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FIGURE 2.1: Schematic representation of vitro experiment for the treatment of seechin
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FIGURE 2.2: the flowchart show the several steps needed for the bioinformatic study of
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3.0eM, 5.5¢M and 6.0¢M) on sea urchirParacentrotus lividugmbryo development. For each
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FIGURE 3.2: Pictures obtained by inverted microscope showing sexaenples of different types

of malformations induced in Paracentrotus lividus plutei at 48 hours post fertilization (hpf) after
incubation with the three polyunsaturated aldehyBe€(D, E, F, G andH) in comparison with the
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FIGURE 3.3: Extrinsic apoptotic pathwayA( C, E andG) Multialignment of aminoacid sequences
AIFM1, RIPK4, TNFR16 and TNFR27 frorhlomo sapiensStrongyloentrotus purpuratusand
Paracentrotus lividus(B, D, F andH) Complex introrexon structure of the. lividusgenes involved
in extrinsic apoptosis.

FIGURE 3.4: Phylogenetic tree showing the inferred evolutionary relationship among various
members of the Receptor Interacting Serine/Threonine Kinase (RIPK) superfamilyHisorm
sapiens Strongylocentrotus purpurat@ndParacentrotus lividus

FIGURE 3.5: Phylogenetic analysis showing the inferred evolutionary relationship among various
members of the Tumor Necrosis Factor Receptor (TNFR) superfamily Homo sapiens
Strongylocentrotus purpuratudParacentrotus lividus

FIGURE 3.6: Intrinsic apoptogathway: A, C andE) Multialignment of aminoacid sequences of
BAX, BCL2 and PARP fromHomo sapiensStrongylocentrotus purpuratusnd Paracentrotus
lividus. (B, D andF) Complex introrexon structure of th®. lividus genes involved in intrinsic
apoptosis

FIGURE 3.7: Autophagy: A, C, E andG) Multialignment of aminoacid sequences of BECN, PINK,
ULK1 and ULK3 fromHomo sapiensStrongylocentrotus purpuratandParacentrotus lividus(B,
D, F andH) Complex introrexon structure of the. lividusgenes involved in intrinsic apoptosis.

FIGURE 3.8: Phylogenetic tree that represents the evolutionary relationship among various
members of the Unb1 Like Autophagy Activating Kinase (ULK) superfamily frddomo sapiens
Strongylocentrotus purpuratwdParacentrotus lividus

FIGURE 3.9: Efficiency amplification was calculated for each primer pair, generating a standard
curveswithserial2® ol d di |l uti ons of the calibratordés cL
value versus the logarithm ofaadilution factor and using the equation E=1€lope.

FIGURE 3.10: Gene expression study by Real Tim&@R of twelve genes involved in three
different death cell signaling pathway in embryos incubated with increasing heptadienal
concentrations (2M, 25¢M, 3¢M, 5.5¢M and 6e6M) and collected at a specific developmental
stage oP. lividus early blastula (5 hpf)A) Gene expression levels of Aifm1, Ripk, Tnfrl6, Tnfr27

and NkB (involved in extrinsic apoptosis)B] Gene expression levels of Bax, IBand Parp
(involved in intrinsic apoptosis)C) Gene expression levels of Ulk1, Ulk3, Pink and Becnl (involved

in autophagy). Data are reported as a fold difference (mean + SD), compared to control embryos in
sea water without heptadienal. Fold differes greater than +2 were considered to be significant.
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FIGURE 3.11: Gene expression study by Real Tim&@R of twelve genes involved in three
different death cell signaling pathway in embryos incubated with increasing heptadienal
concentrations (2M, 2.5¢M, 3 eM, 5.5eM and 6eM) and collected at a specific developmental
stage oP. lividus early prisma (21 hpf) A) Gene expression levels of Aifm1, Ripk4, Tnfrl6, Tnfr27

and NkB (involved in extrinsic apoptosis)B] Gene expression levels of BaRcl2 and Parp
(involved in intrinsic apoptosis)C) Gene expression levels of Ulk1, Ulk3, Pink and Becnl (involved

in autophagy). Data are reported as a fold difference (mean £ SD), compared to control embryos in
sea water without heptadienal. Fold diffnces greater than +2 were considered to be significant.

FIGURE 3.12: Gene expression study by Real Tim#@R of twelve genes involved in three
different death cell signaling pathway in embryos incubated with increasing heptadienal
concentrations (2M, 2.5eM, 3 eM, 5.5eM and 6eM) and collected at a specific developmental
stage oP. lividus pluteus stage (48 hpfAf Gene expression levels of Aifm1, Ripk, Tnfrl6, Tnfr27

and NkB (involved in extrinsic apoptosis)B] Gene expression levels of Ba&¢l2 and Parp
(involved in intrinsic apoptosis)C) Gene expression levels of Ulk1, Ulk3, Pink and Becnl (involved

in autophagy). Data are reported as a fold difference (mean £ SD), compared to control embryos in
sea water without heptadienal. Fold diffieces greater than 2 were considered to be significant.

FIGURE 3.13: Gene expression study by Rdame qPCR of thirteen genes involved in three
different death cell signaling pathways in A549 cell line treated watkl Bf heptadienal for 2 hours.

(A) Gene expression levels of AIFM_1, RIPK_2, TRAIL_R1, TNF_R1, TNF_R2 arkB Nf
(involved in extrinsic apoptosis)B] Gene expression levels of BAX, BCL_2 and PARP (involved

in intrinsic apoptosis). &) Gene expression levels of ULK 1, ULK 3, PINK and BECKingolved

in autophagy). Data are reported as a fold difference (mean + SD), compared to control A549 cells
without heptadienal. Fold differences greater than £2 were considered significant.

FIGURE 8.1: Chemical characterization of ethanol/water crudeaekt @) HPLC chromatogram of
pigments from the ethanol/water extract of the green microb#geaselmis suecicaB) Table
describes peak identification, retention time, abbreviations and online spectral characteristics of the
ethanol/water extract of ¢hgreen microalg@etraselmis suecica

FIGURE 8.2: Chemical characterization of ethanol/water crude extragtLC-PDA-ESI+MS/MS
analysis of the carotenoid pool in the ethanol/water extracfetfaselmis suecica(B) Table
describes for each peak reient time, maximum of absorbance (expressed in nm),-ESl
(expressed im/2, ESIF-MS/MS (expressed im/2 and relative names of the chemical components
of the ethanol/water extract of the green microdlgaaselmis suecica
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FIGURE 8.3: In vitro repairing activity ofTetraselmis suecicathanol/water extract against®b
treatment. ) Human lung adenocarcinoma cells (A549) treated with various concentratidns of
suecicaextracts for 24 and 48 h. Cell viability was determined using the MTly asshexpressed

as the percentage of control growing cel®) Cell viability of lung adenocarcinoma cells (A549)
treated with various concentrations af®4(0.3 mM, 3 mM, 30 mM and 300 mM) for 24 and 48 h .

(C) Effect of extract on cell viability of AS cells following exposure to 4@, prior to extract
treat ment, a% %2g E@ltand2 5nte g5 ante g1l 02, ¢ @ O @t andgtOOm |

e g “Inilhree independent assays were performed in triplicate; data are shown as mean +S.D.
Significant differences between treated groups were determined using Studen(s) and ANOVA

foll owed by Dunnett 6s t est (#) . Crosshatchec
treatments and control (#p<0.05).

FIGURE 8.4: Histograms showing theesults of gene expression analy$fs. B, andC) Effect of
Tetraselmis suecicathanol/water extract at three different concentrations (100 1tg2@0 pug mt

and 4 09 oreoygidatiné stress gene expression ydHreated human lung adenocarciraom

cells (A549). A549 cells were pretreated withOd( 3 0 mM = 1)Io? 1 repgor tm bxtract
treat ments ( 10 0)andhére@sted 2 rdlatéD)INegativeycontrdl for the evaluation

of the effect ofTetraselmis suecicathanol/water exact (without any injury préreatment) at three

di fferent concentr at itoon exidative Btiess gehd dpreasiod in Huthd@n ¢ ¢
lung adenocarcinoma cells (A549hree independent assays were performed in triplicate and the
data are ex@ssed as mean £S.D. Expression values greater or lower thafiddwdference with

respect to the controls were considered significant.

FIGURE 8.5: The effect ofTetraselmis suecicathanol/water extract on oxidative stress protein
expression in kDo-treated human lung adenocarcinoma cells (A548). B and C) Three
independent assays were performed in triplicate and the data shown are mean £S.D. The values above
the blots represent the densitometric analysis of the photographic sheets measuanigtiba in

protein expression. The values of the bands are normalized versus actin and represented as ratio
between the expression of single protein and actin. Asterisks denote significant differences compared
to controls (*p0O0.05 and **p<0.005 ).

FIGURE 8.6: The effect of ethanol/water extract frohetraselmis suecican prostaglandin PGE
serumrelease induced by, -treatment in human lung adenocarcinoma cells (A549)Average

PGEc oncent r d)tdetesmined by ELISA In culture medium alis treated with 100, 200

and 4 0 Bof thegextnadt for 24 hB) Average ofthe PGEC o nc e nt r d)tdéteammined p g ¢
by ELISA in culture medium of -toééxtrastfot 24 b aftered w
pretreatment with 30 mM (=21 ¢ ¢) ofiHO. for 1 h. Asterisks denote significant differences
compared to controls (*pO0.05 anitdestt*p<0.005)
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FIGURE 8.7: Response of EpiDerfft i ssue cul tures after topical
mlt) H.Ofor 1 h prior to Tetraselmis suecicat hanol / wat er ext M)amowingt r e at
the repairing effect athe extract after . treatment. Three independent assays were performed in
triplicate; data are shown as mean £S.D. Significant rdiffees between treated groups were
determined using Studerts t est (*pO0. 05) and ANOVA. N.C = n
suecicaextract; HO. + Ts 200 pg = epidermal tissue pretreated wigHor 1 h and recovered with

extract.

FIGURE 8.8: Effect of ann-butanol extract of the dinoflagellafdexandrium andersoron lung
adenocarcinoma (A549) and colorectal carcinoma-29)Y cancer cell lines. Percentage of viable
cells for A549 A) and HTF29 (B) were calculated with the MTT viability assaalues are reported

as mean = S.D. compared to controls (100% viability). Concentrations tested were 10, 50, 100, 200
and 4 0 Bfor 24ganddB h. Asterisks denote statistically significant differences with a p value
00.0001.

FIGURE 8.9: Histograms Bowing the effects oAlexandrium andersoni-hutanol extract on the
expression levels of target genes in lung adenocarcinoma A%»4@d in colorectal adenocarcinoma
HT-29 B) cell lines. Gene expression analysis was conducted after 2 h of treatmef@Qvitg mi

! of extract; error bars represent +S.D.

FIGURE 8.10: Histograms showing the effects Alexandrium andersoni-hutanol extract on the
expression levels of target proteind) TNFR1, 8) RIP-k1, (C) DR3 and D) control (actin) in lung
adenocarcinoma A549 cells. Immunoblot analysis shows that the extract induced TNF signaling after
24 h. Asterisk denotes significant increase in protein levets.p O0. 05 ver sus con:
represent +£SD.

FIGURE 8.11: (A) Flow cytometric analysis of DNA content in A549 cells exposedlégandrium
andersonn-butanol extract for 8 h at 200 pgfrdoncentration (empty red line) and untreated control
cells (full blue line). B) Distribution of A549 cells in different phes of the cell cycle after 8 h of
exposure to 100 and 200 pg tdf A. andersoniiextract, respectively. Percentage of cells in each
phase was obtained with the ModFit LT Softwafg) Percentage of A549 cells in each cell cycle
phase after 2, 4, 6 anch8reatment witlAlexandrium andersomi-butanol extract at 100 and 2§
mlconcentrations.

FIGURE 8.12: Effect of SPE fractions of the dinoflagellafdexandrium andersonon lung
adenocarcinoma (A549) and colorectal carcinoma-2d) cancer cell lines, and lung fibroblast
(WI38) and bruncHung epithelial (Bea2B) normal cell lines. Percentage of viable cells for A549

(A), HT-29 B) and control WI38 ) and BEAS2B (D) cell lines using the MTT viability assay.

Same experiments performed on tumor cell lines in the presence of caspase ithibilovalues

are reported as mean £ S.D. compared to controls (100% viability). Concentrations tested were 1, 10
and 100bfordg8h. ml
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FIGURE 8.13: Histograms showing the effectsAliexandrium andersor8PE fractions B and D on

the expression levels of target genes in lung adenocarcinoma A94%nd in colorectal
adenocarcinoma HZ9 (B) cell lines. Gene expression analysis was conducted after 2 h of treatment
with 1 pg mit of the two fractions; error bars represent +S.D.

FIGURE 9.1: Schematic representation of the cellular response activategd®yA) and repairing
effect induced by Tetraselmis suecica extract (B) aft€rlgretreatment.

FIGURE 9.2: Schematic representation of pathways inducedlbyandrium andersom-butanol
extract in lung adenocarcinoma A549 (A) and colorectal aclenmomaHT-29 (B) cell lines.
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ABSTRACT

(English version)

The marine environment covers nearly the 70% of the earth surface. Furthermore, oceans
contain a very rich and still unexplored biodiversity. Only the 10% of the total marine organisms
living in the oceans are now identified and studied for various applications. Thus, the oceans
represents one of most valuable natural resource. For tlssnietihe exploration of the marine
ecosystentonstitutes a European priority, within research stratemigmrallelwith the creation of
conservation and protection programs for keeping the ocean healthy for future generations, through
an ecefriendly exploitation of marine resources. Starting from an ecological and haigpimach,
all marine biodiversity wilprovidea sea of resourcéar biotechnologicaapplications. In particular,
marine organisms have several potential applications in the lhiatlegy field, for the discovery of
new pharmaceuticals, nutraceuticals, cosmetics, food and feed, aquaculture methods and
technologies, biomaterials, bioenergy, biomonitoring and bioremediation.

In this experimental studyalddressdtwo aspects of these of marine resources for biotechnological
applicationsa)the development of marine model organisms as useful molecular taolfto eco
toxicological studies and fan situ assessment of ocean health;the discovery of new marine
naturalproducts from marine microalgae for biomedical applications.

The sea urchinParacentrotus lividusvas studied as marine model organism in order to
develop new tools to evaluate the effect of stressors in the marine environment. Using a bioinformatic
appoach, twelve genes involved in some of the main cell death pathways were identified from sea
urchinP. lividusgenome: Pl_Aifm1, Pl_Ripk, Pl_Tnfr16, PI_Tnfr19/27, PI_Bax, PI_Bcl2, Pl_Parp,
PI_Becn, PI_Pink, Pl_Ulk1/2 and PI_UIk3. Embryos treated with képtal, a bioactive compound
from marine diatomsactivated programmed caspasdependent cell death (extrinsic apoptosis)
with simultaneous involvement of selective autophagic mechanism (called mitophagy). These results
are in accordance witinolecular aalysis obtained for human tumoral cell line treated with the same
marine compound. In fact, A549 cells activated, after treatment with heptadietnalsic apoptosis
with the simultaneous trigger of autophagic pathway.

The study of the potential of mag microalgae for biotechnological applications focused on
antiproliferative and antioxidant activities. In detail, the micro#igexandrium andersorshowed
anticancer effect against two tumour cell lines; the crude extraetadselmis suecigaossesbwed
a strong scavenging and repairing effect after oxidative damage.

Results obtained demonstrated, from one hand, that the seaRrdividuscan represent a
suitable model organism for the assessment of induction of cell death mechanisms by chemical
extracts or pure compounds, but also as molecular toat &itu studies of chemical contaminants
or anthropogenic stressful factors that can interfere with the marine ecosystem. On the other hand,
results obtained with two marine microalgde &ndersonandT. suecica confirmed the enormous
potential of marine microalgae for the identification of new natural products with possible
applications for pharmaceutical and cosmeceutical industries.
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ABSTRACT

(Italian version)

La superficie terrestre  ricoperta per qu
ospitano una ricca ed ancora poco esplorata biodiversita. Attualmente, solo il 10% degli organismi
che vivono nell dambi ent eudataperivarie apglicaniani. Pertqaeste i d
ragioni, gli oceani rappresentano una tra le piu preziose risorse naturali. La profonda esplorazione dei
vari ecosi st emi mar i ni costituisce attual ment
nuove st at egi e di ri cerca. Loobbiettivo princi j

conservazione e protezione ambientale, utili a salvaguardare la salute dei nostri mari per le future
generazioni, ma al contempo stabilire dei processi per un uso ecostestglie risorse marine.
Partendo da un approccio ecologico ed olistico, la biodiversita marina puo offrire un mare di risorse
per | uomo e per | e sue applicazioni bi otecno
dimostrato o posseggono en potenziale per applicazioni di tipo biotecnologico, nel settore della
farmacol ogi ca, nutraceutica, cosmeceuti ca, Ci
biomateriali, bioenergia, biomonitoraggio e biorimediazione ambientale. Questosiadinentale
prende in considerazione due aspett:i f ondame
biotecnologiche: a) lo sviluppo e la caratterizzazione di un organismo modello marino come
strumento molecolare laboratoriale per studressicobgiciin vitro e per monitoraggim situdello
stato di salute degli ambi enti mari ni costie
potenziali applicazioni biomediche, a partire dalle microalghe marine.

