve, Faro, Portugal
Algarve Biomedical Center, University of Algarve, Faro, Portugal

Fish cultured in intensive farming conditions may develop severe skeletal deformities that affect
both welfare and market value. Among the solutions proposed to improve the skeletal status of
aquaculture fish, the supplementation of their feed with natural compounds or extracts that
stimulate skeletogenesis is increasingly seen as an economically sound manner to improve the
competitiveness of the aquaculture industry and fish health. In this regard, we supplemented a
commercial fish diet with ethanol extracts prepared from Tetraselmis striata and Skeletonema
oceanica, two commercial microalgae previously shown to contain bone anabolic compounds, and
used these experimental diets to feed gilthead seabream (Sparus aurata) at larval and juvenile
stages. Seabream larvae of 30 days after hatching (dah) were fed with supplemented diets ad
libitum 3 to 4 times a day until 60 dah. Seabream juveniles of 4.8±0.7 g were also fed ad libitum 3
to 4 times until they tripled their weight. Larvae and juveniles were maintained in cylindroconical
100-L tanks or 250-L rectangular tanks, respectively, in a semi-closed RAS with a temperature of
25.3±1.0ºC and a photoperiod of 10h light:14h dark. At the end of each trial specimens were
euthanized and sampled to assess biometric parameters, calcium (Ca) and phosphorous (P) levels,
skeletal deformities, and the expression levels of marker genes for bone formation and oxidative
stress. Larvae fed the supplemented diets had an increased length and condition factor, a lower
incidence of deformities and higher levels of Ca and P, when compared to larvae fed the
commercial diet alone. The expression of bone markers was up-regulated while the expression of
cellular stress markers was down-regulated for larvae fed the supplemented diets. Similar results
were obtained for juveniles, which had increased feed conversion ratio (FCR) and increased weight
when fed the diets supplemented with the ethanolic extracts of Skeletonema oceanica and
Tetraselmis striata, respectively. Both supplementations were able to reduce skeletal deformities
and increase the expression of osteoblast, osteoclast, and antioxidant markers. Our data indicates
that extracts of microalgae containing osteogenic compounds could be a cost-effective solution to
improve fish skeletal status, without compromising, and possibly improving, growth and welfare.
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This study was funded by the Portuguese Foundation for Science and Technology (FCT) through the project
UIDB/04326/2020 and by the European Maritime and Fisheries Fund (EMFF/FEAMP) through the National
Operational Programme MAR2020 and project OSTEOMAR MAR-02.01.01-FEAMP-0057.
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Screening of marine osteoactive extracts using a zebrafish
pipeline
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Skeletal disorders such as osteoporosis affect millions of people worldwide and current treatments
are poorly effective or trigger secondary effects. Farmed fishes also suffer from a large variety of
skeletal malformations that hamper growth and survival. Both situations result in a massive
economic burden for the society and have to be solved. Although still largely unexplored, marine
biodiversity represents a promising source of natural bioactives, in particular compounds with the
capacity to improve skeletal status. Zebrafish, a well-established animal model in biomedicine and
aquaculture, was used to screen marine extracts for molecules with pro- or anti-osteogenic
activities. Fractions (n=160) prepared from a variety of marine organisms - cyanobacteria,
actinobacteria, planctomycetes, microalgae, seaweeds and halophytes – using different solvents
were first assessed for their capacity to increase the growth of the opercular bone [1]. From those,
24 fractions were shown to increase operculum area up to 60% and 10 were further tested for
their effect on bone regeneration using the zebrafish caudal fin system [2]. Several fractions
increased the mineralized area of newly formed rays, but also affected thickness and patterning.
Fractions were also tested in vitro [3] and several of them were found to stimulate (up to 3.5 folds)
extracellular matrix mineralization. Our data confirms the potential of marine organisms as a
source of osteogenic and mineralogenic compounds, but also the suitability of the zebrafish as a
first approach for bioactive screening. Promising extracts will be further fractionated towards the
identification of osteoactive compounds.
Financed by projects ALGARED+ (INTERREG), BLUEHUMAN (ATLANTIC AREA), BIOMEDAQU (H2020-MSCA-ITN),
OSTEOMAR (MAR2020) and UIDB/04326/2020 (FCT). Thanks to CIIMAR-BBE (Porto) and CCMAR-MARBIOTECH
(Faro).
[1] Tarasco et al. (2017) DOI 10.1016/J.CBPC.2017.04.006
[2] Cardeira et al. (2016) DOI 10.1038/srep39191
[3] Pombinho et al. (2004) DOI 10.1007/s00441-003-0830-1
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Unraveling of the ultrastructural features that determine
the variability in phenotypic severity in different
dominant forms of OI, using the zebrafish as a model
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Large phenotypic variability is observed between OI patients carrying different mutations in type I
collagen. However, how specific structural mutations determine phenotypic severity is unknown.