Un approccio bioinformatico e statsato per identificare nel genoma del riccio di mare
Paracentrotus lividute sequenze codificanti per alcuni fattori chiave coinvolti nei principali pathway
di morte cellulare programmata: apoptosi estrinseca, apoptosi intrinseca ed autofagia (compreso un
meccanismo autofagico specifico, chiamato mitofagia). | geni identificati &naifm1, Pl_Ripk,
PI_Tnfrl6, Pl_Tnfr19/27, PI_Bax, Pl_Bcl2, PI_Parp, Pl_Becn, Pl_Pink, Pl_UIk1/2 and Pl Glik3.
embrioni del riccio di mar®. lividussono stati trattatian diverse concentrazioni gitrans4-trans
eptadien@ e successivamente = stato analizzato
| 6eptadienal e attiva una morte cellulare prog
meccanismanitofagico, i quali operano in sinergia. Questi risultati molecolari sono sovrapponibili
con il pattern di attivazione genica ottenuto in seguito al trattamento di una linea cellulare umana con
il medesimo composto puro. Infatti, la linea cellulare A54®%atin seguito al trattamento con
eptadienale, un meccanismo di apoptosi estrinseca con la simultanea induzione della via autofagica.

Il lavoro sperimentale si € anche concentrato sullo studio del potenziale biotecnologico delle
microalghe marine, qudonti di nuovi composti naturali. In dettaglio, il dinoflagella@texandrium
andersoniha mostrato un potente effetto antiproliferativo su due linee tumorali umane, mentre un
estratto crudo ottenuto dalla microal§jatraselmis suecicpossiede una fortettavita di radicat
scavenging ed  responsabile dell b6attivazione
ottenuti, descritti in questo lavoro di tesi, dimostrano da un lato che il riccio difnéweduspuo
rappresentare un valido @gismo modello per la valutazione dei meccanismi molecolari di morte
indotti da estratti chimici o molecole pure, ed inoltre puo essere utilizzato come tool molecolare per

studiin situa t t i alla valutazione del | 6i amgehimicimdisugl i
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fattori antropocentrici in grado di interferire con i processi biologici ed ecologici dei nostri mari.
Dall 6altro | at o, [ ri sul t atAiandersoned nsueticarivdlano d u e
| 6enor me pot eonazligahlee ndaerlilnee mmieclrl 61 denti fi cazio
maggiore efficacia, con applicazioni per le industrie farmaceutiche e cosmeceutiche.
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GENERAL INTRODUCTION
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. Resources from the sea for a sea of resources

The marine environment covers the major p:
70.000 km coastline along two oceans and four seas: the Atlantic and Arctic Oceans, the Baltic, the
North Sea, the Mediterranean, and the Black Sea. European poplil®ifor about 40% in
maritime regions. Oceans contain a very rich and still unexplored biodiversity. Only the 10% of the
total marine organisms (including desga organisms) living in the oceans are now identified and
studied for various application¥he ocean is one of Earth's most valuable natural resource. It
provides food in the form of fish and shellfish, moving a great portion of European economy each
year. It serves for transportation, both travel and shipping. It provides a treasured scecesatibn
for humans. It is mined for minerals (salt, sand, gravel, and some manganese, copper, nickel, iron,
and cobalt can be found in the deep sea) and drilled for crude oil.

The ocean plays a critical role in removing carbon from the atmosphereoardimg oxygen,
covering an essential role in regulating Earth's climate. The ocean is an increasingly important source
of organisms with enormous biomedical potential for fighting diseases. These are just a few examples
of the importance of the ocean farman wellbeing. The exploration of the marine ecosystems should
constitute an essential research program to allow at each nation to activate conservation and
protection strategies for keeping the ocean healthy for future generations. European Stdtes push
holistic and integrated approaches to sustainable development that will guide humanity to live in
harmony with nature and lead to efforts to restore the health agdrintet y of t he Ear th

In this context, a relevant issue is representethéyonservation and sustainable use of the
oceans and seas and of their resources for sustainable development, including through their
contributions to poverty eradication, sustained economic growth, food security and creation of
sustainable livelihood$&tarting from an ecological and holistipproach all marine biodiversity will
provide a sea of resources for biotechnological applications. The study of biology and physiology of
unexplored marine organisms could be associated with a potential exphoiiat marine
biotechnology field, for the discovery of new pharmaceuticalfaceuticalscosmetics, food and
feed, aquaculture methods and technologies, biomaterials, bioenergy and so on. A goal of the VII
Framework Programme for Research and Technological Development in marine biotechnolegy ERA
NET- MBT (European Research AredlET - Marine Biotech) has been to support the development
of marine biotechnology research and innovation. The Blue Growth strategy incorporates European
marine biotechnology in the beconomic strategy for Europe, recognizing a dominant role in the
impact and sooreconomic challenges faced by Europe. ERMET - MBT has set guidelines for
marine biotechnology so that through the sustainable use of marine biological resources, there is the
creation of new markets, thereby generating, new revenues and boostingreemtldn thisstudyl
tried to address two aspects of the use of marine biological resources for biotechnological
applications:

1. Development of marine model organisms as useful tool fetoaaeological studies and
for the assessment of ocean health;

2. Discovery of new marine natural pradsifor biomedical applications.
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Il. European strategies and Marine Biotechnology

Seas have always represented for humans a fundamental source of products and services,
becoming a predominant factor for the irase of population density around coastal areas. Ocean
ecosystems influence consistently the good status of human populations, through the salubrious air
along coasts, high quality of food offered and enhance psychophysical wéfigessl). On the
otherhand, there are several factors acting as anthropic pressure on marine environment such as
industrial productions, maritime transport, agriculture and organic wastewater. Changes and
degradation of marine environments produce direct but also indirectsefie human health and
wellbeing; it is still not well characterized and described how human pressure in a specific place
affect other regions of the marine ecosystem, with a-teng repercussions. The evaluation and
relative management of the impacerided from this pressure on both human health and marine
environment itself have extensively been studied, but as two separate phenomena so far.

1,4

1,2 4
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0,6 -
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0.2 -
0 1 . . .

>50 km (ref)  20-50 km 5-20 km 1-5km <1 km

stating ‘good health’

Age standardised % of English population

Home distance to the coast (n = 48 million adults)

FIGURE I: English census data on the direct relationship between coastal proximity and stated health
status (adapted from Wheeler et al., 2012).

The scientific community has recognizing the strong need for a more holistic approach to
study and understanding the complex relationship between ocean environments on one hand, and
human health and welileing on the other.

An interdisciplinary approach could be used to study the complexity of this effects and
interactions by the formation of complex network across a wide range of scientific disciplines, within
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medicine, public health and natural, social awbnomic sciences. The complex and mutual
interactions between human health and marine environment requires a systems approach addressing
all levels of organization from bottom (at gene level) to ecosystems.

In this direction, USA has already investmbnomic resources in the last decade, creating a
multidisciplinary oceans and human health research programs. This program include the
establishment of seven Centers for Oceans and Human Health (COHH) and a complementary
National Oceanic and Atmospheriddinistration (NOAA) Oceans and Human Health Initiative
(OHHI) to conduct, coordinate and communicate research in this new integrative field.

Europe currently do not provide a similar oceans and human health research framework and
the European Marine Boahds recently published paper as a first step to raise priorities to encourage
the development of a coherent transnational oceans and human health research effort in Europe
(PositionPaper 19, European Marine Board, 20T3iis position paper identify th@ost important
research needs and priorities to study ocean heath, that is intrinsically interconnected and impacted
by humans and their wellieing. To manage this relationship, European research need an efficient
polity framework, linking maritime and plib health policies.

Hence, the European research effort explained in this paper is not just an atterepteo
newinteresting scientific challenges, but could represent the starting point to ensure an improvement
of public health and good environmahstatus of European seas, which are mutually linked.

Marine biotechnology is widely recognized as an outstanding research area that can contribute
significantly to the wetbeing of the society and the European-&omnomy. The definition of
biotechnolog i s : AThe application of science and t
products and models thereof, to alter living or4fiwimg materials for the production of knowledge,
goods and serviceso (www. oe cobgyptmediving orgamisms dree c a
derived from marine sources.

Marine biotechnology (called also blue biotechnology) is representing a relative new research
field, which is creating new opportunities to explore and successively exploit marine resources, with
sustainable development and approach. This scientific area raise great interest by European policies,
able to build and contribute to an eswstainable and highly efficient economy and society. The
strong point of marine biotechnology is representedhbyhtgh biodiversity of marine environments.

So huge potential is still poorly exploited and marine resources could play a central role for many
industrial activities and for bioprocesses used for the maintenance of ecosystem integrity. This will
lead to mw application in fields such as drug discovery, novel functional foods and food ingredients,
bio-remediation, biomaterials, aquaculture, environmental biomonitoring, diagnostics, production
processes, bioenergy etc. European policies focus attentionoasgiauous part of its economic

effort in the area of marine biotechnology in order to find competitive niches. Sufficient attention is
given to sustainable exploitation of t he un
understanding of its biodivetgiand natural heritages.
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AIM OF THE THESIS

The purpose of the experimental activities was the identification of new marine resources for
biotechnological applications. First part (Section 1) of the thesis describes the attempt to redesign a
new role for an Aol do mamrrParacentrotus lividusThie wogkaimeds m,
to develop useful molecular tools for timevitro ecotoxicological or antiproliferative assays, with
possible application fan situassessment of marine environment health.

With a bioinformatic approach twehkey genes involved in some of the principal death cell signaling
pathways were annotated Ih lividus genome, using orthologous relationship with vetlldied

Homo sapiensell-death genes. Sea urchin embryos and human cell lines were treated withehe sam
marine pure compound (heptadienal), in order to characterize the molecular pathways activated after
the treatment and to compare the response between two such evolutionary distant organisms. This
will help in understanding the degree of conservatioreleivant pathways involved in the response

of cell and organisms to stress induced by toxicants.

Second part (Section 2) of the thesis focuses on the discovery and characterization of new
natural products from marine microalgae using different approaahgsarticular,Alexandrium
andersoniwas studied fothe potential antiproliferative activity of this dinoflagellate on two very
resistant cancer cell lines, lung adenocarcinoma (A549) and colorectal carcinos2)(iAbsence
of in vitro cytotoxicity on normal cell lines was also evaluated to verify the specificity of the anti
proliferative activity against tumour cell lines. Using a molecular biology approach, extracts and SPE
fractions of this species were used to investigate the #otivaf different cell death signaling
pathways in the two tumor cell lines tested. Cell cycle analysis was also carried out to better
characterize the phase in which the block of proliferation occurs.

Tetraselmis suecicwas the object of a study for ti@entification and characterization of
compounds with antioxidant property and activation of repairing mechanisms following oxidative
damage. To this endh vitro human cell line an@éx vivohuman skin model were used. Viability
assays were performed filre assessment of the desirable recovery effect of the ethanol/water crude
extract ofT. suecicaafter decrease of cell and tissue viability induced by well know oxidizing agent
(H202). The interesting effect detected, was further analysed at the gehmlexder to demonstrate
the involvement of andinflammatory and repairing key molecular factors, and results corroborated
at biochemical level.

This thesis intend to strongly demonstrate the wide range of opportunity that could offer the
marine enviroment. The diversified marine world can take advantage from human research activities
addressed to the identification of new biomonitoring tools and innovative techniques for the
conservation, protection and bioremediation of the seas, but also humastesntdy and exploit new
natural marine resource for an ecosustainable concept of economy for pharmacological industries and
healthcare sector.
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SECTION 1

The marine model organismParacentrotus lividus
an established marine model organism for new
biotechnological applications
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CHAPTER 1.

Introduction



1.1 The sea urchin modeParacentrotus lividusan overview

Sea urchin represented for more than 150 years an ideal marine model system for a wide range
of experimental purposes, trying to answer to fundamental biological questions. For well over a
century, a huge number of seminal discoveries have provided msigtitdramatically influenced
several fields of biology. Their relative abundance along coasts, the large size of adults, clarity and
large size of their eggs (and relative embryos) and the simplicity with which experiments can be set
up on gametes and émnyos and the ease of perturbation of embryo development made the sea urchins
a favourite target for early works in many investigations. For these reasons, sea urchins have been
one of the most popular marine organisms utilised for studies in a wideafeswentific disciplines,
such as reproductive biology (Vacquier, Swanson, and Hellberg 1995), embryology (Davidson,
Cameron, and Ransick 1998; Lee et al. 1999), toxicology (Dinnel et al. 1989), gene regulation
(Davidson et al. 2002), as well as evolutionbiology (Peterson, Cameron, and Davidson 2000).

The adult body is characterized by pentamerous symmetry, having a central plate with five
regions arranged around it. The typical size of adult animals ranging from 6 to 12 cm, but exist also
larger seaurchin species that can reach up to 36 cm (for somemaddic sea urchin species). The
entire body can be divided equatorially into upper part called aboral hemisphere and bottom part
called oral hemispher@gure 11).

FIGURE 1.1: Sea urchinParacentrotus lividusin the marine environment. (modified from
WWW.marinespecies.org
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A ring with 10 plates characterizes aboral hemisphere, which contains periprocto, the anal
region of the animal. The madreporite (or madreporic) plate constitutes another important structure
present in aboral hemisphere, having the role of connection éretve liquid of the aquifer system
and external environment. The madreporite plate is connected to the ring canal, which in turn is joined
with the radial canals. This apparatus allow the sea urchin movements, using sea water brought from
the external envonment and canalized into the tube feet.

The oral hemisphere is the side facing the substrate, containing a mouth in the middle of this
area. The mouth can be easily identify by the typical presence of the apparatus used to chew,
composed by 5 teeth, aged by a complex system of plates and muscles called Aristotle's lantern;
this structure is surrounded by peristomal membrane (a membranous layer).

Respiration occurs through the ambulacral pedicels, which allow gas exchange and the
entrance of oxygen io the boby. Most animals possess five pairs of external gills, distributed all
around the mouth. When the animal is low on oxygen, fluid can be pumped through the gills interiors,
using muscles associated with the lantern. Tube feet could also functamiditienal respiratory
organs, creating secondary sites of gas exchange.

At the end of sea urchin spines there are the pedicellariae, with different morphologies and
relative different functions. Pedicellaria can be with suetiop at the end, used faxdomotion and
for holding stones and snails through which some species of sea urchins use to cover their body, and
pedicellaria with a small hollow spindle at the end used as defense against enemies, by injection of
toxic poison (some examples &&temasp., andechinotrixsp.).

Sea urchins are able to rapidly regenerate all these external appendages described
(pedicellariae, tube foot and spines), as well as the wounds or lesions of the shell, by a regeneration
process of the skeleton.

The reproductive system is organized in five separate gonads connected together by
mesenteric filaments at the inner surface of the-atebulacral areas. When gonads are mature, they
appear orange and swollen. Once mature, gonads extend from the abuosahere, where they can
communicate with the external marine environment, almost to the lantern of Aristotele (Lawrence,
2013).

Among several species of sea urchins with applications in science as model organisms,
Paracentrotus lividushave gained a domant presence in many European research institutes.
Geographically, it is largely distributed throughout the Mediterranean Sea and in the Atlantic
northeast, from Scotland and Ireland to southern Morocco and Canary islands, including the Azores.
This speas of sea urchin is particularly common in coastal habitat where winter water temperatures
range from 10 to 15°C, and summer water temperatures range from 18 to 25°C. In fact, its temperature
limits correspond to around 8°C winter and 28°C summer isothemspectively. A seasonal
reproductive annual cycle that varies among species characterize the adult animals. Depending on the
variation of specific temperatures every years, the reproductive periéd b¥idus could be
considered from December to May.
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P. lividusbelong to the Parachinidae, a family of the phylum Echinoder(tadite1.1). Due
to their position in the phylogenetic tree, Echinoderms are considered a phylum in the direct
evolutionary line leading to the vertebrates. In fact, it is impbrtarremark that sea urchins,
Hemichordates and other echinoderms, occupy a key phylogenetic position as the ardydats
deuterostomes. For this reason, sea urchin has been broadly utilized to better describe molecular,
embryonal and morphological reussion of many stress factors able to induce diseases and
disorders in marine environment and humans.

TABLE 1.1: Scientific classification of the sea urclifaracentrotus lividus

Kingdom Animalia

Phylum Echinodermata
Subphylum Echinozea
Class Echinoidea
Subclass  Euechinoidea
Infraclass  Carinacea
Superorder Echinacea
Order Camarodonta

Infraorder  Echinidea

Family Parechinidae
Genus Paracentrotus
Species Paracentrotus lividus

As deuterostomes, sea urchins have developed the anus frdmagsteporeand the mouth
origin from the opposite cavity. A comparison between two so different organisms as humans and
sea urchins could seems, at first glance, awkward. The sea urchin Isodhdlz symmetry and a
globose form with no proof of a head, whereas humans are bilaterally symmetrical with a complex
head containing sensory structures. However, sea urchins lie on the same major branch of the tree of
life (the deuterostomes) to whiclimans belong. Even though the sea urchin form differs radically
from that of vertebrates, they share many of the same gene families. Echinoderms diverged very early
from the major lineage of the deuterostomes; for this reason their genomes reflecictipeidléss
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of this lineage and inform to a deep reach of time the evolutionary changes leading to the human
genome.

P. lividusis typically a subtidal species, living from the mean water mark down-8070
meters (Harmelin et al. 1980; Crook et al., 20@b¢se animals live in contact with the seabed or
otherwise fixed to a solid substrates. It is an herbivore with a variable impact on surrounding
environment that might depends by population density in that specific area. Likely to other rock
burrowing sgcies,P. lividus can switch from mobile (grazing) to sedentary (eheftding) feeding
when in burrowsG@ranville, 2008).

P. lividus similarly to many sea urchin species, have a globular and regular shapes and all
body is covered with robust spines. Taxernal defensive structure is formed by calcium carbonate
mixed with organic matter; the length of spines differs according to the ¢(femith 1999; Su et al.,

2000).

The developmental process of sea urchins is characteristic of many marine inest&eat
urchins are gonochoristic; individual adult animals aggregate in marine environment before spawning
and then, after appropriate stimulations, they release eggs and sperm into the surround water column
for an external fertilization.

The sea urchinggs are typically spherical and very large (with a diameter of about 0.1 mm)
and noamotile, containing a small amount of yolk. The eggs are internally homogeneous, containing
uniformly distributed yolk granules and other intracellular organelles. Thenektegion of the
ovum cytoplasm, referred to as the cortex, includes numerous cortical granules underlying the egg
plasma membrane, or oolema. The sea urchin eggs include two egg envelopes. The vitelline envelope
is the primary egg envelope (an extendbgatocalyx) and it is located just outside the oolema. The
secondary egg envelope, the jelly coat, is a thicker coat around the ovum. It consists of several
glycoprotein components, some of which have important roles in théugom fertilization
processes. Once eggs are in contact with external sea water, jelly coat undergoes a swelling
phenomenon.

Sea urchin sperms are very small gametes, with a head and a tail. The head appears ovoid and
contains a pair of centrioles, the acrosome and the nucleusacfdsome plays several important
roles in fertilization, providing hydrolytic enzymes for penetration of the egg envelopes and for
gamete fusion. The nucleus contains highly condensed chromosomes. The tail contains mitochondria
and microtubules, essentifdr the movement. Under concentrated conditions (inside the adult
animal), sea urchin sperms are immobile, probably due to the high carbon dioxide concentration.
When dispersed in sea water (in diluted conditions), sperms become extremely motile. @nse spe
are activated, their ability to participate in fertilization is rapidly lost after few minutes.

Fertilization, the union of a male and female gamete producing a zygote, consists of two fusion
events. The first event is the gamete fusion, that consigite fusion of the sperm and egg plasma
membranes. The second event is represented by the pronuclear fusion, that is the fusion of the male
and female haploid pronuclei. Gamete fusion results in the activation of the eggs. As a result, the
metabolically quiescent eggs are stimulated to organise its developmental blueprint. Pronuclear
fusion restores diploid condition and produces a genetically unique entity.

When sperms contact eggs they become bound to the jelly coat. Thisegeiomding
represent th first step and it is due to the interaction of fertilizin, one of the components of the egg
jelly, and antifertilizin, associated with the sperm plasma membrane. The first two processes,
activation of the sperm and sperm egg binding, are easily obseithelight microscope. Following
sperm egg binding, the acrosome reaction occurs; hydrolytic enzymes are released allowing the sperm
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to penetrate the jelly coat and make contact with the vitelline envelope. At this point the first fusion
event of fertilizéion, plasmamembrane fusion or gamete fusion, takes place.

Soon after the fusion process of the gametes, the creation of the fertilization envelope and the
entrance of the sperm head into the ovum cytoplasm occur as simultaneous event. Moreover, the
cortical granules exocytose and liberate their contents. This secretion causes a characteristic wrinkling
of the egg surfacdigure 12) and allow to the vitelline envelope to be lifted away from the oolema.
The vitelline envelope and some of the cortical glarcontents join and form the fertilization
envelope. The fertilization envelope has an important role serving as barrier blocking the polyspermy
process. The formation of the fertilization envelope is easy to observe in many sea urchins species by
microope, since this envelope is elevated a considerable distance from the egg surface. After gamete
fusion, the second fusion event of fertilization occurs within 30 to 45 minutes and consists in the
pronuclear fusion.

FIGURE 1.2: Pictures taken with inverted microscop@) Mature egg of the sea urchin
Paracentrotus lividus(B) Motile sperms of the sea urcHaracentrotus lividus(C) Egg of the sea
urchinParacentrotus lividugl minutes after fertilization event.
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During the following cleavage processes, the sirggbed zygote is converted into a
multicellular embryo through rapid and repeated mitotic cell divisions. During this phase of
development, there is no growth in term of size of the embryo. As the singledreidiex into many
cells, the ratio of cytoplasmatic to nuclear volume of the blastomeres is increased, allowing for more
effective nucleacytoplasmic interactions. In addition, the cytoplasmic areas containing specific
developmental information are segated into different cells of the embryo. This segregation of
developmental potential is a fundamental finely regulated process for later cell differentiation.
Cleavage of sea urchin embryos is radial holoblastic, since the cleavage furrow cuts threatirethe
dividing cell. Moreover, the cleavage occurs radial, the cleaving embryo is radially symmetrical, and
with one exception equal, since the cells produced at each cytokinesis are equal in term of size.

The twacell stage is the first cleavage evand figure 13) occurs 60 to 90 minutes after
gamete fusion, depending on the sea urchin species and on the experimental conditions. The plane of
the cleavage furrow is meridional or longitudinal, passing along the awegatal pole axis. The
second clavage is meridional and produces the foeit stage figure 13); the first and the second
mitotic division are perpendicular to each other. The third cleavage is equatorial or horizontal, cut
perpendicularly across the polar axis, dividing animal andtaéemisphere, and result in the eight
cell stage figure 13).

However, the fourth mitotic division is completely different respect to the previous three. The
eight cells previously formed become sixtheen blastomeres, with two meridional divisions. The
animal half is represented by eight cells, with the same volume, called mesomeres. The vegetal
hemisphere undergoes an unequal equatorial cleavage, producing four larger cells, called
macromeres, and four smaller cells, calfeidromeres figure 13). Som after the 1&ell embryo
cleaves, the eight mesomer esa nd yforeretaggerred above at e
the other. The macromeres go through a meridional division, forming a tier of eight cells bglow an
The micromeres also dividalbeit somewhat later, producing a small cluster below the larger tier.

All the cleavage furrows of the sixth division are on equatorial plane. The seventh division event
produces the 128ell stage and occurs on meridional plane, bringing the embrle twdstula stage.
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FIGURE 1.3: Cleavage in the sea urchin. Planes of cleavage in the first three divisions and the
formation of tiers of cells in divisions 4. From: The Early Development of Sea Urchins. (modified
from O6Devel opmental Biology6. 6th edition. Gi

The blastula stage is characteribgrtells forming a sphere surrounding a central cavity fluid
filled, called blastocoel. Starting from this stage, all cells have same size, rate of cell division declines
and all are in contact on the inside with the proteinaceous fluid of the blastodoslth the lyaline
layer on theoutside figure 14).

Approximately six to seven hours after fertilization, the sea urchin embryo enters the blastula
stage. The blastomeres develop cilia on their outer surface. As a result of the beating of these cilia,
the embryo will rotate within the fertilization envelope. Approximately ten to twelve hours after
fertilization, the midblastula is composed of about 600 cells and hatches out of the fertilization
envelope. The hatching process is facilitated by theblasht r el eases of a fAhat
is able to weaken and dissolve the membrane sufficiently for the blastula to break through. A small
portion of long cilia, the apical tuft, develops at the animal pole of the blastula. In the late blastula
stage he embryo becomes thicker at the vegetal pole, forming the vegetal plate.

Gastrulation begins when the primary mesenchyme cells, which are derived from the
micromeres and located in the approximate center of the vegetal plate region, migrate as individual
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cells into the blastocoel. This cell movement is called ingression. During gastrulation, extensive
cellular rearrangements occurs, usually at morphogenetic level, converting the spherical and hollow
blastula into a mullayered gastrula. These deep raagements are due to changes in cell shape and
in some cases changes in cell affinity, and are responsible of the creation of the three germ layers:
ectoderm, mesoderm, and endoderm.

Following the ingression process, cells of the vegetal plate regiogimata, forming a
depression called blastopore. As invagination of the vegetal plate region continueseatéddube,
the archenteron, is formed. The elongation of archenteron continues, due to continued cell movement
from the surface of the embryo tlugh the blastopore. The tip of the archenteron makes contact with
the ectoderm opposite the blastopore. The gastrula §iggee 14) andspecific invagination of the
vegetal plate region occur 20 to 24 hours after fertilization (the early processtrolajéon start 12
hours post fertilization). Approximately six hours are required for the archenteron to move across the
blastocoel and make contact with the ectoderm at the apoteabf the embryo. At the gastrula stage,
embryos contain approximatel00 cells.

First cleavage 8 cell stage

Morula Hatched blasinla Gastrala

FIGURE 1.4: Pictures taken with inverted microscope of several developmental stage of the
Paracentrotus lividugmbryos.

The prism stage is characterizieg a change in the overall shape of the embryos and the
beginning of differentiation of larvatructuresfigure 14). During the prism stage, the embryo takes
on the shape of a rounded, truncated pyramid. At the point of cbetseten the archenteron tip and
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the overlying ectoderm, the ectoderm invaginates slightly to form the future stomodaeum. At the
stomodaeum level, embryos develop the mouth and the anterior opening of the digestive tract will.
The anal opening of the dige tract develops from the blastopore. Two constrictions appear in the
archenteron subdividing it into three regieasophagus, stomach, and intestine. The side of the
embryo containing the stomodaeum becomes flattened forming the oral surface (tefasdtie

ventral side) of the developing larva. The blastoporal side of the embryo also becomes flattened and
forms the anal surface (referred to as the posterior side) of the developing larva. A band of cilia
develops around the stomodaeum. As this a;¢he apical tuft disappears and the embryo elongates
slightly along what classically has been called the deesral axis. As a result of these changes in
shape, the direction of movement changes so that the prism (and later the pluteus) usuallytmoves

the oral surface forward. The primary mesenchyme cells begin to aggregate and differentiate into the
triradiate spicules, forming the rudiments of the larval skeleton. The secondary mesenchyme cells
begin to differentiate into pigment cells.

FIGURE 1.5: Pictures taken with inverted microscope of pluteus larva dPénacentrotus lividus

The fully developed pluteus larva is somewhlaingated figure 15). The oral lobe appears as an
outgrowth on the oral surface above the stomodaeuthidrdevelopmental stage appears also two
arms, the preoral arms that extend out from the oral lobe (also called the oral arms). Two additional
arms, the postoral arms, appear at the larval stage and extend out from the junction of the oral and
anal surfaes (also called the anal arms); the postoral arms are longer than the preoral arms. Due to
changes in the shape, the developing digestive tract is bent irdbagpd and the stomach enlarges

and fills a large part of the body of the pluteus. The searuernbryos reach the larval stage 48
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hours after the fertilization event and form part of the zooplankton. A period of extensive feeding and
continued larval development is required (about 28 days) before metamorphosis process to a
miniature sea urchin ocrsi(the most important developmental stageB.dividusare summarised

in tablel1.2)

TABLE 1.2: schematic description of sea urcRiaracentrotus lividuembryo developmental stages

Chronological development of Sea UrcHaracentrotus lividugmbryos at 19°C

TIME (hours) Developmental stages
Oh Fertilization event
1lh 2 blastomeres
2h 4 blastomeres
3h 8 blastomeres
4 h Morula (32/64 blatomeres)

5-6 h Blastula

10 h Swimming blastula

12 h Early gastrula
21-24 h Late gastrula/Prism

48 h Pluteus

Sea urchin is one of the few model organisms considered promising Burthgean Centre
for the Validation of Alternative ModelECVAM). In addition, early and late developmental stages
of sea urchins, and echinoderms in geneeplresent since long time a principal experimental model
to investigate the mechanisms driving the developmental and differentiation processes, the
ecotoxicological implication of chemical compounds found as environmental and food contaminants
and also amuseful marine model organisms for the study of apoptotic mechanisms of new marine
natural compounds with antiproliferative effect. This marine model organism fully respect the 3Rs
objectives (Reduction, Refinement, Replacement of animal experiments)yith&ad to the
reduction of vertebrate use for toxicity tests (Passantino, 2008).

This is also support by the fact t hat i n
Genomeo, carried out by Cali for ni @avhilabdetiortheut e
scientific communityStrongylocentrotus purpuratugenome (Sea Urchin Genome Sequencing
Consortium). Moreover, a consortium formed by European Research Institutes is working on the
complete sequencing of the Mediterranean sea urkhiividus). All this genomic information gives
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new impulse at the sea urchin as marine model. In the last decade, molecular studies and bioinformatic
investigations have gained a central role in many research institute, since genome contains all
informationregulating physiological cellular process and responsible of insurgence of many diseases.
This new genomic knowledge support the reasonable scientific effort to validate sea urchin as
molecular tooljn vitro andin situ, for the assessment and conseoratf ocean health.

1.2 The sea urchinParacentrotus lividusas model organisms to study
the effect of diatom secondary metabolites

Diatoms have traditionally been regardesiproviding the bulk of the marine food chain to
top consumers and predominant fisheries. In the past, they have been considered as beneficial factor
for the survival and growth of primary consumers such as benthic filter feeders (e.g. bivalves) and
zoogankton (e.g. copepods). However, researchers have recently opened to doubt of the theory of
beneficial role of diatoms in the marine food web. In the last 20 years, researchers studying the
interactions between diatoms and copepods demonstrated a swocgan of fertilization process
and/or hatching success when herbivorous copepods species were fed with diatom diets. (lanora and
Poulet 1993; Poulet et al., 1994; Chaudron et al., 1996; Buttino et al., 1999; lanora and Miralto 2010
for a review). All tle evidences obtained are known as the paradox of the diatipapods
interaction. The term paradox is justified by the unique negative effect induced when copepods feed
with diatoms. In fact, the most commons negative jaanhal interactions known in thmarine
environment are related to poisoning or repellent mechanisms, but a reproductive failure induction
was never observed before.

lanora and Poulet (1993) carried out the pioneer study in this new direction, demonstrating
the blockage of the reproduati system of copepoflemora styliferafed with monealgal diet of
diatom Thalassiosira rotulaMore in detail, copepods kept unvaried the high eggs production for
more than 15 days, but algal diet was able to strongly compromised the hatching succeds; cont
experiments were represented by same copepod species fed with the dinoflRgetatentrum
minimum Poulet et al., (1994) hypothesized that the reduction of hatching rates in the copepod
Calanus helgolandicusas a direct effect of unknown amtitotic compounds derived from diatoms,
which arrested embryogenesis. The embryonic development of copepods was blocked when eggs
were exposed to diatom extracts in a ddespendent manner (Poulet et al., 1994; lanora et al., 1995;
Miralto et al., 1995).
Miralto et al. (1999) carried out in field experiments, demonstrating that the hatching success of
copepods during a diatom dominated bloom in the Northern Adriatic Sea was strongly reduced. They
observed only 12 % of the eggs hatching respect with 90 % neeaatithe end of algal bloom
condition. In the same study, Miralto et al. (1999) isolated from the bloom of diattaagsiosira
rotula, Skeletonema marin@nd Pseudenitzschia delicatissinjaand then characterized two C10
short chain polyunsaturatedlahydes: 2E,4ELdecadienal and 28E/Z,7Zdecatrienal
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In a more recent study, lanora et al. (2004) have also assessed the effect of maternal diatom
diet on the fitness of copepod offspring. The study showed a blockage of the development in all larvae
of C. helgolandicusemales fed with the diato®keletonema marinoin addition, larvae, generated
by females fed witlSkeletonema marinoconserved high mortality rate even if the larvae were
recovered with control diet of the dinoflagellaf®rocentrumminimum On the other hand, when
the females were fed with the dinoflagellaBrsrocentrum minimunand the relative nauplii were
grown with Skeletonema marinothe mortality rate decreased significantly. Considering all these
experimental results, matetdrfeeding quality was demonstrated to be even more important than
nauplia sustenance for progeny survival.

These surprising findings have driven researchers to concentrate the attention on chemical
studies in order to characterize the molecules respen$ib these toxic effects. Thus, first
biochemical evidences demonstrated that these uncharacterized compounds were the final products
of a lipoxygenaséydroperoxide lyase metabol@thway figure 16). This biochemical cascade is
activated after mechaal breakage of algal cells, occurring during grazing by predators or
senescence processes, and the production of secondary metabolites increases dramatically after few
seconds. Lipoxygenases (LOXs) represent a key point involved in this biosynthetiayatiey are
enzymes able to catalyse insertion of oxygen to double bonds of polyunsaturated fatty acids (PUFAS).
More in detall, lipase enzymes are activate by cell damages, which release PUFAs from cell
membranes. These undergo immediately an oxidatiah cleavage process with the consequent
formation of polyunsaturated aldehydes (PUAs) and many other secondary metabolites, collectively
termed oxylipins (Fontana e al., 2007a 200b)
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FIGURE 1.6: Biosynthetic pathway of oxylipins, startingom fatty acids. The biochemical
mechanism involve the lipoxygenase enzimes (K0K marine diatoms. Rrepresents the methyl
terminal part and Rhe carboxylic end of C16 or C20 fatty acid precursors (modified from Fontana
et al., 2007b).

Diatom species and strains are able to produce specific type and different quantity of oxylipins
(Pohnert et al., 2002, Taylor et al., 2009); these high specificity produce variable effects on
zooplankton grazers (lanora and Mira2@10) figure 17).
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FIGURE 1.7: An overview of oxylipins synthetized in the marine diatom speBSiksletonema
marinoi, Chaetoceros socialis, Chaetoceros affinis, Thalassiosira rotula and Rsé&gmsichia
delicatissimgfrom lanora and Miralto, 2010).

Plants produce plethora of secondary metabolites with signalling functions. In particular,
terrestrial plants are able to produce compounds belonging to oxylipin family. This mechanism is
finely regulated, in fact when the production of oxylipins overtake a threshpmayfenase activity
is inhibited (Spiteller 2003), suggesting that the process reaches a balance between consumption of
precursorsRolyunsaturated Fatty AcidBUFAS) and synthesis of oxylipins.