Therefore, we compared skeletal phenotypes of three OI zebrafish models, carrying different
glycine substitutions in type I collagen (col1a1adc124/+, col1a2mh15/+, col1a1amh13/+) that show
variability in phenotypic severity. The skeletal phenotype is studied employing a deep phenotyping
workflow, by which multiple techniques can be applied on a single individual zebrafish so that the
data can be integrated on specimen level. For structural phenotyping whole-mount staining with
Alizarin red S for mineralized tissues, scoring deformities, and a random forest model were used.
Micro-CT and transmission electron (TEM) analyses were used for ultrastructural phenotyping.
Alizarin red S staining revealed most fractures occurring in col1a1adc124/+ and col1a2mh15/+ mutants
with especially a high frequency of fusions occurring in the col1a2mh15/+ mutant, whereas the
col1a1adc124/+ mutant showed a high frequency of compressions. Phenotypic scoring data of
deformities was fed into a random forest model that could distinguish each zebrafish OI mutant
model with intervertebral disc anomalies as one of the key diagnostic deformities. Micro-CT data
indicated a close to wild phenotype in col1a1amh13/+, large variability in col1a2mh15/+ and a specific
phenotype for the mutant col1a1adc124/+. Ultrastructural analysis showed disorganised collagen
fibrils in the col1a1adc124/+ and col1a2mh15/+ mutants, with significantly thinner bone in the
col1a1adc124/+ mutant. The col1a1amh13/+ mutant showed less disorganised collagen fibrils. In
conclusion, specific bone abnormalities are shown to result in different phenotypic severities in OI
zebrafish models. The col1a1adc124/+ mutant, representing the most severe phenotype, shows
severe skeletal deformities, disorganised thin bone matrix with high mineralisation. The
col1a2mh15/+ mutant shows more variable skeletal deformities and disorganised but highly
mineralised bone matrix, while the col1a1amh13/+ mutant, representing the mildest phenotype,
reveals under-mineralisation.
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The aged zebrafish skeleton: A shape and radiographical analysis
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Zebrafish (Danio rerio) are useful animal models to study various human diseases including cancer
and rare genetic disorders such as osteogenesis imperfecta. However, few studies look at zebrafish
over the age of 12 months post-fertilisation (mpf) [1,2,3]. Therefore, the aim of the present study
is to determine how the external shape of the fish changes over time and how this influences the
vertebral column in both wild type (AB) and transgenic zebrafish aged from 16 to 38 mpf.
Geometric morphometric analysis was conducted on n=222 zebrafish, sorted into three age groups
(16-21, 24-35 and 36-38 mpf), using 12 fixed landmarks to denote the overall shape and 20 semilandmarks to denote the dorsal curvatures of the fish. Thereafter, principal component analysis
was performed and shape disparity between the age groups and transgenic versus AB fish was
statistically compared using a regression model. Additionally, faxitron X-rays of a subset of n=60
fish with representatives from all three age groups were obtained. There was large variation for all
age groups in the 2-D scatterplots with no true clusters forming, indicating a large overlap in
overall shape in all the age groups. No statistical differences were observed between the
transgenic and AB zebrafish lines in their matched age groups. The youngest fish (16-21 mpf) were
statistically different to all older age groups except for the transgenic 36-38 mpf group. This
corresponds with radiographical analysis where vertebral column curvature changes only appeared
after 24 mpf, along with other vertebral pathologies such vertebral fusions, vertically shifted
vertebrae and compressed vertebrae. These associated pathologies also increased with age.
During aging the vertebral column of zebrafish progressively curves, causing external shape
changes and associated pathologies which need to be taken into account when evaluating the
phenotypic presentation of diseases in these model organisms.
LS would like to acknowledge funding from the Geconcerteerde onderzoeksacties funding from Ghent University
BFO.GOA.20210004.07.
[1] Gerhard et al. (2002) Exp Gerontol 37:1055-1068
[2] Kague et al. (2021) Bone Res 9:39
[3] Li et al. (2020) eLife 9:e50523
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Loss of Elastin function is associated with improper calcium
metabolism in zebrafish
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Mutations in the human elastin gene (ELN) lead to elastinopathies characterized by a loss of soft
tissue elasticity and the development of calcium-associated anomalies such as skeletal deformity,
hypercalcemia, and short stature. The mechanisms by which loss-of-ELN function affects
mineralization remains elusive as the presence of ELN is often required at sites of initial mineral
deposition. Studying the role of ELN in vivo has remained challenging as Eln mutant mice die
prematurely due to obliteration of the aorta. The zebrafish is an emerging model with multiple
validated mutants and transgenic lines used to study mineralization disorders. In this work, we
characterized two zebrafish mutant lines (sa17177 and sa42459), expressing truncated forms of
Elna, the pairwise ortholog closer to human Elastin. Morphometrical and histological
methodologies aimed at understanding whether these eln mutants are appropriate to model
human elastinopathies and the impact of Eln in mechanisms associated with calcium metabolism.