In marine environment the regulation of oxylipin productisrslightly different. Diatoms
after mechanical damag@roduce continuously oxylipins such &vlyunsaturated Aldehydes
(PUAS), because, at the sea level, the effect and relative efficacy of released compounds are constantly
interfered by the dilutionaxurred inseawater. In this way, PUASs, as soon as produced by diatoms,
are carried away and the production process continues until precursors are available. This specific
regulation of the defence strategy in marine environment allows maintaining a dugh |
concentration around diatdbms @4@.3Btahce @afdlQ
from the cell surface, respectively). Thus, high local concentration contrasts the potent dilution effect
created by the sea, avoiding decline of seconahetabolites efficiency (Ribalet et al., 2007b).
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At this important study, followed further chemical methodology able to identify a larger
amount of PUAs from diatoms, expecially frofkeletonema marina@and Thalassiosira rotula
Subsequently an expandeaga of PUAs were identifieffigure 18), including2E,4E heptadienal;
2E,4Zoctadienal; 2E,4©ctadienal; 2E,4R,4,7octatrienal and 2E,4Z decadienal (Pohnert 2000,

2002; PtinertandBoland 2002; do6l ppolito et al., 2002a,
2E 4Z-heptadienal 2E ,4E-heptadienal
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FIGURE 1.8: Chemical structures of diatederived polyunsaturated aldehydes (From Ribalet,
2007)

The metabolic pathway and all enzymes involved in the PUASs biosynthesis, as said before,
seem to be induced soon after membrane damage and for this reasonr®@Agpancipal function,
the direct responsible of afgredatorsignalling However, researchers have also identified other
PUAs related functions, each specific of certain concentration of the signalling molecules. In fact ,
Spiteller (2003) hypothesed three different types of physiological responses induced by PUAs and
their precursors. The nanomolar levels or lower amounts of oxylipins constitute the cell division and
cell proliferation signalling, while larger amounts of oxylipins induce deattaBigg. In particular,
micromolar concentrations of signalling molecules are able to induce specifically necrosis, while very
large amounts of oxylipins activate apoptotic cell death.
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A confirmation at this thesis coming from the study of Casotti ef28l05), where the marine
diatom Thalassosira weissflogi r eat ed with very | arge amount s
exhibited a clear growth inhibition due to activation of the programmed cell death. Recent study
assigned at PUAs two separate roles wthey acting on their direct producers or on other species.

In fact, Gallina et al., (2014) described ti&leletonema marionoa PUAs producing species,
recognizes itself PUAs signal as inprapulation infochemicals, as a chemical that transmits
informaion in an interaction between two individuals, inducing in the receiver a behavioural or
physiological response (Vet and Dicke, 1992). On the other Rorahdactylum tricornutuna no-

PUAs producing species, transduces PUAs input as allelochemical nsghasiprocess involving
secondary metabolites that influences the growth and development of biological Sy&tey@set

al., 2006.

At the end, PUAs could be synthetized and released even if there is not a cell damage or
grazing activity. Watson and Shteill (2003) detected PUAs in culture medium of the freshwater
chrysophytes, growth as mospecies culture in normal conditions; thus, they confirmed that these
oxylipins may play a role not only in the chemical defence mechanisms against grazess) bst al
signalling molecules within diatom populatiofifie same role of the PUAs was confirmed by more
recent studies with marine diatoms. Vidoudez et al. (2011) have quantified the release of PUAs in the
Adriatic Sea in order to study its critical rolescimemically mediated plankton interactions, acting as
dissolved infochemicalsln situ, PUAs are produced at the end of bloom as effect of cell
disintegration.

All these studied described above had shed light on PUAs, their chemical characterization and
molecular effects and ecological roles. Moreover, PUAs are commercially available, relatively cheap
and enough stable to be used for laboratory experiments.

Few studies are carried out about the deleterious effects of algal toxic compounds on
gametogenesigamete functionality, fertilization, embryonic mitosis, and larval fithess. By the way,
the effects of oxylipins, produced by diatoms, on fertilizatinod development processee the most
comprehensively exploregimong marine natural productrst dudies demonstrated that diatoms
producing oxylipins were able to interfere with pronuclear fusion process. In fact, Poulet et al. (1995)
studied the effect of diatom di€Phaeodactlylum tricornutujmon eggs of copedo€alanus
finmarchicusand Buttino etl. (1999) treate®. lividus eggs withdifferentdiatom extracts. In both
studies has been observed a failure of the pronuclear fusion. Some year later, Hansen et al. (2003)
demonstrated that extracts Pfiaeocystis pouchetivere able to reduce drastigathe fertilization
success of the sea urchi8phaerechinus granuladiseggs. In addition, interference with sperm
functions and its fertilization potential was investigated. lanora et al. (1999) fed the cOpepoch
styliferawith different diets of ohoflagellates, which were able to induce a strong decrease of sperm
quality. Tosti et al. (2003) investigated the effect of PUAs on first stages of fertilization pracesses
Ciona intestinalis They demonstrated the inhibitory effect of decadienal amatdenal on the
fertilization-current generated when speaggbinding event occurs anmeh theplasma membrane
voltagegated calcium currents.

Many studies have largely demonstrate also the arrest of embryogenic process induced by
diatomderived oxylipns. Poulet et al. (1994) gave the first contribution in this field, studying the
Calanus helgolandicusmbryos exposed fbhalassiosira rotulaextracts Poulet et al. described in
his study thathe point ofcell divisionarrestcould changebut occur, &pendingon the age of the
eggshefore exposureither prior to fusion of male ariemale pronuclei, or during mitosidowever,
embryos underwent stonkingly abnormal development. diveormality includeda dark brown,
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opaque outer membrane, globular &sm, blockage gironuclei, o dispersed chromatin scattered

in theegg matrix of norhatched eggs. In the same decade, Buttino et al. (1999) investigated the effect
of extracts ofThalassiosira rotulaon sea urchin and ascidian development. The studyrtre

hatching inhibition with consequent blockage of tubulin organization, and inhibition of chromatin
condensation. The cell division process is arrested due toachimation of microtubule
depolymerisation, observéam pronuclear fusion to telophagdl these effects induced by diatem

derived oxylipins were directly connected with the activation of programmed cell death, although has
been observed in the studies reported above different responses in copepods and sea urchins (Roman
et al. 2003).

To date, only few studies are present in literature on the biological and chemical
characterization of the other oxylipins. Fontana et al. (2007b) investigated the chemical compounds
produce by two diatoms, which did not produce PUASs, but which, similaAy#sproducing diatom
Skeletonema maringinterfere with hatching succe$®ntana et al., studyinghaetocerosocialis
andChaetocerosffinis better explained all a seriespst laboratory and field results showing how
diatoms damage zooplankton grazers even in the absence of polyunsaturated ajitedydésn.

More in detail, theghowedthat copepod dysfunctions canddsoinduced by highly reactive oxygen
species (hROXand a blended mixtugg secondary metabolites produced by diatamduding fatty

acid hydroperoxides (FAH®&INd oxylipins such aslydroxy-Eicos&ent&Enoic acids(HEPES) and
epoxyalcohols (HepETEs)hesemoleculedisplayed teratogenic and proapoptotctivities agaist
zooplankton grazerdAll these finding are sufficient to assign to oxylipns a crucial role in plant
defence mechanisms, because they are able to induce the activation of dangerous signalling against
herbivore. Moreover, oxylipins aredtgh as protective compounds, with antibacterial and wound
healing functions.

In the marine ecosystem, not only diatoms produce oxylipmgarticular, the red alga
Rhodymenia pertugaroduce four oxylipins including-BIEPE, suggesting that this spec@ntains
a unique 5Ripoxygenase system (Jiang et al., 2000)reover the brown kelp.aminaria digitata
synthetizethe 15HEPE and itgproduction is triggeredoon after opperinduced stress (Gerwick,

1994; Ritter et al., 2008); the same molecule was found imitralgaNannochloropsis gaditana

(Igbal et al., 2013)The 15HEPEwas study also for its antflammatory activity. In factjgbal et

al. (2013)demonstratedhie inhibition of theTumor necrosis facted  ( JUNridluced by thel5

HEPE Other investigation in this research line can lead to the identification of novel oxylipins or
secondary metabolites with crucial role in the chemical communication and defedtanmms.

The study of chemical structure and ecological role of these secondary metabolites should be followed
by the investigation of their biological effect on other species, included human and animals.
Therefore, more studied and efforts are still B8akto better understand the role and the effects of
these chemical mediators in the marine environment. These potential results can be utilized for
pharmaceutical applications, investigating the bioactivity of marine compounds on mammalian cells
and reponding to the strong demand of new drug from emerging and established disease.
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1.3 PUAs: morphological and molecular effects oParacentrotus lividus
and human cell lines

The morphological studies of the effect of PUAs has been cautedainly using decadienal,
as the first oxylipins chemically characterized that is also commerciallglalea More than a decade
ago,one of the first study on the mechanisms underlying the effect of decadienal (Romano et al. 2003)
described the prapoptotic effect induced by decadienal on sea urchin embryos. In this early study,
researchers assessed the ability of the decadienal to specifically activate enzyme withlikaspase
function in sea urchin embryos, using commercially available kit devetlégrevertebrate model
organisms. This kit contains a fluorescent substrate, the acetylated pefDiE&A:AFC
(carbobenzoxyAsp-Glu-Val-Asp-7-aminc4-trifluoromethyl  coumarin), which releases the
fluorescent AFC moiety after enzymakigdrolysis {igure 19).
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FIGURE 1.9: Caspas&-like activity in Paracentrotudividus embryos. Values represented (means
+ S.D.) originate from three different biological experiment (modified from Romano et al., 2003)

Sea urchin embryos treated with ¢§ mli'! of decadienal showed caspsistke activity
already after 60 minutes of exposure, with maximum activity after 120 minutesubgtion figure
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1.9). In order to demonstrate that proteolytic activity measured was attributable univothéysea

urchin caspas@-like enzymes, researcher performed the same experiment in the presence of a
caspase3 specific inhibitor (ZVAD-FMK). In this case, the release of AFC moiety drastically
decrease to zero. Moreover, the activation of casliesenzymes wadosedependent, because was
more evident and occurred earlier if embryos were treated with higher concentration of decadienal
(10eg mi'Y).

Other PUAs, such adecatrienal, octadienal, octatrienal, tridecanal and heptadienal were
investigated for their deterious effects on early and later developmental stages of sea urchin
embryos (Romano et al., 2010). All these secondary metabolites were able to block cell cleavage in
P. lividus Heptadienal arrests the cell cleavage at 2gM7/octadienal at 16.18M, octatrienal at
11.46eM and decadienal was the most active among these compounds blocking cell division at 5.26
eM. The saturated aldehyde tridecanal, also found in diatoms, did not interfere with first cleavage up
to 25¢M. These data demonstrate a dirproportion between the chain length of PUAs (from C7 to
C10) and blockage effect of the cell cleavage. Moreover, researchers analysed the effect of
decadienal, heptadienal and octadienal on sea urchin hatching success. They clearly showed that the
threePUAs exerted a very strong dedependent effect, with decadienal showing somewhat stronger
effect than the other two aldehydes. In fact,e3vDof decadienal reduced hatching viability to <50%,
whereas the other two aldehydes induced a slight redudtitime ssame concentration (>90% of
hatching viability). The three PUAs induced a total inhibition of hatching viability at different
concentrations: 3.96M for decadienal, 8.08M for octadienal and 11.36M for heptadienal. This
confirm that longexchainel aldehydes had somewhat stronger effects than slobidéred aldehydes
(figure 110). Another interesting finding in Romano et al. (2010) was to observe that when
decadienaloctadienal and heptadienal were added as a mixture to the medium contairiing a 1
ratio did not occur inhibition effect on cell cleavage and only a slightly increased effect on egg
hatching viability, demonstrating a total absence of synergistic effects.
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FIGURE 1.10: (A) Percentage of cleavage inhibition in sea urchin embfgliswing PUAs
treatment. B) Percentage of hatched sea urchin larvaear?s 4-trans-decadienal), aldehyde mix
(0), 2-trans 4-trans-octadienal [z 2-trans4-trans, 7-octatrienal { ), 2-trans4-trans-heptadienal { )
and tridecanal (SyD); N = §08)l are e¢he regulis eofatiree different biological
experiments (modified from Romano et al., 2010).

Romano et al. (2010) tested also the effect of decadienal at lower concentration (tlsdh 6.58
that induce the arrest of cleavage) on awésell division. From 1.32 to 5.26M of decadienal were
used to treat sea urchin embryos soon after elevation of fertilization envelope. These decadienal
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concentrations increased the number of abnormal sea urchin plutei and delayed the development of
larvae or embryos, which showed various degrees of malformations with the increasing of
concentrationgested figure 111). At lower concentrations (1.32.63¢M), malformations were less

severe with a shortening of spicules and arms. At higher concentrations (362%/), larvae were

similar to blastula and gastrula stages, showing severe abnormalities or blebbing associated with
apoptosis.

3

g

% abnormalities/mortality

0.00 1.32 2.63 3.95 5.26 6.58
HM

FIGURE 1.11: (A) Paracentrotus lividugl8 hours plutei after incubation in decadienal at £/82

(b), 2.63eM (c), 3.95¢M (d) and 5.26M (e) compared to control embryo (ag) (Percentage of
abnormal sea urchin larvae after 48 hours of treatment with seveadieleal concentration ranging

from 1.32eM to 6.58¢M. Control is reported as M decadienal concentration. Yellow bars =
retarded larvae; blue bars = abnormal pluteus larvae; red bar = abnormal gastrulae and blastulae;
green = dead prkatched embryos. Values (means + S.D.; N = 600) are the results of three different
experiments (moéied from Romano et al., 2010).
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In a more recent study, Romano et al. (2011) assessed the effect of decadienal on the
mitochondrial functionality of thé. lividus embryos. Mito tracker was used in this work, a dye
staining mitochondria in live cellsvhich accumulates inside the organelle, depending on membrane
potential. Sea urchin eggs, before to be fertilized, were treated wighn? of decadienal in filter
seawater and, 20 minute post fertilization, Mito Tracker was added to marks spgcédutale
mitochondria.The figure 112 showsthe fluorescence due to the Mito Tracker that dramatically
decreased with respect to the control, indicating that decadienal impairs mitochondrial functionality.

s_c.ru, .
%@m@m 1 r

FIGURE 1.12: Active mitochondria visualised by the mitochondsplecific fluorescent dye Mito
tracker withinParacentrotus lividuggg before the fertilizationrA(andB); egg 10 minutes after the
elevation of the fertilization envelop€ (@ndD); embryos at 50 mipost fertilization E andF);
embryos at 50 min post fertilization incubated withgemI? decadienal@ andH). Upper panels are
images in transmitted light; lower panels are the same images in fluorescent light. (Modified from
Romano et al., 2011).

P. lividus sea urchin embryos has recently been used as model organism to study the
ecotoxicological effect at molecular level of marine natural compounds. Marrone et al. (2012)
exposed sea urchin embryos at low concentration of decadienale@.28) and analysed the
variation of expression levels of sixteen genes by Real Time gPCR. These genes are implicated in a
broad range of functional responses, such as stress, skeletogenesis and development. The low
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decadienal concentration was able to actidéfterent class of genes in the sea urdbifividus. The
activation of this machinery is fundamental to defend sea urchin against the toxic aldehyde, inducing
the upregulation of heat shock protein 60 and two proteases, (hat and BP10), at the lalgstidadt
heat shock protein 56 and several other gene$-@4 p38 MAPK, MTase, and GS) at the prism
stage. Moreover, sea urchin embryos treated with increasing concentrations of decadienal revealed a
dosedependent response of activated target genes. The researchers hypothesized a specific defence
mechanism activat against decadienal, thBaracentrotus lividugplace in motion as protection
strategy from environmental toxicants. This mechanism represents a defensome, which is a complex
network of genes involved in many cellular response related to toxicity injuries

Recent molecular study carried out at Stazione Zooldgidan t o n g8éve farther msight
in the molecular response induced by diatbenived aldehydes dg. lividus (Varrella et al., 2014).
This study investigated the variation of gene expressiancewd by other two ecologically relevant
aldehydes, heptadienal and octadienal, allowing a comparison among the molecular effect of the three
principal aldehydes. Varrella et al. (2014) described the activation of gene mechanisms induced by
increasing conadrations of heptadienal and octadienal, hypothesising the molecular pathways
responsible for the teratogenic effect. In fact, they analysed 31 genes that could be potential target of
PUAs, having a key roles in a broad range of cellular response susthess, skeletogenesis,
detoxification, development and differentiation. More in detail, the three aldehydes were able to
activate stress response in sea urd¢hamacentrotus lividusvhyle genes related to detoxification
process were downregulated. Moreguwley found an upregulation of some gene involved in the
development and differentiation process. Only the genes involved in the skeletogenic processes were
differently activated by the three PUAs. Decadienal induced a downregulation of the skelespgenesi
but heptadienal and octadienal produced an upregulation of some gene involved in the same
mechanism.

Following study used interactomic Ingenuity Pathway Analysis to show how the genes
targeted by PUAs are correlated with four HUB genespRFp53,U-2-catenin and HIF1A. These
four genes represent crucial nodes within the network, having a large number ofiorier@arrella
et al., 2016)This study better described how the sea uréhilividus can use its defensome, the
integrated network of geng® mount a defence mechanism against environmental toxic compounds.
The study suggests that sea urchin can be also used as sentinel organism and bioindicator for the early
signals of stressful conditions in the marine ecosystem

Successively to these mdwglogical and molecular evidences, in which was clear that PUAs
were able to exert an antiproliferative effect on actively proliferating cells and target specific
molecular pathway, drug discovery experiments were performed using this class of chemical
compounds.Sansone et a(2014) examined the effects of the three PUAs on different human cell
lines. They studied the molecular mechanisms activated by the treatment at different concentrations
of decadienal, octadienal and heptadienal enlting adenocamoma cell line (A549)colorectal
adenocarcinomeell line (COLO 209 and the normal lung/breh epithelial BEAS2B cell line The
viability results revealed that PUAs have strong cytotoxic effects on both A549 and COLO 205 cancer
cells, but the same compnds did not affect BEA3B normal cells. Decadienal was the strongest
among the three PUASs tested, at all times and concentrations considered, but surprisingly, heptadienal
was as strong as decadienal after 48 hours. On the contrary, octadienal wae tmtreduce cell
viability at levels similar to the other PUAs. More in detail, decadienal reduced the cell viability of
A549 at about 25% with 2 uM and at 0 % with 5 and 10 puM, after 72 hours. Moreover, the same
compound induced a strong reduction elf giability also in COLO205, reducing viable cell to 30%,
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20% and 10% when treated with 2, 5 and 10 uM respectively. The heptadienal induced a reduction
of cell viability at 70%, 50% and 0% when A549 were treated with 2, 5 and 10 uM respectively. The
sane effect was observed on COLO205, where 2, 5 and 10 uM of heptadienal induced a decrease of
percentage in cell viability of 70%, 60% and 35% respectively.

Sansone et al. (2014) characterized in the same study the molecular death signaling pathways
activatal by the three PUAs in A54®lIs figure 113). Cellstreated with decadienal activated Tumor
Necrosis Factor Receptor 1 (TNFR1) and Fas Associated Death Domain (FADD) leading to
necroptosis via caspa8awithout activating the survival pathway Recegtaeracting Protein (RIP).

The same death signalling thbevay, TNFR1/FADD/caspase pathway, was also activated by
octadienal, but only after 48 hours. In the case of octadienal, researchers observed also an
upregulation of RIP gentbat probably is able to activate a survival pathway, in accordance with the
resuts obtained, where octadienal caused less damage to the cells compared to the other two PUAs.
In contrast, cells treated with heptadienal activated the receptor protein Fas that is a key factor able
to induce early apoptosis mechanism without involvernsésurvival signals. Fas in turn activated
FADD, which then triggers the same caspaselecular pathway induced by decadienal and
octadienalwithout the activation of RIP.

TNF-R2
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FIGURE 1.13. Schematic representation of molecular cell death pathwaistect by the three
different PUAs in lung adenocarcinoma cell lines A549. Red arrows indicate signal transduction via
activated by decadienal; blue arrows indicate signal transduction via activated by octadienal; green
arrows indicate signal transductieia activated by heptadienal (from Sansone et al., 2014)
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CHAPTER 2.

Materials and Methods



2.1 Ethics Statement

All animals were collected in the Gulf of Naples, from non protecteghrivate areas,
according to Italian legislation of the Marina Mercantile (Decreto del Presidente della Repubblica
DPR 1639/68, 09/19/1980 confirmed on 01/10/2000). The study involves only seaRirioViotus,
not involving any protected or endangesgekcies. All animal procedures were in compliance with
the guidelines of the European Union (Directive 609/8®),the protection of animals used for
scientific purposes.

2.2 Paracentrotus lividus collection, stimulation of spawning and
fertilizatio n test

Sea urchinsP. lividus were collected by dive operators (Gianluca Zazo and Marco
Cannavacciuolo), operating for the RIMAR depa
Naples. Animals were collected from a specific site of the Gulf of Naples, called Rocce Verdi
(coordirates of sampling point are: 40°47'50.5"N 14°12'05.8"E). Sea urchins were transported in a
refrigerated box and brought to the research institute; animals were maintained in large tanks with
circulating sea water, at least for 3 days to allow to sea utchigcover from stress conditions due
to sampling and carriage, before to use them for experimental activities.

To obtain gametes from animals to carry out experiments, sea urchins were shaken vigorously
and observed on the apical portion of the animall,sivbere are released both eggs (that appear
orange in colour) or sperms (that are white). If the only shaking was not efficacious, sea urchins were
injected with a solution 2M of potassium chloride (KCI); this method generates definitely spawning
throughthe contraction of muscles around the gonads. Sea urchins, soon after shaking or injection,
were placed with the anal pole face down on a beaker containing filtered sea water (FSW) to collect
eggs. Sperm was collected with a plastic disposable pipetiasfdrred in a 1.5 ml Eppendorf tube
and maintained dry and concentrated at 4°C until fertilization.

At the end of the spawning, eggs where washed and separated fromimmaarity (e.g.
macroalgae and spines) using a cotton lint and washed for three witie FSW. During all
manipulation steps eggs were maintained in a beaker with large surface, in order to contain eggs in
monolayer, allowing gas exchange.

Before to start any experiment with sea urchin embryos, a fertilization test was carried out, in
order to evaluate eggs and sperm quality and analyse the fertilization efficiency. Test was performed
in a multiwell plate (12 well), where in 1 ml of FSW was added a drop containing eggs. The dry
sperm was diluted 1:1000 with FSW and a drop of dilution agded to eggs; 2 minutes after
fertilization was possible to evaluate if biological material was suitable for furthestro
experiments. An observation with optical microscope was enough to understand if the sperm has been
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able to elevate the fertilizanh membrane and later to observe the first mitotic division. These basic
biological processes are crucial to identify if eggs are suitablenfeitro experiments, showing
absence of previous stress factors, which could alter the following step ofnegpition and
relative result quality.

2.3 Setting up thein vitro experiment for the incubation of sea urchin
embryos with the Oxylipin

The purpose of this experiment was tdex samples treated with the heptadig¢nanalyse
the effect of thisaldehyde on target genes and proteins. In detail, Pyrex crystallizing dishes with 50
ml of FSW were used to incubate 8000 egdm(t 150160 eggs/ml

After the washing step and successfully passed the fertilization test, eggs were maimtained
a backer with exactly 100 ml of FSW. In a multiwell plate, 3 wells were filled with 1 ml of FSW, and
10¢L of homogeneous suspension of eggs was added in each well. These three samples were countec
under an inverted microscope (Zeiss Axiovert 135TVroscope), in order to evaluate the number
of eggs contained in each well. The mean of the three values represents the number of eggs present
in 10¢L of suspension. Using a proportion formula, has been possible to calculate the volume of eggs
suspension gdaining 8000 eggs to set up the incubation step.

The oxylipin 2E,4Eheptadienal (Sigmaldrich, Milan, Italy) was diluted in 10 ml methanol
in a graduated flask . The effect of methanol on sea urchin development has been already tested in a
previous studis (Romano et al 2003). The maximum percentage of methanol concentration that do
not interfere with sea urchin embryo development is 10%.

The solution was then diluted in order to obtain heptadienal concentrations &M2@50
eM, 300eM, 550eM and 60CeM; these concentrations were 100 time more concentrated than those
to be tested, in order to reach the desired concentrations after the final dilution in the crystallizing
dish containing FSW.

The figure 21 showsthe set up created for the 18 differéntvitro incubations to obtain
biological samples in order to study variation of gene expression after heptadienal treatment. In this
case, 5 different concentrations were teste@dNR 2,5 M, 3 eM, 5,5eM and 6eM), at three
incubation times (5 hours, 2iburs, and 48 hours), with relative controls.
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FIGURE 2.1: Schematic representation of vitro experiment for the treatment of sea urchin
Paracentrotus lividugmbryos with different concentrations of heptadienaNE 2,5¢M, 3 €M,
5,5eM and 6eM) for 5 hours, 21 hours and 48 hours.

In each crystallizing containing FSW was added the right amount of unfertilized eggs. 500
of the different stock solutions of heptadienal (100 time more concentrate) were added to crystallizing
containing 50ml of FSW to obtain 2M, 2,5¢M, 3eM, 5,5¢M and 6e M. Eggs were incubated for
10 minutes with oxylipin at room temperature, before to proceed with the fertilization.

Dry sperm was diluted 1:1000 &L of sperm in 15 ml of FSW) and added to each
crystalizing, in accord to previous study (Romano et al., 2010). In detailg L8 diluted sperm
was added to each crystallizing containtigml of FSW and 8000 eggs. Sea urchin eggs, soon after
treatment with heptadienal and fertilization, were maintained in a thermostatic chamber-v&h 12
hours light:dark cycle at 120°C.
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2.4 Samples collection for gene expression analysis Haracentrdus
lividus

To stop the incubation of sea urchin embryos, 50 ml of embryo culture for gene expression
experiments were centrifuge in Falcon tube at 3600 x g, for 15 minutes, at 4°C. Supernatants were
discard and pellets were transferred in 2 ml Eppertdbd and centrifuge again at 3600 x g, for 15
minutes, at 4°C to remove all residual FSW. Pellets obtained were quickly frozen in liquid nitrogen
and then stored aB0°C for further experimental steps.

Thesein vitro incubation experiments were conducted replicates, collecting eggs from 5
different females each fertilized with a mix of sperm from different males. Each replicate experiment
was carried out in different working days.

At the end of incubation time (48 hours), 1 ml from each crystallidisiy were fixed using
2% formalin to evaluate, though a morphological analysis, the entity of malformations generated after
incubation of sea urchin embryagth the oxylipin (see 4.paragraphin chapter 3Results).

More in detail, about 12040 fixed plutei were evaluated using a microscope and considered
normal or abnormal larvae following the classification of malformations reported in Carballeira et al.
(2012). The number of malformed plutei at 48 hours afteilifation, incubated with different
oxylipin concentrations, was compared to the control, in order to obtain the percentage of
malformation generated by heptadienal exposure.

2.5 A bioinformatic approach for identifying coding DNA and
aminoacid sequaces of a set of human proteins involved in cell
death pathways

The purpose of the thesis was the investigation of death cell signaling pathways activated
when sea urchin embryos were incubated with a pure marine compound, analysing the effects of
heptadenal at specific developmental stages. For this reason, twelve key genes were selected in order,
never studied before, to understand which specific cell death mechanism was activated by the
oxylipin.

The thesis project focused its attention on searchiitg,sgveral bioinformatic tools, coding
regions for proteins playing key role in three of the principal cell death signaling pathways, in order
to understand how sea urchin organizes, at molecular level, cell death response. These genes are liste
in the Table2.1 and are classified in 3 clusters:

- Extrinsic apoptotic pathway:
Apoptosis Inducing Factor, Mitochondria Associate@\[FM1);
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Receptor Interacting Serine/Threonine Kinag&#WK4);
Tumor Necrosis Factor Receptor 16 (TNFR16);
Tumor Necrosig-actor Receptor 27 (TNFR27);
Nuclear Factor Kappa BNF-kB)

- Intrinsic apoptotic pathway:
BCL2 Associated X Protei(BAX);
B-Cell CLL/Lymphoma 2ABCL2);
Poly ADP-RibosePolymerase {PARP1)

- Autophagic pathway:
Beclin 1 (BECN);
PTEN Induced Putative Kase 1(PINK1);
Unc-51 Like Autophagy Activating Kinase (UKL1);
Unc-51 Like Autophagy Activating Kinase 3 (UKL3);

These genes, with the exception of-ki;, have not a nucleotide sequence available online.
The sequences annotated using several bioinformatics tools available online: the algorithm BLAST
(Basic Local Alignment Search Tool, available at www.ncbi.nih.nlm.gov; Altschul et al., 1997);
GenScan (available at http://genes.mit.edu/GENSCAN.html); Revalgeéanplement (available at
http://www.bioinformatics.org/sms/rev_comp.hjml EMBOSS Transeq (available at
http://www.ebi.ac.uk/Tols/st/emboss_transgq/

The National Center for Biotechnology Information (NCBI) was used as preferential
bioinformatic database to search nucleotide and aminoacid sequences with relative annotations
already available online.

Bioinformatic analysis starnte searching theHomo sapiensproteins listed above. Each
sequence was used to find the relative orthologous protein $toomgylocentrotugpurpuratus
running a Blastp search, when it was not possible to directly identify. tiveduscandidate. For this
purpose, SpBase (http://www.spbase.org/SpBase/search/) represented the genome sequencing
database used for the purple sea urcBirp(rpuratuks

Therefore, once obtained human protein of interest and its clear ortholodS.fpumpuratus
they were usedb run a tBlastn search against #elividusgenome databasét{p://octopus.obs
vifr.fr/blast/oursin/blast_oursin.phpin order to identify the genomic region coding for the ortholog
protein. The identified contig or scaffold were processed with GenScan (Burge and Karlin, 1997) for
predicting the genomic locus and exotron structure of genes of interest. This stdpvad to
obtainin silico, starting from contiglcaffold without any annotations, all possible coding DNA
sequences (CDSs) and the relative aminoacid sequences prediction, with a good approximation.

The following step required a multiple protein alignmeet;formed by using ClustalW of all
possible with those df. sapiensandsS. purpuratusThe only one aminoacid sequence predicted with
high homology withH. sapiensandS. purpuratusvas expected result and was validated running a
Blastp of the aminoacisequences prediction and a Blastn of the CDS selected against all sequences
of NCBI database. This last check level of the analysis was essential to confirm tivasitico
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prediction, obtained by bioinformatic tools and criteria, was highly consernvetyilogenetically
close organisms and therefore reliable.

At the end of this bioinformatic analysis, ClustalW was used to align contig/scafféld of
lividus and relative CDS prediction, in order to design the artmon structure (see flowchart in
figure 22).

* Aminoacid sequence from Homo sapiens J

* Blast p to search the orthologous protein from Strongylocentrotus purpuratus

+ Validation of the result obtained

+ Introns-exons structure of the genes aligning genomic region with CDS

FIGURE 2.2: the flowchart show the several steps needed for the bioinformatic study of
Paracentrotus lividuslatabase. This analysis started from aminoacid sequencebldmim sapiens

and, passing thoug8trongylocentrotus purpuratugdentified and annotated ortholog protein and
nucleotide sequences from our model organism.

2.6 RNA extraction and cDNA synthesis from sea urchin embryos

Frozen pellets oP. lividusembryos were dissolved in Trisure Reagent (adopting a ratio of
100ul reagent:10 mg embryos) for RNA extraction, promoting tissue desegregation (Bioline, cat.
BI0O-38033). Direcizol™ RNA MiniPrep (Zimo Research, cat. R2052) was used to purify, by spin
column, total RNA directly from biological samples lysed with Trisure Reagent. RNA concentration
was assessed by the aborbance at 260 nm, using the nanophotomer Nanodi®®QNN-Vis
Spectrophotometer; NanoDrop Technologidsje purity of extracted RNA vgaevaluated by 260
nm/280 nm and 260 nm/230 nm ratios, indicative of presence of protein and phenolic residues,
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respectively (samples with ratios comprised between 1.8<A260/A280<2 and 1.6<A260/230<2.2
were considered high purity RNA). Contaminating DNA weasoved by treating each sample with
DNase RNasdree kit (Roche), in order to degrade DNA trace still present in the RNA samples,
according to the manufactureros instnr@plusi ons.
DEPC (diethylpyrocarbonate, mott inhibitor of RNase), were stored -80°C until the reverse
transcription step.

The samples were then loaded and resolved on a 1% agarose gel in TAE 1x buffer (40 mM
Tris Acetate and 1 mM EDTA) with pH 8, in order to assess the integrity of extratiéd R
(Sambrook et al., 1989). Agarose gels showed intact rRNA subunits (28S and 18S), indicating slight
or absent degradation of RNA samples.

Each sample was retrotranscribed (600 ng of total RNA extracted) with iScriptTM cDNA
Synthesis kit (Biorad), follommg t he manufacturerds instruction
20°C and later used in Re@ime gPCR experiments without dilution.

Once all cDNA have been synthetized, several PCR (Polymerase Chain Reaction) was
performed using primers previously dgsed for the zindinger transcription factdPl-Z12 1. PCR
performed with well studied gene were carried out, before the Real Time qPCR, as checkpoint control
assessing efficiency of previous steps, in order to establish the high quality of the RNAssample

C1000 Touch Thermal Cycler (Biead) was used to carry out all PCR reactions. In each
sample was mixed 1x PCR reaction buffer (Roche), 0.2 mM dNTP, 5 units of Tag (Roche)g100 ng/
of each oligo, ZL of template cDNA and nuclea$eee water to reachQ3¢l final volume. The
machine run a PCR program consisting of a initial denaturation phase at 95° C for 2 minutes, followed
by 35 cycles ( single cycle is formed by 3 step: 95° C for 45 seconds, 60° C for 1 minute and 72° C
for 30 seconds) and a final elgation phase at 72° C for 10 minutes. At the end of PCR process, all
samples were run on 1% agarose gel (containing ethidium bromide) to observe the presence of
specific bands. Size marker was used for fragment size determination.

2.7 Primer designand validation

In order to verify the reliability of primer pairs of the twelve selected genes identified by
bioinformatic analysis (designed for the following R&ahe gPCR experiments), a PCR experiment
was performed for amplifying the relative codisgguences (Tabi21). It was strongly preferred
those primers able to amplify regions that anneal to genomic sequences ctokgxon boundary.

With such primers, any products amplified from genomic DNA would be much larger than the
product amplified fom introrrless cDNA. Primers were designed to amplify region from 90 to 200

bp size and Gene Runner program, V3.05 (Hasting Software) was used to predict primer melting
temperature (Tm) and check if they formed dimers, hairpin, bulge and internal loops.