Our data showed that eln homozygous mutants are viable and that the loss of Eln function is
correlated with a decreased zebrafish size and development of skeletal deformities. Alizarin red S
and von-Kossa stainings of mutant larvae revealed a reduction in bone mineralization and an
increase in ectopic mineralization when compared to control fish. In conclusion, we demonstrated
that loss of Eln function in zebrafish is important for bone mineralization and associated with softtissue mineralization. Our work also indicates that the zebrafish eln mutants are a good model to
study elastinopathies.
This study was funded by the European Joint Programme on Rare Diseases (EJP-RD) and the Portuguese
Foundation for Science and Technology (FCT) through project PhysPath-KS (grant EJPRD/0004/2020) and by the
FCT through National founds (grants UIDB/04326/2020, UIDP/04326/2020 and LA/P/0101/2020).
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Osteoblast migration and dedifferentiation are independent and
generic injury responses that are followed by bone regeneration
only at distal-facing injuries in regenerating fins

Sehring I, Mohammadi HF, Weidinger G
Institute of Biochemistry and Molecular Biology, Ulm University, Ulm, Germany
Successful regeneration requires the coordinated execution of multiple cellular responses to injury.
In amputated zebrafish fins, mature osteoblasts dedifferentiate, migrate towards the injury and
form proliferative osteogenic blastema cells. In the regenerate, they re-differentiate into
osteoblasts. We found that osteoblast migration is preceded by cell elongation and alignment
along the proximodistal axis, which require actomyosin, but not microtubule turnover. Inhibitors of
the complement receptors C5aR1 and C3aR block osteoblast migration, suggesting that activation
of the complement system acts as guidance cue for migrating osteoblasts in vivo. Surprisingly,
osteoblast dedifferentiation and migration can be uncoupled. Using pharmacological and genetic
interventions, we found that NF-ĸB and retinoic acid signalling regulate dedifferentiation without
affecting migration, while the complement system and actomyosin dynamics affect migration but
not dedifferentiation. This indicates that migration and dedifferentiation are independent
responses of osteoblasts to bone injury. Furthermore, by removing bone at two locations within a
fin ray, we established an injury model containing two injury sites. We found that osteoblasts
dedifferentiate at and migrate towards both sites, while accumulation of osteogenic progenitor
cells and regenerative bone formation only occur at the distal-facing injury. Together, these data
indicate that osteoblast dedifferentiation and migration represent generic injury responses that
are differentially regulated and can occur independently of each other and of regenerative growth.
We conclude that successful fin bone regeneration appears to involve the coordinated execution
of generic and regeneration-specific responses of osteoblasts to injury.
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New insights into the nature of osteodentin
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The teeth of actinopterygian fish, like those of mammals, consist of a thin outer hyper-mineralized
layer (enamel or enameloid) that surrounds a core of dentin. While all mammalian species have a
single type of dentin (called orthodentin), various dentin types have been reported in the teeth of
fish. The most common type of fish dentin is orthodentin. However, the second most common
type of fish dentin, called osteodentin, found in several teleost species and in many Selachians, is
structurally radically different from orthodentin. Osteodentin, comprising denteons and interdenteonal matrix, is grossly similar to mammalian osteonal bone, although it lacks cells and a
lacuno-canalicular system. The current consensus is that although osteodentin is morphologically
different from orthodentin, it is a true dentinal material, the product of odontoblast cells. We
present the results of a high-resolution study of osteodentin found in the teeth of the Atlantic
wolffish, Anarhichas lupus, using a variety of microscopy techniques, including high resolution
microCT scans, FIB/SEM analysis and micro-indentation. The results provide a detailed description
of the three-dimensional structure of osteodentin, as well as its mineral density distribution and
mechanical properties, at several length-scales. The results suggest that from a morphological
point of view wolffish osteodentin is remarkably similar to the anosteocytic bone of the swords of
several swordfish species, and to fast growing antler bone (although antler bone contains
osteocytes). It is therefore much more likely to be bony tissue than true dentin, although definitive
proof would require identification of the cells secreting the osteodentinal matrix – whether
osteoblasts or odontoblasts. We also note that the very high density of denteonal canals in the
metabolically inactive, acellular osteodentinal matrix casts doubt upon the accepted paradigm,
that the canals house an active vascular network.