The amplification of fragments were carried out using Taq High Fidelity PCR System (Roche,
Milan, Italy). PCR conditions were optimized on a C1000 Touch Thermal CycleiR@ikp. In each
reaction was mixed 1x PCR reaction buffer (Roche), 0.2 mM dNTP,t5 ohifag (Roche), 100

67



ngkL of specific primers, ZL of template cDNA and nuclea$ee water to reach 38l final
volume. The machine run a PCR program consisting of an initial denaturation phase at 95° C for 2
minutes, followed by 35 cycles. Each cyateformed by a first step at 95° C for 45 seconds,
temperature and time of annealing evaluated for every pair of primers (from 56°C to 65°C) and 72°
C for 30 seconds. At the end of 35 cycles, a final elongation phase is set at 72° C for 10 minutes.

Amplified PCR products were separated by 1% agarose gel in TAE 1x buffer (40 mM Tris
Acetate and 1 mM EDTA) with pH 8 and ethidium bromide staining at the final concentration of 0.5
eg/ml. The resulting bands were excised from the gel and extracted accordhw pioocedure
reported in QIAquick Gel Extraction kit (Qiagen, Milan, Italy). The specificity of the PCR products
were checked at the SZMolecular Biology Service by DNA sequencing, using 15 femtomoles of
purified PCR product and 4.5 picomoles of eactmprs in the Beckman CEQ 2000 Automated
Sequencer. The results obtained were aligned, through algorithm BLAST, with the relative nucleotide
sequence used for the primer design.
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TABLE 2.1: schematic representation of genes analysed in different developmental stages of sea
urchinParacentrotus lividus

Gene Accession Primer Sequence (506=>3 PCR
number fragment
(bp)

REFERENCE GENE
Pl-Zz12-1 5-NGCGCCACACCAAAAGAAGTC-3 Nj
5-BiGATGATAGACAGGGCTGTTTGGAS Nj 93

EXTRINSIC APOPTOSIS

AIFM1 PI_Aifm1_F3 5-18) NIAGTGGCAGTGGGTCTGGAA
PI_Aifm1_R3 5-j \JGCCCTAGCTTGATGTCGTA 163
RIPK_4 PI_Ripk4_F1 5-Nj \GGAGGCTCTTTTGGAGACG
PI_Ripk4_R1 5-18) NJCTCACGTCTGAGTTCATCG 151
TNFR_16 PI_Tnfri6_F3 5-Nj NJGGAACCTACTCGGATCTCGT
PI_Tnfrl6_R3 5-Nj JATTGGCTGGTTGGGAAGTC 155
TNFR_27 PI_Tnfr27_F1 5-j \JAACTGAAGAGCCTTCTCC
PI_Tnfr27_R2 5-Nj \GATCAAGCTCAGTACAACGC 202
Pl NF-kB:  HE574572 5-18) NICCCATGGAGGACTGCCGTGTCA
5N TCGTTGGTTACCAAGG/ 116

INTRINSIC APOPTOSIS

BAX PI_Bax_F1 5-Nj \JGTATCGAGCAGACACGGTT
PI_Bax_R1 5-Nj \GCTGGAAACGCTCCACAATG 100
BCL_2 PI_Bcl2_F2 5-Nj NJAGGGGTATAGCGGCAGTCA
PI_Bcl2_R2 5-Nj \gGCATCCCATCCTCCTTGTT 91
PARP_1 PI_Parp_F2 5-Nj NJCAAGAACCCAATCAAACGCC
PI_Parp_R1 5-Nj \JTTAGTAAAGAACGTGCAGG 97
AUTOPHAGY
BECN_1 PI_Becnl_F2 5-Nj NICCACTCCTCCAGTGCAAAC
PI_Becnl_R2 5-Nj MCAAGAGCACGGGGAGGATA 113
PINK PI_Pink_F1 5-Nj \GCAGTTGGTTACCTTGGC
PI_Pink_R1 5-Nj NBATGTGCGATTTCATTGCG 137
ULK1 PI_UIk1_F3 5-Nj N)TGAAGGCTAGGACACTGGAC 176
PI_UI1_R3 5-Nj MCTGGCATTGGGGAAGTTGAG
ULK_3 PI_UIK3_F1 5-Nj \GTAATGGAAGCTGTGAAGGC 160
PI_UIk3_R2 5-Nj \GCCTAGAGTACATGAGGAGAG
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2.8 Analysisof variation of gene expression oParacentrotus lividussamples, by
Real Time gPCR

Real Time qPCR experiments were mwith all cDNA samples to study the quantitative
variations of gene expression along five developmental stagPs lofidus incubated with five
increasing concentrations of heptadienal.

Prior to conduct Real Time gPCR experiments, the efficiency andisfigaf amplification
reactions was assess for all primer pairs, through melting curve an@hgsisfficiency (E) of each
primer pair was calculated according to standard methods curves, in accord with the equation:

E = 101/slope

Starting from a cDNA obtained from control embryos (about 200ng/ul), five serial dilutuions
were generated: 1:1, 1.5, 1:10, 1:50 and 1:100. Using the cycle threshold (Ct) values obtained versus
the logarithm of each dilution factor, standard curves weseyded for each oligonucleotide pair.
PCR efficiencies were found to be 2 for endogenous control and target genes.

Real Time qPCR experiments were set up using not diluted cDNA as template for the reaction
mix containing 0.3 mM for each of the two priméfmal concentration) and 1x FastStart SYBR
Green master mix (total volume of 80 Applied Biosystems).

All data obtained from Real Time qPCR experiments with cDNA sample were normalized
using the zindinger transcription factoPl-Z12' 1 mRNA as endogems control, the expression of
which remained relatively constant in all the developmental stages examined, according to Costa et
al. (2012). Each assay included atamplate control for each primer pair. To capture Hagsay
variability all Real Time §CR reactions were carried out in triplicate.

Real Time gPCR amplifications were run in a ViIATM7 Real Time PCR System (Applied
Biosystems) thermal cycler, using a specific thermal profile composed by four steps. The fist cycle,
for cDNA denaturation, waat 95°C for 10 min. Second step was characterized by 40 cycles for
amplification at 95°C for 15 sec and 60°C for 1 min. Following step was for final elongation at 72°C
for 5 min. Last cycle, for melting curve analysis (from 60°C to 95°C), was set to treifyresence
of a single product. Fluorescence was measured using ViiATM7 Software (Applied Biosystems). The
expression of each gene was analysed and internally normalized &f&ihgt 1 endogenous control
using REST software (Relative Expression Sofewbool) based on the Pfaffl method (Pfaffl 2001,
Pfaffl et al., 2002). Evaluation of the relative expression rafpaf a target gene took into
considerationE value and the CP deviation of an unknown sample versus a cétiva expressed
in comparson to a reference gene:

ACP ( contral — sample )
( E ) target
rarget

E ACP f(conf.rvf—sampa’e)
( r{:f) e

R
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The equation shows the most convenient mathematical model, because considers an efficiency
correction for real time PCR efficiency of the individual transcripts (Pfaffl 2001). The ratio of a target
gene is expressed in a sdepersus a control in comparison to a reference derngstis the Real
Time PCR efficiency of target gene transcripts is the Real Time PCR efficiency of a reference
gene transcripgaCRargetis the CP deviation of controlsample of the target gene transcriptPrer
is the CP deviation of controlsample of the reference gene transcript. Only expression values greater
than a 2.06old difference with respect to the controls were considargdnificant variation of gene
expression.

2.9 Maintenance and treatment of A549 with heptadienal

A549 (ATCC CCL185) human lung adenocarcinoma cells were cultured in DMEM medium
(Dul beccods modi fied Eagl e 0 s fetaldavinauserym (EBSp OO0 e me
units mk1 penicillin and 100 pg rmistreptomycinCellswereseeded in flasks arndcubatedn a 5%

CO humidified chamber at 37T for growth. Medium renewal occurred every 3 days, and cells were
detached via trypsinizatidrefore they reached confluené&49, (20 x 16 cells well') were seeded

in Petri dishes (100 mm diameter) dd@pt overnight for attachmerithe next day, the medium was
replaced with fresh mé&dm containing5 € Mf heptadienal. The experiment was perfed in
triplicate and cells collected after 2 hours for RNA extraction and gene expression analysis.

2.10RNA Extraction and Real-Time PCR of the cell samples

After 2 hours of treatment, A549 cells were wastidctly in the Petri dish by adding cold
PBS and rocking gently. Cells were lysed in the Petri dish by adding 1 ml of Trisure Reagent (Bioline,
cat. BI03 80 3 3) per 100 mm di ameter di sh. RNA was
protocol of the extaction reagent RNA concentration and purity was assessed using the
nanophotomer NanodroP (EuroclonBNA concentration was measured for each sample by the
aborbance at 260 nm, using the nanophotomer NanodroPLOED U\~Vis Spectrophotometer;
NanoDrop Echnologies)The purity of the RNA samples were evaluated by 260 nm/280 nm and
260 nm/230 nm ratios, indicative of presence of protein and phenolic residues, resp&tiively.
of RNA was subjected to reverse transcription reaction using the RT2 tfisidskit (Qiagen,
cat. 330401) according to t h-@ime ngaantitative créversee r 6 s
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transcription PCR (qRPCR) was performed in triplicate using the?RProfiler PCR Arrays kit
(Qiagen, cat.330231) to analyze the expression ohawditsignaling genes in theimancell lines.
Plates were run on a ViiA7 (Applied Biosystems 384 well blocks), Standard Fast PCR Cycling
protocol with 10 pl reaction volumes. Cycling conditions used were: 1 cycle initiation at 95.0 °C for
10 min followedby amplification for 40 cycles at 95.0°C for 15 s and 60.0 °C for 1 min. Amplification
data were collected via ViiA 7 RUO Software (Applied Biosystemskaliies were analyzed with
PCR array data analysis online software
(http://pcrdataanalysis.sabiosetes.com/pcr/arrayanalysis.php, Qiagen).
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CHAPTER 3.

Results



3.1 Morphological analysis of the effects of Heptadienal on
Paracentrotus lividusembryos development

The present study intends to evaluate the effect, at morphological and molecular level, of the
aldehyde heptadienal on sea urcRidividusembryos development. Sea urchin eggs were exposed
to increasing concentrations of the pure compound: 2.0 uM, 2,38 MuM, 5.5 uM and 6 puM. After
10 minutes from the treatment, sea urchin eggs were fertilized with diluted sperm mix and let to
develop in standardised conditions.

The morphological analysis was carried out at 48 hours after fertilization (larva stees)
comparing the normal embryo body structures of controls with sea urchin embryos treated with
different concentrations of heptadienal. Only three biological replicate were considered suitable for
further experiment because they showed similar nadggfical response to the heptadienal.

The observation of plutei by microscope revealed strong morphological differences between
control and treatment experiments. The percentage of abnormal plutei increased proportionally with
heptadienal concentrationss Ahownin figure 31, 2.0uM of the aldehyde induced malformations
in 15% of sea urchin embryos treated. Around 24% of total embryos treated with 2.5 uM of the
aldehyde showed significant abnormality. Bl of heptadienal caused malformations in 37% of
plutei exposed to the treatment. 61% of total sea urchin embryos treated with 5.5 uM of pure
compound showed developmental abnormalities. 6.0 uM of the aldehyde induced malformations in
around 74% of treateplutei.
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FIGURE 3.1: Morphological effects of five different heptadienal concentrationsg®102.5eM,

3.0eM, 5.5¢M and 6.0¢M) on sea urchirParacentrotus lividugmbryo development. For each
concentration of pure compound, embryos at the pluteus stage were analysed under the microscope
and divided i n ONor mal plutei 6 and O6Abnor ma
morphological groups is expressed aspptage respect to the entire number of embryos examined.

More in detail, heptadienal was able to cause significant malformations along entire body of
sea urchins and delay of embryo development. In particular, each pluteus was classifiadrmal
when entire body was malformed, but also when malformations occurred in specific structures and
appendices of the larva, such us spicules, armsyaex {igure 32). Sometimes arms asymmetrical
crooked or degraded; they could be found loraget broader than in theegative control. Spicules
development was another important parameter for evaluation of abnormality. Microscopic
observation revealed poorly formed and parallel spicules in plutei treated with heptadienal. Spicules
were also foundo be unattached at the tip and/or with crooked apex.
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FIGURE 3.2: Pictures obtained by inverted microscope showing some examples of different types
of malformations induced in Paracentrotus lividus plutei at 48 hours post fertilization (hpf) after
incubation with the three polyunsaturated aldehyBe€(D, E, F, G andH) in comparison with the
normal conformationX) of the control. Embryos were fixed with 4% of paraformaldehyde (modified
from Varrella et al.,2014).

3.2 Gene structures andaminoacid sequences dParacentrotus lividus
identify by bioinformatic study

The annotation of the gene structure was instrumental to design primers able to amplify coding
regions that anneal to genomic sequences on intron to exons boundary.

The genesApoptosis Inducing Factor, Mitochondria Associated 1 (Aifml), Receptor
Interacting Serine/Threonine Kinase (Ripk), Tumor Necrosis Factor Receptors 16 (Tnfrl6) and
Tumor Necrosis Factor Receptors 19/27 (Tnfrl9/27) are considered key factors involved in the
extrinsic apoptosis death signaling padly figure 33).



1 10 20 30 40 50 60 70 80 90 100 110 120 130
I I
HS_AIFH1 HFRCGGLAARGALKQKLYPLYRTYCYRSPRORHRLPGHLFORHHVPLELQHTROHASSGASGGKIDNSYLYLIVGLSTYGAGAYAYKTHKEDEKRYNERISGLGL TPEQKOKKARLSASEGEEYPODKAPS

Sp_Aifnl
P1_Aifnl
CONSENSUS  suceeccccssosctsetcsessssssesescsceceesestetetesesssssssssttstttsssssssssteteseseeesestetetessssssssstestesesssssssssssscscossssnns
131 140 150 160 170 180 190 200 210 220 230 240 250 260
| 1
HS_AIFM1 HVYPFLLIGGGTAAFARARSIRARDPGARVLIVSEDPELPYHMRPPLSKELHFSDDPNYTKTLRFKAHNGKERSIYFAPPSFYYSAODLPHIENGGYAVLTGKKYYQLDYRDNHVKLNDGSQITYEKCLIAT
Sp_Aifnl QATLEDGSYISFDKCLIAT
PLl_Aifnl
CONSENSUS  4ucsesssssasssssssssssssessssssssesssssessssssssessssssssssssssssssssssssssssessssssssssssssessssssssssssssssssssslodgs.ii..keliat
261 270 280 290 300 310 320 330 340 350 360 370 380 390
I [
HS_AIFHL GGTPRSLSAIDRAGAEYKSRTTLFRKIGDFRSLEKISREVKSITIIGGGFLGSELACALGRKARALGTEVIQLFPEKGNHGKILPEYLSHHTHEKYRREGYKYHPHAIVOSYGYS—-SGKLLIKLKDGRK
Sp_Aifnl GGYPRHLRSIEEAGSEVTERTTLFRNIKDFKSLDKATADAKSYALIGGGFLGSELACALGKRGKDTGHKYHAFFPEAGNHGRYLPEYLSKHATDKYSHEGYEYHSDHFLKNYSF ELQFSHGDK
P1_Rifnl QFKHGEK
Consensus gg.pr.l..i..ag.ev..rttlfr.i.df.sl.k.....ks..iigggflgselacalg......g..v.q.fpe.gnng. . lpeyls.v.. . kv..egv.v. . eeeeeoVeoeeoSaaa.qfkiiGK
391 400 410 420 430 440 450 460 470 480 490 500 510 520

| |

HS_AIFM1 VETDHIYAAYGLEPHYELAKTGGLEIDSDFGGFRYNAELOARSHIMYAGDAACF YDIKLGRRRYEHHDHAYYSGRLAGENHTGAAKPYHHASHFHSDLGPDYGYEAIGLYDSSLPTYGYFAKATAQDNPK
Sp-Aifnl YOADHYYYAYGLEPNYHLARSSGLEYDEKFGGFRYNAELERRRDYHYAGDASCF YDIKLGRRRYEHHDHAYYSGRLAGENHTGARKPYMHOSHFHSDLGPHYGYEAIGIVDSSLPTYGYFAKATAEDTPK
P1_Aifnl VOADHYYYAYGLEPHTDLAASSGLEVDDKFGGYRYNAELEARRDYHYAGDASCFYDIKLGRRRYEHHDHAYYSGRLAGENHTGARKPYHHASHFHSDLGPDYGYEAIGIVDSSLPTFGYFAKATKEDTPK
Consensus Y#aDH!YvAVGLEPNv#LAassGLE!D,kFGGXRYNAEL #ARr # ! HYAGDAsCFYDIKLGRRRYEHHDHAYYSGRLAGENHTGARKPYHHASHFHSDLGP #YGYEALGiYDSSLPT,,GYFAKATa#DLPK

521 530 540 550 560 570 580 590 600 610 618
1

I
HS_AIFH1 SATEQSGTGIRSESETESEASEITIPPSTPAYPOAPYQGEDYGKGYIFYLRDKYYYGIYLHHIFHRHPIARKIIKDGEQHEDLNEYAKLFHIHED
Sp_Aifnl AVVEATGEGIRSE--TEQRAYE ~TTPSPAASPTTSEDYGKGYVFYHKDKYYYGHLLHNIFNKHPIARKYLKDGQEHEDYSELAKLFNLHASEES
P1_Aifnl AYYEATGEGIRSE--TEQARYE-: TTPA-PEAPPLSDDYGKGIYF YHKDKYYYGHYLMNIF NKHPIARKYIKDGKEYDDYSELAKLFNLHKTEES
Consensus avvEatGeGIRSE,.TEqafivE.....tTPa.p.aP..s#DYGKG! ! FY$SkDKYVVGhvLHNIFHKHPIARK ! iKDG, #h#DvsE1AKLFH1H, .ees

>1e]|Contig19680239:1559_Forw"close_fo_sp|095831|AIFM1_HUMAN_Apoptosis-inducing_factor_1, mitochondrial OS=Homo_sapiens GN=ATFMI1"

TGAGGAACAAGTTACTTCTACGGAAGAGCCGGTAGTGGAGGAAACTAAAGAAGCAATCGTTCAGGAGGCATCTCCTGTIGAAGCATCACCGGCCGCCGTTCTTCCCGAAATACCA
GAGCATGCCCCCTACCTCCTGATTGGTGCAS

TCCCACCAAATATICAACTAAAATAGGATATTAGAAAGTTTITATGAAATATAGTC
TGAGAAATATGTCGACTGAGCTCTTTGAAGTI TCTICTGCAGGTCTTTAAAGGTCATIGTGGAATACCTTGTAAAATTACTCACAAAA

1 10 20 30 40 50 60 70 80 30 100 110 120 130

Hs_RIPK4

Sp_Ripkd4 HLYNGLDYCHIMTAKYFYF YFDFENLLGEDYAKNDPYSYHHLEVKLD-—-QIDHYDLNVKYSSGYKFAFHEKKAREL EGCHLGGGSF GEYFKAYHKYHGDYAYKLAKPGK
P1_Ripkd HASPEEDTASDSDHEFFTPPPFPSNEESEEDAKQDQGAYYEDYQRKFNEHYSKGDDAPDARLSYKSAYDLDILHDDLTYTDYQGKKF PLHRSKETQLQHCFLGGGSF GDYFRYNHATHGYVYAYKRAKPGK
CONSENSUS  suiissssssssssssssssssssssssssssssssssssslenacsiavikadaiiiiclivkeaiiaiiinidlove . g.kfoho ko 1o e lgggsfe.vf. . h.  hg.vavk.akpgk

131 140 150 160 170 180 190 200 210 220 230 240 250 260
1

Hs_RIPK4 HKYHERGSL HDFRIKKHKDIPDLRPL THRHYYQISSGHHFLHSIYITHRDLKLENVLIDAQLIVKIADLGLATHLKTSSGDNCHG
Sp_Ripkd GDQLKHHOKEARKHGLSLTCDYIVAIKGFVKCEEDTCPCGLLGIVHQYHENGSLHDFRISEHQPFPDLHPLTHRHYYQISCGHHFLHSKNIIHRDLKLENYLYDGDLHVKIADLGLATHLATSSGORCHG
P1_Ripkd GDHIKHYKKEIEKHVKSLTSEFIVSIKGFYACEDYGCNCGLYGFYHKYHEYGSLHDFRIKKMKDIPHLYPL THRHYYOISSGHHFLHSKDITHRDLKLENYLTDGOLNYKIADLGLATHLKTSSGONCHG
Consensus  gd..kn..ke. kh,.slt.,.iv.ikgfv.ce...c.cgl.g.vHkYHE .GSLHDFRIkkHkdiP #L.PLTHRHYYQISsGHHFLHSk , ITHRODLKLENYL . Dg#lL . YKIADLGLATHLKTSSGDNCHG

261 2720 280 290 300 310 320 330 340 350 360 3720 380 390
1 1

Hs_RIPK4 TDSHKPPEAFRTDLPSKTKYYTTKYDYYSFSHTLYQLLTGIHPY-~SDRGIDHIRLLKYEAKQTPSL-QPIPDNTTPELTEILKASHRYEANERPNFKEITNRVGDLDTDPSYESLAYYFGAPSSKYTKP
Sp_Ripkd TDSHKPPEAFRTDLPHSTKYYTPKYDYYSFAHTLYELLTGIHPY=-~SDRGFDHHKLLKYEAKQPPCL-0PYPYNAPKDLIEVHQECHSYEANERPHFREIRDRVKNLGTEPTYASLGF YLGEQVVPELIT
P1_Ripkd TDSHKPPEAFRTDLPSSTKYVTTKYDYYSYTHNAKHTAKHAYPLLLAQHARSYGDYTTGHGYOEPGKHSESAVHNKQETFSPKGRTLSRYEPYQPDYSGGKTLHSRSGDRRPFPYDSQHRRTEFAVESTE
Consensus TDSHKPPEAFRTDLPssTKYYTELKYDVYSF . .ntly.1lbgihPy. . strg.dn. . llkv#ak0.P.1.qp.pun...#lie.....usyeanerP#f.ei..rv. . lgb.p % sl . y.geusastun.

391 400 410 420 430 440 450 460 467
1 |

Hs_RIPK4
Sp_Ripk4 PGITSGLQOSGEIPRLGHLORESKFDLTHYPELITLGITSAEQ
P1_Ripkd GGTTYRPIHQESPPYAPSQPSSARRDPTIVFDSTSHSDQDFALYQHEKNGKYNRF IQENDNFAHFKEAYGLYYLHSR

Consensus  .g.bececsseePaccscsseneeleboVonieniieitiiniercnocrssncercnessssnsecncsrones

>lcl|seaffold10601 length—10299
[ JATGAATATATTTTCTATATGTAGGAGTAAGGAGGGAACTGAGAAAGGAACCTAAATTTGTTTACATT TTCTTTTCATTTACATCAGGTTC TAGATGGCCAGTCCTCANGAAGATACGGCGTCTGATICA
ATCACCTTTTTTATAACGTGCAAATGTGAATAAAAGCTACTTTTATTATCACCATGT
TCAGTGCTCAAAGACTTAGGGTGGTATCTCACTTTGCGGAGACGTCTCCGCGACAGAATL. . IGTAGATTTAAAAATCTGTCATGAAATTCAGTACTGATATCCCGAGCTTITATTGATTATTAAACCTTGATT
GTTAATGATCATAACATTTCTGCAGCAGGCCATATTGACTGCTTTGTATTTT TACTCTCTTTTATAT A

TTTGTTATGATAT

TAAGAAATTGTGCCCTGTAGAGAATCTAATATAAAATTATTATTGATTTTACACACTGGACCCAAGTGAGATAGATTGTTACCGGTGGAAAGAAAATCCTTGAATGCTATGTGGCG
ITA] AAATATGAAAATAATAACTGAAAATTTAACAAAATCAGATAAAATTACAACACTCTCTATTCCCTGTCAAT TACATGTCTAS

TATGTTGTGCCATGTGGAAAAAGCACATGGTTTTATAAACCATCCGTIGTCGGTITATGAAATTTGA
GTATGAAATCTTTGATATCTCGAAGGTAAAGCAAGCAATTAGCTTGCAATTTTGA]. . JAAGGTGCTTCATGAAACAAGAAGGCAACAAAGCCCAAGATCTGTGGTACTTGTAAATCACTTTATCCGCGCGAT
AGATTATCGTTCATTCTTTAS
TG
AGGATTCGTTCCTGTATTTAACCAAATT T TTAATGAAATATATTGAAGCAATGTAATATTTCACCTCATGGAAACGTGCATTACATAAACTGATATTAATCGGATTTAGTITCAAATGTAAAGAGCTAATAA
AAGCTAATCATAATTTTTCACTGAAAATTCAAGAAAATATTAAAATGTGTGCGGGTCGAGTGGGATGAAATAATCTATCGAGTACATCCTCAAAGGCAACTGTGCTITGATCAAGGCACATTGCAGGTAAAT
ATCACAAAGTATGTGCTGTGCAGCATCTCGTITTTAGGTITCATCTGAAGTATTCAAGTATTGAACATCAAAGCTATTTGATGAATGTATTGT TATATTTTAAAGTTCTTCCCTTACTTGAATCCTTTTGCCAT
GGG T CCA G TGO AT O e G TAGC A GCTC G GG AT AR AT C G TCT T TG AT TCCAC T CAATGAGTGATCAAGATTTTGOT AN GATATIGOCTCCATAATTTIGTIATAAATATAG
AGATGATTGGTGTATTAAATTGACATAAAGCTTTGTAAAAATAGCAGTCCTTCGGTAAAGCTTATGAGGGAAGTTGATAAATCAGTGTATTGT]. . JAGAACGAGTAAAATAATGAAAATCACTAAATAAAG
TAATGAATATTCCTCTCTATTAAACTGAAACACAAGTGAGTAGAAAGTGATTATGATTGAAACCATAAGAAGACTGTATGCTAATATAY
GCATTTACATAGAACTITAACTATCAATCCTTICCTGTTGTAAAAAATCTITCCACTCATGTTA
AATTAAAGAACAAAATGAATG
[-]
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1 10 20 30 a0 50 60 70 80 30 00 110 120 130

Hs_THFR16 HGAGATGRAHDGPRLLLLLLLGYSLGGA---KEACPTGLYTHSGECCKACKLGEGYAQPCG---ANATYCEPCLDSYTFSDYVS
Sp.Tnfrl6 HHFKLAHLCGKIIESCKYSTRHDHFIRNRILYTLHCHAFHITSYSANNYTHTHPAETQEPSTSFTPTGIPHNSTYTETRECKTGYYSTTGECCEECPDGFGYHRQCSDPNATHTICTICETGHTYSSYTS
PL.Tnfri6
CONSENSUS  sussserreasessosresssssserrrrssssssrasssssesrrrrassborBiracirrsorrefosserereesssColBelessBBCC, 0t aBaBVo0eCaresBaebiCasCaraoboSives
131 140 150 160 120 180 130 200 210 220 230 240 250 260
| I
Hs_THFR16 ATEPCKPCTECYGLOSHSAPCYEADDAYCRCAYGYYQDE------- —-TTGRCEACRYCEAGSGLYFSCODKONTYCEECPDGTYSDEANHYDPCLPCTYCEDTERALRECTRUADAECEEIPGRHITRS
Sp.Tnfri6 HLMPCQTCTRCSHMEYMTSSCSIMQDTECDCAPNYFRTOPQSGYPATGTASHCSACHFCPPGFGAAYPCSPROSSRCELCENGTYSDIYSSTEGCKKCTYCREGSIYLKRCTDISDTY(==mmmmnnnan
P1_Tnfr16 HFCPPGFGAYYPCSPAASSRCELCONGTYSDLYSSTEGCKTCSYCKEGSTVLKRCTDISDTY( —=mmmmmmmmme

Consensus  ,..pc..cb.CoveeafeeoCanael. CoCleilennnrresnnssobas.C. onflpplifGavvpCsp, QesrCELC, $6TYSD, vest #glh CLYC, $gsivikerCTdisDbve . ornrnn...
261 270 280 290 300 310 320 330 340 350 360 370 380 390

| I
Hs_THFR16  TPPEGSDSTAPSTQEPEAPPEQDLIASTVAGYYTTYHGSSQPYYTRGTTDNLIPYYCSILAAVYYGLVAYIAFKRHHSCKONKOGAHSRPYNOTPPPEGEKLHSDSGISY-DSOSLHDQAPHTATASG=-
Sp.Tnfri6 SOTYIPAYTOR===PEND- GITTTAMIPRSHRTSSGFS==YYPIFCTLLGLYIFGLLAYYIFKKHSFKKHKLROTOK=HTRSSSCHTDIEGNTISILSLKNGOSY-ASROSALDRSGYG
P1_Tnfrl6 SOTYLPPYTSO-=--PAND- DITTHYHIPRSGPTSSGFS==YYPIFCTLLGLYIFGLLAYYIFKKHSFKKHKLROTOKNHTRSSSCHTDIEGNTISILSLKNGOSYYASRDSALDRSGAG
Consensus  ,....50by.P.vt,,,. Pedl,......g'tTtvwiprs, tssGfs, ,w!PIZCL1LglY!fGL1AY! iFKkHsfkKnklrqt #k,ntrssschtdiegntiSilS1k#gSy, asrdsaldrSG. g

:|391 400 410 420 430 440 450 460 470 480 490 500 50?

Hs_THFR16 ===--0ALKG=-DGGLYSSLPPAKREEYEKLL NGSA==GDTHRHLAGEL GYQPEHI====0SF THERCPYRALLASHATAD=-SATLDALLARLRRIQRADLYESLCSESTRTSPY

Sp-Tnfri6 SICROPLHAYPSAHPYQOLPSDKRYEYERSLSYARHDGRDOHRGLARELGFSDLDIYHIAOTCTGSTPPARAHLISLHSROIKRATYGTLYEALRRIRRHDYADLIPIFTYSAYHFPGS
P1_Tnfrl6 SICROPLHAYPSAHYYQOLPPDKRYEVYERALSASRHDGRDHRGLARELGFSDLDIVHIAOTCTGSTPPGRAHLITHHSROPKRASYGTLYEALRRIRRHDYADLIPYFTYSAYHFPTS
Consensus sicrlplLmwavpsan,YqqlPpdKRYEVEr,Ls sradGrdHRgLArELGZsdldIvhiafteTgstpP ,RASLisuhsrD krAtvgtLveALRRIrRnDva#lip, ftysayhfp.s

>lcl|scaffold20496 length=5837 (Reverse and complement)

[ ITCATTTCATTTICIGTTGCAGAGCACCATECEE6C T AR O A G A ECTC TG AC e T CACACCACC AR COEATAACCAATCARTGEAACAGECE

BETEAGGTAAGTGATATACATGTAAAAGTAATTTAATCTCAATTAACAAGCGCCTTGGACAGTTGAGATAATTCAGAATTATTTY. . JCCCTCATTAATTGGTA
ATCATTAATACACTGCACTTAAATAAATCATAAATCGATATCCCCTAATCCCTTTACTTGATACTTCTCTACACAGATACCTACCTACCACCAGTGACTICET

TCGTCATCTTTGGTCTGCTTGCTTACGTCATCTTCAAAAAATGGTCCTTCAAGAAAATGAAGCTGAGGCAGACACAGAAGAACATGACCAGGTTGRTAGACT

TGGCATGTTTTCAAAGAAGAGCCAATCATTATTGGCCAATGGCTATATGCCACAGGGGTCGCAGTCACATTTY. .. JCTAAATGTAAAATAACATATTTTCTATG

TTTCTITCACAAACCAGGTCGAGTTCGTGCCATACCGATATTGAAGGAAACACAATATCAATCCTTTCACTGAAGAATGGTCAGAGCTATTATGCATCCAGG
B A G O TA G AT G ATCAG G TG CCC G AGTATCTGCAGACAACETCTTATOOCAGC TGATTATGCATGCACAGAACTAGCAAAAGTTTAATTGTTACY...]

GAATACTGGCTACTTTACTAAAGTCCTTCGGCAAGACATTGATCTGCTACACTCGACCCAGGTGAAAATAATGGGCACTATGAGAAATIGGGATGTTATATA

TGATGGIGAAATGCGCTATTACAATGTTGTCATCTGICTTTTICCCCCTCCCAG HIEECAG TG e AT GG TCTATCAGCARCTGECTCCACACARACGTTACGA

A AT G A G A A AT G AT G T T GO AT T T A ATACCAG T T TCACCTATAGTGCTTATCATTITCCTACTICATGATGTCAGCTGCAAAAATATCAAAATGT

TTTACTAAAAATGGACTACTTGTAA]...]
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Hs_TNFR13
s _THFR27
Sp_Tnfr
P1_Tnfrl9/27 HNAEPKYSYDGLEDCSSASFLNTGLORHYYALYILSILSSYQDSYDALPTSSPSLNHKDYNLTROSL YESLPLT DOFLHPSGYCILYVTIHGIKYAFLYSIT
ONSENSUS o 1eieesesssossosssessssstsetsstssssssetssssssssssessssssssstostsstssssesessstsstsssssssssossstssssosssstosssesessstsossossassasase
131 140 150 160 170 180 190 200 210 220 230 240 250 260
Hs_TNFR19 HALKVLLEQEKTFFTLLYLLGYLSCKYTC - VPCHOC SKECGFGYGEDRQCYTCRLHRFKEDMGF0--KCK
Hs_TNFR27 HDCQEHE YHDOHGRCYTCQRCGPGOE=-~LSKDCGYGEGGDAYCTACPPRRYKSSHGHH-~RCQ

Sp_Tnfr HIRDIPERNHLKYIRISYTFIVTAASLYFHYPARCSSPYPPRNISAVEATAETKDPGDSCLHNOF YNPHLTCENCTFCPAGTEHSPNEQUGYGSGTKTTCTPCAERFFONGEGYTGLYCR
P1_Tnfrl19/727 GSSDYESLPLTYQYDKDCSSDKYLNQSGYYILYIASYIRQTICLLYYITGSSDYDSLPLTYQY---AEDCSSDOYLDOSGYCRNCTTCGPGTOHGYDKKCGYGNGFEQICEPCPDGY TRGGTRSDLYRCH
CONSENSUS  sesieessssrssssssrseskeseSiiede a@8 iiiienssssesssesitdesiaiboea, ., dl, #82, 4qsg.ConCl Cgpt#h, . (k. CGXG.G, . . CEPCPLr. #9.geges.e P,

261 270 280 290 300 310 320 330 340 350 360 370 380 390

Hs_THFR19 PCLDCAYYNRFOKANCSATSDAICGDCLPGFYRKTKLVGFQDHECYPCGDPPPPYEPHCASKYNLYKTASTASSPROTALAAYICSALATYLLALLTL CYTYCKRAFHEKKPSHSL RSADTAYNGSELSC
Hs_TNFR27 SCITCAVINRVOKYHCTATSHAVCGDCLPRFYRKTRIGGLQDOECIPCTKQTPTSEVQCAFQLSLYEADAPTYPPOEATLYALYSSLLYVFTLAFLGLFFLYCKOFFNRHCORGGLLOFEADKTAKEESL
Sp_Tnfr RCYTCYPGYEYLQ-NCTTTQDAECGPCPPGEYY====== LSFNICFECKH IJPSHHIJEPHPPIIKPSTHSPN USHPILFSSVPLFESTHP\‘IVTTPPPLSS“HHHTSNHFDHHEHVLPSKSPEESEFLIPT
P1_Tnfrl19/27 RCITCDELAETYQ-ECSSYNNTECGPCPAGKYY: YPNYCFPC-~ERGGDDKEECHATKPT TP=====| PTSSTSPPPIRTTYNHTFFNQTESPGNTTEEPSPGGTNKIVTACYTYFVIAIPYSL
Consensus rCitC,,..e,.q,#Cs,t, #aeCGPCPPE. TY. v s s .l.pn.CFpC.. Pesstiasiiiikpita, ., .saFt-. SbsvpliLst, Vessrseslisssesrsanaan,vl,s, .., a.,,sl

?31 400 410 420 430 440 450 460 470 480 430 500 510 52?