This work was funded by the Israel Science fund (ISF), grant # 700/17
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Recapitulation of the Chondrichthyes and Chondrostei cranium
in the Grass snake embryogenesis: Assumptions about directions
of the chondrocranial evolution in vertebrates

Sheverdiukova H
Schmalhausen Institute of Zoology NAS of Ukraine, Kyiv, Ukraine
Embryological data are important for solving phylogenetic questions. Our previous studies of the
cranial development of the Grass snake Natrix natrix Linnaeus, 1758 discovered structures, which
exist during two early stages of embryogenesis and then completely disappear. It was
hypothesized that they recapitulate the structures of the ancestor’s cranium. In order to verify this
hypothesis, the development of the Sturgeon chondrocranium, which is the morphologically close
to the Selachii’ (and, probably, ancient) one, was studied. Using standard histological methods, 20
pre-larvae of the Russian Acipencer gueldenstaedtii Brandt, 1833 and Siberian Acipencer baerii
Brandt, 1869 sturgeons at successive developmental stages were studied. The comparative
analysis showed that, indeed, at the early stages of the Grass snake embryogenesis, the ancestral
cranium is recapitulated: the temporary structures are homologous to the orbital, supraorbital
cartilages and pila antotica in the chondrocranium of Selachii and Sturgeons, as well as
homologous to the roof and trabecular plate in the Selachii’ chondrocranium. The cranial structure
of Selachii really preserved the features of the oldest (primary) vertebrates’ cranium. Compared
with the Selachii’ chondrocranium, the Sturgeon’s one underwent a reduction: the cranial roof
disappeared and the cranial floor (trabecular plate) was reduced. We discovered a rudiment of the
Selachii’ trabecular plate in the Sturgeon cranium. This structure independently appears at the
developmental stage 38 between the aboral ends of the trabeculae cranii and merges with them at
the developmental stage 40. Probably, the reduction of the trabecular plate in Sturgeons occurred
in the aboral direction. The chondrocranial lateral walls didn’t undergo significant changes.
Probably, the further vertebrates’ evolution – landfall, brain’s and sense organs’ development, as
well as the divergence of the nutrition specificity – led to the appearance of a new
chondrocranium in higher vertebrates, the structures of which are not homologous to those in fish
chondrocranium.
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Effect of phylloquinone-rich macroalgae supplementation on
juvenile sole skeleton

Silva N1, Roberto VP1, Oliveira CCV1, Cabrita E1, Gavaia PJ1,2
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Centre of Marine Sciences, University of Algarve, Faro, Portugal.
Faculty of Medicine and Biomedical Sciences, University of Algarve, Faro, Portugal

In the aquaculture industry, there is a continuous search for natural ingredients that increase the
sustainability of fish feed production by replacing fishmeal, fish oil and synthetic supplements.
New feed ingredients for finfish diet promoting balanced skeletal development are also in demand.
Macroalgae are obvious candidates, since they are natural sources of unsaturated fatty acids,
vitamins and antioxidants, and also mineral matter, and various other bioactive secondary
metabolites, which have been the focus of recent research for the biomedical and food industry.
Incorporation of phylloquinone (vitamin K1) in Solea senegalensis feed was previously shown to
improve skeleton formation, with macroalgae representing a natural source of this vitamin. The
present work aimed to determine if diets supplemented with vitamin K1-rich macroalgae,
Plocamium cartilagineum, Sargassum vulgare and Cystoseira sp. could mitigate one of the main
bottlenecks of S. senegalensis aquaculture, the skeletal quality. Quantification of mineral levels of
caudal vertebral bodies revealed an imbalance of mineral content in experimental groups fed P.
cartilagineum and S. vulgare relative to the control diet. X-ray analysis of the vertebral column
showed similar densitometry among groups but decreased vertebral width in the P. cartilagineum
fed group. The expression of genes encoding bone proteins involved in skeletal development was
modulated by macroalgae-supplemented diets, revealing a possible adaptation of bone
metabolism to the composition alterations observed in vertebrae. Previous results from sole larvae
showed that supplementation of live prey feed with P. cartilagineum extract improved bone
quality and decreased skeletal malformations. Whole dried seaweed supplemented feeds may
incorporate anti-nutritional compounds such as phlorotannin’s which may lead, at the long term,
to undesired effects on bone metabolism. This indicates the need to establish the timings and
duration of macroalgae supplementation for promoting improved sole skeletal quality and
performance.
Financial support from the FCT (grants UIDB/04326/2020, UIDP/04326/2020 and LA/P/0101/2020) and
European Maritime and Fisheries Fund (EMFF/FEAMP) through the National Operational Program MAR2020
(grant ALGASOLE-16-02-01-FMP-0058). The authors would like to acknowledge the support and technical
assistance of João Reis and Miguel Patusco at Ramalhete Marine Station.
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Evolutionary materials optimization? Anosteocytic
osteocytic fishbone have different water permeability

and
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Department for Restorative and Preventive Dentistry, Charité-Universitaetsmedizin, Berlin,
Germany
Institute of Applied Materials, Helmholtz Centre for Materials and Energy, Berlin, Germany
Bundesanstalt für Materialforschung und -Prüfung (BAM), Berlin, German
Institute of Materials Physics, Helmholtz-Zentrum Hereon, Geesthacht, Germany
Koret School of Veterinary Medicine, The Hebrew University of Jerusalem, Rehovot, Israel

While many fish species have osteocytes residing in the bone, interconnected by an extensive
lacuno-canalicular network (LCN), most evolutionarily advanced teleosts (the majority of extant
fish) completely lack cells in their skeleton. This is surprizing because osteocytes are thought to be
essential sensors of load applied to the bone and they orchestrate remodeling for structural
adaptation. While the lack of osteocytes distinquishes between the two bone types, questions
arise regarding other possible bone material differences. To better understand the function of the
bone matrix, we compare the vertebrae of similarly-sized fish - medaka (Oryzias latipes,
anosteocytic) and zebrafish (Danio rerio, osteocytic) using complementary advanced material
characterization methods. We exploit the high sensitivity of neutron imaging to the presence of
hydrogen (H) to compare water flow through bones with or lacking an inbuilt LCN. Water exchange
was quantified by 3D analysis of hydrated bone samples, compared with the same samples imaged
after infusion with deuterated water (D2O). The contrast difference was used to assess water
diffusion, which we correlated with the micro-nano structure, characterized by high-resolution
phase-contrast tomography, Raman spectroscopy and histology. Surprisingly, far more water was
expelled from medaka bone (∼60%) as compared with zebrafish bone (33%∼39%). In the latter
osteocytic bone, the diffusion of water seems to be restricted to flow within the LCN. In contrast,
anosteocytic bone is amenable to D2O diffusion, despite the absence of LCN porosity. Raman
spectroscopy and histology reveal that zebrafish bone has a stronger proteoglycan (PG) fingerprint
as compared with medaka bone. Indeed, PGs, non-collagenous proteins, have been associated
with water retention in mammalian bones that have an LCN. We postulate that in osteocytic bone,
PGs restrict water diffusion across the matrix. Such a mechanism is likely essential for keeping
water in the LCN as part of a poroelastic mechanotransduction system.
AS, PZ and RS gratefully acknowledge the financial support from the German Research Foundation (Deutsche
Forschungsgemeinschaft [DFG])-ZA557/5. We thank the Helmholtz-Zentrum Berlin für Materialien und Energie
for the allocation of beamtime. We acknowledge DESY (Hamburg, Germany), a member of the Helmholtz
Association HGF, for the provision of experimental facilities. Parts of this research were carried out at PETRA III
beamline P05.
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Effect of vitamins D3 and K3 in growth and skeletal development
of gilthead seabream (Sparus aurata) larvae, juvenile, and bonederived cell line
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GIA-ECOAQUA, University of Las Palmas de Gran Canaria, Telde, Spain
Experimental Ecology and Aquaculture, Biology Department, University of Rome Tor Vergata,
Rome, Italy
Feed and Nutrition research group, Institute of Marine Research, Bergen, Norway
Centre of Marine Sciences, University of Algarve, Faro, Portugal

Vitamin D and K is an essential fat-soluble vitamin that helps in growth, calcium homeostasis,
skeletal development, and bone mineralization. In the present study, six different experiments
were conducted to assess the effect of vitamin D3 and vitamin K3 and their interaction in gilthead
seabream larvae, juvenile, skeletal-derived bone cells, and in zebrafish embryos as a model for
bone disease. In gilthead seabream larvae, dietary vitamin D3 (0, 25, 30 and 384 μg/kg) showed no
effect on growth, but greatly affected larval survival and increased skeletal anomalies in fish fed
384 μg/kg. In addition, the non-supplemented diet affected larval skeletal development. Similarly,
when larvae were fed with different levels of vitamin K3 (1.32, 1.63, 4.98, 12.26, 22.90 and 58.51
mg/kg), the highest level of 58.51 mg/kg reduced the larval growth, increased skeletal anomalies,
and mortality in larvae. The fish fed with 4.98 mg/kg vitamin K3 recorded higher growth and
reduced skeletal anomalies, suggesting the optimal requirement level for larvae. An interaction
study on larvae containing three levels of vitamin D3 and two levels of vitamin K3 (7 diets
containing (0, 0), (0.06, 70), (0.06, 170), (0.13, 70), (0.13, 170), (0.4, 70) and (0.4, 170) mg/kg)
showed no effect on growth and skeletal anomalies but resulted in a significant increase in the
mortality rate of fish fed (0.4, 170) mg/kg diet. Similarly, juvenile fed with different level of
vitamins D3 and K3 (5 diets (0, 0), (0.04, 6), (0.04, 12), (0.5, 6) and (0.5, 12) mg/kg) showed no effect
on growth and skeletal anomalies. However, the interaction study reported a severe up and
downregulation of bone biomarkers and calcium-related gene expression. Further study with
bone-derived cells from gilthead seabream showed an anti-mineralization effect with an increase
in vitamins D3 and K3 and the interaction showed a negative mineralization effect with high vitamin
K3 level with increased vitamin K3 in the compound mixture. Thus, the overall study in marine fish
recommends 25, 30 μg/kg vitamin D3 and 4.98 mg/kg vitamin K3 in diet to improve gilthead
seabream larval development and 0.04 mg/kg vitamin D3 and 12 mg/kg vitamin K3 to maintain
bone physiology and calcium regulation in gilthead seabream juveniles. Additionally, cells showed
a strong anti-mineralization effect with an increase in vitamin K3 in culture media.
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Dental dermal elements of ray-finned fishes
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We present an overview of the broad diversity of Actinopterygian (ray-finned fishes) dermal
elements such as ganoid scales, scutes, denticles, fin rays, fulcra or “dental plates”. Because these
elements share a common origin and structure with teeth (collectively called odontodes), we
compare their development with each other. For the study of the evolution and development of
the dermal skeleton, we use four representatives of ray-finned fishes: basally branched bichir
(Polypterus senegalus), sturgeon (Acipenser ruthenus) and gar (Lepisosteus oculatus), and a more
derived, teleost fish, royal pleco (Panaque nigrolineatus). We analyse morphology, place and time
of development, histological composition, gene involvement and evolutionary history of the
dermal elements of these fishes. In bichirs, all of the dermal elements still harbour dental tissues.
Gars also possess dental tissues in their dermal elements but to a much lesser extent, whilst
dermal elements of sturgeons are even more reduced and are largely composed of bone. The
presence of dental tissues in the dermal elements of more derived ray-finned fishes, the teleosts,
is debatable. However, catfishes, including pleco, have their skin extensively covered with single
odontodes. Our data support the evolutionary trend of reduction or loss of dermal elements,
causing, in particular, dental tissues to be rare outside the oral cavity.
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Effects of dietary microminerals (zinc, selenium, manganese,
copper) on growth and skeletal development of gilthead
seabream (Sparus aurata)
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Micromineral (copper, zinc, selenium, manganese) are essential trace elements for fish involved in
metabolic processes, including bone development, normal growth, functioning of the immune and
antioxidant systems. The present study aimed at investigating the effects of several dietary Cu, Zn,
Se, Mn levels on growth performance and skeletal development in gilthead seabream (Sparus
aurata) larvae and juveniles. In the Cu larval trial, growth and survival were not affected by the
dietary Cu levels (17-25 mg/kg). Non-supplemented diet (17 mg Cu/kg) negatively affected the
larvae by increasing lipid peroxidation, delaying skeletal mineralization and causing a high
prevalence of skeletal anomalies. The elevation of dietary Cu level raised whole-body contents in
DHA, EPA and n-3 PUFA, reduced TBARS and branchiostegal rays and abdominal vertebral
anomalies. Thus, optimum dietary Cu levels appear to be 21.5-22.6 mg/kg. In the Zn larval trial,
dietary Zn levels 110 and 130 mg Zn/kg improve the growth and reduce lipid peroxidation. A slight
upregulation in bmp2, opn, oc expression which may have promoted the bone mineralization was
found in fish larvae fed with 110 mg Zn/kg. Non-supplemented diet (79 mg Zn/kg) or the highest
level of dietary Zn (248 mg Zn/kg) negatively affected the larvae by reducing the bone
mineralization and increasing the number of skeletal anomalies. In the Se larval trial, growth and
survival rate were not affected by dietary Se levels (1.4-14.0 mg/kg). Non-supplemented diets (1.4
mg Se/kg) caused increased lipid peroxidation, and lower whole body DHA, EPA, n-3 PUFA while
increasing the incidence of total skeletal anomalies. The optimum dietary Se level for seabream
larvae could be 12 mg Se/kg due to a better bone mineralization and low incidence of total skeletal
anomalies in these fish. In the Mn larval trial, elevation of dietary Mn levels (6.3-270.0 mg/kg)
showed an increased tendency of growth with no effects on survival. Non-supplemented diet (6.3
mg Mn/kg) caused negative effects on the larvae by reducing oc expression, whole body Mn
content, bone mineralization and increasing the number of fish with anomalies. Whereas larvae
fed with dietary Mn level at 270.0 mg Mn/kg showed increased growth, whole body Mn content,
mnsod, oc expression, bone mineralization and reduced number of fish with anomalies. This
suggests dietary Mn level at 270.0 mg/kg would be the optimum dietary Mn level for seabream
larvae. In the Zn juvenile trial, dietary Zn level at 89 mg Zn/kg tended to increase the growth. In
addition, the total skeletal anomalies were not affected by dietary Zn levels from 46 to 89 mg
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Zn/kg. Hence, the overall studies showed the importance of micromineral supplementation in diet
for maintaining the growth and bone health in gilthead seabream larvae and juvenile.
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Characterization of zebrafish cdkl5 mutant model for CDKL5
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CDKL5 deficiency disorder (CDD) is a rare X-linked condition with a complex range of clinical
symptoms. It is characterized by early onset seizures, followed by severe neurodevelopmental
delay impacting cognitive, motor, and speech function. Discrete skeletal phenotypes including
dysmorphic facial features, microcephaly, and scoliosis are also observed in individuals with this
disorder. CDD is caused by pathogenic variants in the cyclin-dependent kinase-like 5 (CDKL5) gene
that encodes a protein involved in axonal outgrowth, dendritic morphogenesis, and synapse
development. Recently, a role of CDKL5 in bone metabolism was suggested, as it was found
hypermethylated in osteoporotic patients. Several mouse models have been generated to model
CDD, however, they do not mimic key phenotypes of the human disorder. Zebrafish is considered a
suitable animal model for many disorders and offers several advantages over other models.
Therefore, we aimed to characterize a zebrafish mutant line (sa21938) harboring a nonsense
mutation in the cdkl5 gene. Through measurement of morphological parameters at 5 dpf, our
results showed that the cdkl5sa21938 mutant zebrafish are smaller and have a reduced head length,
anterior head width, and posterior head width compared to WT zebrafish, indicating that Cdkl5
loss-of-function in zebrafish also results in developmental delay and microcephaly. Alcian blue and
alizarin red double staining revealed that homozygous mutant zebrafish at 5 dpf have smaller
cartilage craniofacial structures and at 14 dpf the level of mineralized areas was decreased
compared to WT. These results suggest that Cdkl5 is needed for both normal cartilage craniofacial
development and skeletal development. Spontaneous swimming behavior analysis showed that
the distance travelled by the homozygous mutant at 5 dpf was decreased compared to
heterozygous and WT zebrafish, suggesting impaired motor activity. In conclusion, cdkl5sa21938
mutant zebrafish mimics phenotypes of CDD, validating it as a good animal model to study this
disorder.
This study was funded by the Million Dollar Bike Ride and Loulou Foundation Grant programs from the Orphan
Disease Center, USA, and received Portuguese national funds from FCT - Foundation for Science and Technology
through projects UIDB/04326/2020, UIDP/04326/2020 and LA/P/0101/2020. TV and DV are recipients of PhD
fellowships from FCT (SFRH/BD/144230/2019 and SFRH/BD/141918/2018, respectively).
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Development of prototype formulation of microalgae and
probiotics for green water technique applied to meagre
(Argyrosomus regius) larval development
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Green water is a technique commonly used in aquaculture, that consists on the addition of
microalgae to the larviculture tanks and its benefits have been shown for several species by
increasing altricial larvae predatory capacities and stress reduction. However, one of the biggest
constraints in the use of microalgae for the green water technique is its high cost resulting from
the techniques used in phytoplankton traditional cultivation. Industrially produced microalgae is,
thus, a useful and practical resource for this technique. Additionally, larval rearing can greatly
benefit from addition of probiotics to the cultivation water as it can improve water quality through
the control of bacteria in the system and, consequently, contribute to promote animal welfare,
fact that is particularly relevant when there is a source of stress during larval production.
Moreover, the use of probiotics during green water technique showed in several species a
reduction of larvae skeletal malformations. This work aimed to investigate meagre (Argyrosomus
regius) skeletal development when cultured with novel formulations combining industrially
produced microalgae and probiotics for green water technique. Meagre larvae were reared under
two different conditions of green water technique: CTRL group, using only Nannochloropsis spp.
(live phytoplankton); and NCp, using a mix 50:50 of Nannochloropsis sp. and Chlorella spp. (spray
dried), combined with a probiotic. Fish samples were collected at, 8, 12, 18 and 21 days after
hatching (DAH) for biometry, and at the end (21 DAH) for skeletal malformations. Fish larval
growth were positively affected in the CTRL treatment and although there were no significant
differences between treatments (p>0.05), it was possible to observe that larvae in NCp treatment
showed a reduction in malformations when compared to CTRL concerning the number of
malformed fish, severity level and phenotype.
This research was funded by project ALLARVAE (ALG-01-0247-FEDER-069971), DIVERSIAQUA II (MAR2020P02M01-0656P) and SAUDE&AQUA (MAR-02-05-01-FEAMP.0009).
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Notochord, the arcualia hypothesis and homology of vertebral
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Basic processes of vertebral body development and evolution: According to the arcualia hypothesis
(Gadow and Abbott 1895), vertebral centra evolved from paired cartilaginous elements that
represent the bases of neural and haemal arches. Eventually, arch-derived cartilage grew around
the notochord to form vertebral centra. The arcualia hypothesis has been vigorously disputed but
still dominates textbooks and scholarly articles (see Witten & Hall 2022). Due to the use of
zebrafish and medaka as model organisms we now understand the cellular and molecular
mechanisms that facilitate what was observed in 1859 by Huxley (1859) and Kölliker (1859): teleost
vertebral bodies do not arise from the arches but as segmented mineralizations within the
notochord sheath. The zebrafish notochord actively determines, independently of the arches the
formation of vertebral body anlagen (Fleming et al. 2015; Pogoda et al. 2018; Lleras-Forero et al.
2018). This mode of vertebral body anlagen formation is not restricted to teleosts. It is observed in
extinct chondrichthyans, extant basal osteichthyans (Polypterus, Neoceratodus) and in
palaeoniscoids, a group of chondrosteans (Laerm 1979). We have recently proposed that
establishing the position of intervertebral spaces by the notochord is even more conserved than
the mode of vertebral centra formation itself (Witten & Hall 2022). Vertebral Body Homology: The
arcualia hypothesis suggests that different pairs of two dorsal and two ventral sets of arcualia gave
rise to vertebral centra in different classes of vertebrates. Consequently, vertebral centra are not
regarded as homologous across gnathostomes. In contrast, (i) the arch-independent process of
vertebral centra anlagen formation by the notochord and (ii) the notochord-driven positioning of
intervertebral spaces supports the homology of vertebrate vertebral centra (Witten & Hall 2021,
2022).
[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]

Fleming et al. (2015) Development 142:1733-1744
Gadow H, Abbott EC (1895) Phil Trans R Soc Lond B 186:163-221
Huxley TH (1859) Quart J Microscop Sci 7:33-46
Kölliker A (1859) Proc R Soc Lond 9:656-668
Laerm J (1979) Can J Zool 57:475–485
Lleras Forero et al. (2018) eLife 7:e33843
Pogoda et al. (2018) Development 145:dev159418
Witten PE, Hall BK (2021) ISBN 978-3-89937-269-4
Witten PE, Hall BK (2022) ISBN 978-1-49878-791-8
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Loss of dlx5a alters Wnt signaling and impair Meckel’s cartilage
morphology

Yu E, Saxena V, Perin S, Ekker M
Department of Biology, University of Ottawa, Ottawa, Canada
The dlx family of transcription factors are conserved across vertebrates and important in the
development of various tissues including craniofacial elements. Previous work using morpholinomediated knock-down or in hypomorphic mutants of dlx genes showed reductions in dlx
expression lead to malformations of first and second pharyngeal arch structures and reduced
cranial neural crest cell survival. To further characterize the role of dlx genes during craniofacial
development, single and compound mutants of dlx1a, dlx2a, dlx5a and dlx6a were produced by
CRISPR-Cas9 genome editing. Analysis of cartilage and calcified bone development were
performed at 5 and 14 days post fertilization (dpf) and revealed alterations in the size and shape of
the first and second pharyngeal arch structures. Loss of dlx5a also resulted in increased cell
proliferation with concurrent increases in sox9a and col11a2 expression. Interestingly, dlx5a-/larvae also displayed altered expression of wnt5b as well as Wnt receptors ror2 and frzd7a at 2dpf
and 3dpf, suggesting loss of dlx5a affects Wnt signaling responses in cranial neural crest cells of the
first pharyngeal arch thus resulting in abnormal Meckel’s cartilage morphology. Cell polarity and
shape were also affected in Meckel’s cartilage chondrocytes, further supporting this association.
This is the first time an interaction between dlx function and non-canonical Wnt signaling during
craniofacial development was observed and these results may provide some clues as to how
similar neural crest cell identities lead to different facial structures.
This work was supported by the Natural Sciences and Engineering Research Council of Canada.
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