Hs_THFR19 FDRPOLHEYAHRACCACRRDSYATCGPYRI

Hs_THFR27 FPVYPPSKETSAESQVSENTFATOPLNPT-
Sp_Tnfr PAPANATPAPAGATPAPAGATPAPAGATP:

P1_Tnfrl19/27 YAICVYKFLKKRHSRSDEESTGEKGGEEN: ~-=-GSKSGDPGYISDAROYNARTGAYDLVRYSPYPLAEPPENGTDLSLPQTLRSDLPFDPPPCYCNGASQVEPDAGLHALAPAYSTYGADTPPSRR

Consensus  ,a,.,.k...8ra, .S, o b oPiBirsrsnssreserssPePAsesssssedlbe, .., 5P, 0 .P.P.E.LL1IS], b, 5a,pt 8PP, . .0, .58, ,.dq. 1, 1p, ,vsn,e,..p.sL...

HCCEEACSPHPATLGC HONP T FI:IISYPELTEEDIMLMPELESSTSLDSN
EDI'II:S———S'I'SEFPTIIESFTHRSC'I'SESHSHIIVIISPIEtTELDLﬂKFSSSRSVTGHETLEE“T‘PESTEDRLELN -YPFEVPSI
IPAGATPAPAGATSAPAGATPYPAGATPAPANATPA F‘IIGRTPHCHIHTFHPIIIHTFHF‘VSDLLHEHSNPEDHPHHSLPTIWSI" ETSLPGALCSD

521 530 540 550 560 570 580 587
:s_;#;g%g SS0DLYGGAYPYQSHSENF TAATDLSRYNHTLYESASTADAL THRSQLDQESGAYIHPATATSLAER
s
Sp_Tnfr EAQ YHPNHYPGSF YFEY PKPLYSHREEALTPCSEYHD
P1_Tnfr19/27
Consensus

>lclscaffold13431length=14941

.. JACTGCATTTAGTCTCCAGAATTTAGAAGT!

TEAACAAGTTTTCAGGCGTCTTGCTAAATATTTITG
[ JACAAGACTGTAGGTAGATTTAAAATAGCTCATCAAACTATCATTGAAACAATCGCTTAATTGGTATATTTCTTACATTTCAGGAT

A AAGTCTOATGATGATIGACAAGAGCATGCCTOATGATGACATCOAAGATOTTICARGTA AGTCTOTCCACATTTTTOTAGTTCAATTGGAAGAAGAGTAT
TAAATGAGTTCACCAGATATTTAAAAATGTAGAGAATTGATGCATTTTGATCACATATACCACAAAATGATGAAL. . JTTCTGTCCAGGTAGCTGAAGACGGTT

AATCTGATCAGTATCTGGACCAATCTGGTGTT TGCACATTAGATGTTACTATATCAGGCATGCAAATTGCTGTTATATTCTATAAAAGG' _
I!TAAGACA’ITCTI'ATCCCT CAATTTGCCATATGATTAGTGACACCACATTTGGTCCTTGCTTTATTTITIGTCTAAGGTATAGGGTTAGGATTGCAGT] ... JATA

TGACCAGGAGGATTGATTATCTTACAAAGTTTTTCTTATAACAGGAAGGGACTGTACCATTCATTTTTATATACCCTTTATGTITCATATGAACAS

TAAGAATATGTATTTACAGACTACTCTTA
AAACGATGTGCTTGATCCCAAACCAGTCAGCTTGATATAACGAAATCTTGTATCCATACTTAATACCGTTGTGTTGGCTCAGTGGATAG. .. JCAGTAATCTCA
CACAAATAATCTTGATTAACATTGGTCATCATCAGCCTTCTGACCTCCATTGAGCATTATTTTCTGCTTGGCTTTCA!

AAGTCAAACTAGCTTIGACTTGAATTCATITT
TATTAATAAGAAGAGTTTCATTGGATTTTGACAGATTTGTGTCAATGAGATATGATCGTTTACAATTTAGAACAACCTTA]. .. JCTTAAACCCATGACAATTTTC
ATTGTTTATGAAATGTTTTCTGCCTGACTATCTTAATTTGTCACTATTTTTTCTTTAATAGG

TAGGTTTGCCTTCAAAGATCATCATGATTATC
TITATTCTAGAAAACATGAATATACAGTCGACTCCAATTATAATGAGCACAAATTAAACATTTCTTTATAACAAGGCTTACTGGTTCCATG] TCAAATT
CTTCCTAAGTTGAAACTATTACTTCAGCCCAAACAGATTCAAACTAGGCAAGGTTGACTGTATTTAATATTCAGTTTTGTCTITCTCTTTT.

CCTATCCCTCCGCAGGGTICCCACTATATTAGAACAAAATTATAT
AATTTTCCCAAAATTTTTTCTTTIGGACTGGGTTCACACAGAAGTTTACAGTACAAGGGTATI...]

FIGURE 3.3: Extrinsic apoptotic pathwayA( C, E andG) Multialignment of aminoacid sequences
AIFM1, RIPK4, TNFR16 and TNFR27 frothlomo sapiensStrongylocentrotus purpuratusnd
Paracentrotus lividus(B, D, F andH) Complex introrexon structure of the. lividusgenes involved

in extrinsic apoptosis.

In particular, Pl_Aifm1 was found to be the ortholog of human Apoptosis Inducing Factor,
Mitochondria Associated 1 (Hs_AIFNlin P. lividus As shown infigure 33, this gene is intren
less, since the CDS is contained in a single exon. On the other hand, bioinformatic analysis of PI_Ripk
did not conduct to a clear orthology with a specific human gene belonging to the Retepaoting
Serine/Threonine Kinase (RIPK) superfamily. Nevertheless, Pl_Ripk represented the only element
found inP. lividuswith nucleotide and aminoacid sequence having the highest similarity to queries
used (Hs_RIPK1 and Sp_Ripk), and characterizeal ®pS derived from eight exons. To obtain this
result was necessary annotation for the scaffold foud iividusdatabase and phylogenetic study
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among members of this Receptor superfamily fiénsapiensS. purpuratusandP. lividus(figure
34).

Seaniew newfile Phyddl. tree DNMon Oct 26 12:10:-50 2015

PhyML In(L)=-13030.5 1398 sites WAG 4 rate classes 0.5
Hs RIPK4
Hs RIPK2
| Hs RIFPKS3
Hs RIPK1
PL RIPK4
B Pl_RIP4like
Sp_Ripkl4A
Sp_ Ripkl4C

SPU_FRIFK14B

FIGURE 3.4: Phylogenetic tree showing the inferred evolutionary relationship among various
members of the Receptor Interacting Serine/Threonine Kinase (RIPK) superfamilyHivomo
sapiens Strongylocentrotus purpurat@ndParacentrotus lividus
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The only two genes belonging to the Tumor Necrosis Factor Receptors (TNFR) superfamily identified
in P. lividuswere Pl_Tnfr16 and Pl_Tnfr19/27. Annotation and phylogeny were necessary to establish
orthologous relationship between TNF receptors superfaméynbers fromH. sapiensand P.

lividus. As it is possible to deduce from the phylogenatialysis figure 35), Pl Tnfrl6 is the clear
ortholog of human gene Hs_TNFR16 é@dpurpuratuggene Sp_Tnfrl6; PI_Tnfr19/27 seem to be

the single correspondent genf human onhologs Hs_ TNFR19 and Hs_TNFR27. Both genes are
characterized by a complex intremon structure, being muiéixon genes. The primary transcript
contains 4 exons from PI_Tnfrl6 and 7 exons from Pl_Tnfr19/27.
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Seaview newfile-PhyMI_tree Wad Sep 30 17:14:04 2013
PhvML In(L)=-33183.7 991 sites WAG 4 rate classes
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FIGURE 3.5: Phylogenetic analysis showing the inferred evolutionary relationship among various
members of the Tumor Necrosis Factor Receptor (TNFR) superfamily Homo sapiens
Strongylocentrotus purpurat@dParacentrotus lividus
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The genes BCL2 AssociatedProtein (BAX), B-Cell CLL/Lymphoma 2 (BCL_2) and Poly
ADP-Ribose Polymerase 1 (PARP1) are considered key factor involved in the intrinsic apoptosis
death signaling pathway. In more detail, PI_Bax was found to be a clear ortholog of human gene
Hs BAX and as shownin figure 36, this sea urchin gene is characterized by a single exon
(intronless). On the contrary, the others two genes possess a complexexanosiructure. Pl_Bcl2
primary transcript contains 6 exons and this gene is a clear ortholuglmiman Hs_BCL2. Pl_Parp
is the ortholog of the human gene Hs_PARP1 and the relative primary transcript contains 13 exons.
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1 10 20 30 40 50 60 70 80 90 100 110 120 130

1 1

Hs_BAX NDGSGEQPRGGGPTSSEQTHKTGALL L OGF IQDRAGRHG-GEAPEL ~===-~ALDPYPODASTKKLSECL KRIGDEL DSHHEL ORHIAAYDTDSPREYFFRYARDHFSDGHFNH
Sp_Bax HYCHRNCDSSTTSLHFEQTRIQLERQVSRDDVGEQATYLL OHF IVERFQQDGFADAPGLDDLRAGLAVPSEQEYYHSEVGYHL RSIGDTL DRDREL ORHISSYPYDSPIERTIAYVAHYIFGDGDITH
P1_Bax HREGGSDTPCDETDASTRLRIEQTRFEROYSRDDVGEQATYLLOHFIVERFAQDGFENAPGLDELRAGHAYSSEQEYYHSEVGSHLRSIGDEL DRDQEL ORHINSIPADSPIERIIAYAHYYFLDGDISH
Consensus  ,...,.....Cd,...S.....eq,rerquSr#i!geqatvl LOWFIv#RFqqdGf, #APgld, 1rag, avpsel#vvusevg, nLrsIGDel Dr&, ELORHL, s!p, DSPiEaiiaVAhv F,DG#i H

131 140 150 180 170 180 190 200 210 220 230 240 245
1

1
Hs_BAX GRYVALFYFASKLYLKALCT----KYPELIRTIHGHTLDFLRERLLGHIQDAGGHYRLLKPPHPHHRALT TAPAPPSLPPATPLGPHAFHSRSQUCPLPIFRSSDVVYNAFSLRY
Sp_Bax GRIVGLFYFAYRHCARALETIHDKSFPSHINKLIKEYVKFLYIKFAHWIVNKGGHLATRE=~~~~ YHGSPTHIMGTLHTLSASCLIFSFYKLSR
P1_Bax GRIVGLFYFAYRHAARAIDSYLEKSFPHHINKLIKEYVKFLYLKFAHHIISKGGHLATRE==~==YHGSPTHIHGTLYTLSASCLLFSLYKLSR
Consensus  GR!VgLFYFAyr$,arfi.t. . ksfP ulnklikevukFLv kfahHI, kGGHlaire.....yngspTuiugtl tlsascl Fsfyklor. ceeeineecnecneecnen

»Icl|ATILLocus_3927 Transcript_8/8 Confidence 0.680_lLength 2685

T 10 20 30 a0 50 50 70 50 50 100 110 120 130
[ ]

HAHAG

Sp_Bcl2 HANLPETPQEFKYETKFYVYLNYLGILPRFEEIGDDSDYDESDDKLDDDGDDANSFGLRSATSSSHSAGTPSSIDSDSCSROSEEFRATRRIATAATALQAPSPPHHTDTPSTAASAGLAGAGLEVDALGN
P1_Bcl2 HASPPETPQEFKYETKFVYVLNYLGILPKFEEIGDESE-GESDDRLODD--EANSFGLGSQSSS---RDTPSSIDSGS-SROSEEFROIRRIAAAALAPRPSSPPYH-~-PSHYPLOLSQDEGLOVDAYG-
Consensus na..petpgefkyetkfvvlnyleilp,.feeigd.s...esdd.lddd.. . .ansfgl . sq.s5..... tpssids,.s.srdseefrqirria.aaia....spp.h...ps....q9..9..gl.vdl g,

131 140 150 160 170 180 190 200 210 220 230 240 250 260

1 1

Hs_BCL2 RTGYDNREIYHK-YIHYKLSQRGYEMDAGDYGARPPGAAPAPGIFSSQPGHTPHPARSRDPYARTSPLATPAAPGAAAGPALSP 'PYYHLTLROI SRRYRR
Sp.Bcl2 EDTLEGFQLPHDDLYRDAISSHTSSASSSKYSASPPHFTPRHPSLKYSLADSSRSRRFHLKKKRSKDISLDESTKAKHTHYLAELGDOFKKEMSDEGHDSSGILCATSREALYAERTAOIGDCIHLHHHD
P1.Bcl2 EDTLEGFTLPTDDLYTDAVSSHSSSASSSKFGASPPHF TSRHPSLKYSLAESPRSRRSHFKKKRSKDISLDEGTKAKHTYYLSELESQFKQEHYQDGHDSAGYLCATSREALYAERTAOIGDCIHHHHHD
Consensus edtlégf,lp,.ddl!,da,Ssn,ssasssk,gAsPPnftpr,pslkvsla, rrs, islde,tkfAknt,vLsel, .qfk.en,..gnds,.g,lcaisrealVaeriaQiGDcin,hhhd

261 270 280 290 300 310 320 330 340 350 360 370 380 390

1 |

Hs_BCL2 DFAEHSSOL--HLTPFTARGRFATYYEELFRDGY-NHGRIVAFFEFGGYHCYESYHREHSPLYDNIALMHTE YLHRHLHTHIQDHGGHDAFYELYGPSHRPLFDFSHLSLKTLLSLALYGACITLGAYLG
Sp_Bcl2 ELEOAYQOTLGHGDGPHNYGYFKSGHKSL' Y DOG-SRGTAAYTOFARDY TEENL AQSTTEQGGHDATTHYDL DKIDNE THSETSSGTPSPHGPQSPSHATPPOFHE
P1_Bcl2 ELEQAYQOVLI Y VPGHY 0t TAAYTDFARQYIEENL ADSTIEQGGHDATTHVDL DKIDSE THSETSSRHPSPAGAASPSHTTPPLYTD
Consensus  #leftayqd, 1. Hgdg,nnyG. Fkc, gnksvk#, Ypghyh!avankFtrriiaV. . , fqg.5rg ! aa!tdfaaYifenl aqs i ##GGHDAIL fvdldkid,etuseisS, ,psp.gaqspsh., Tpp. %, .

391 400 410 420 430 440 450 460 470 480 430 500 510 520
1 I

Hs_BCL2 HK
Sp_Bcl2  IGNHLSPRF NDASAFKLETERGTIDPSRYYRDESDSYPSGL TRPHGLLLDGATFHAPADLSF VF 'DDSPRRRAASFGARPIIA TYAAR
P1_Bcl2 QDGFLSPRATOSGASSGPADQSOLP--GLNDASNIKLDHEGGT--SGOPYRDESDSYASAYARPTGLLYDGSTTATLRDISPX

Consensus ... lsprece.fe.sge..q5q.p..glndas. .kl eogboceccovrdesdsves. arpegllodgebe e cdeSPecineieaceecaneeececcsrecencccnscccnccsascccnnss

=leljscaffold12593 length=31907 {Reverse and Complement)
[...]JAATCTACTCGTGCATGATGTTAACCTTATAATTTTAAACTTTAATTATTAAAGAATTGGTATTTTCAAATTATTACTGCTTCATCTITGTACCTCTTCTITCA
TGACATTAGATCA!

TTA
GTCGGAGTTGGCATGTGCCTIGTAGTTAGAATTTTTITTTCTCCATTGGATGCAAAATGTIGATGGTTAACTATATGTACAT]...]TTATAATTTATTATCTTATTT
ATTAAAAACAGATGCTTTACACCATCAAAAAATGTITATTGACCAAATATATTITITGTTITGTTAAAATTCCATGTGA!

TAAGTTTACCAGTTITA
CTGATTTCATTTGCAATTTCAAGAATTAATCGAACTITAGATATITCTIGCGTCAGTATACAATICATGATACATGCTICTCTTCTATCCAATTITCCCCCATTG
TACTGCAAAAATTAAAAAGTAAGACTCAATGTATATGAGGTAATAI... JAAAATGAGATAAAGAATAGAGAAACGATGACAAGAAATATGAGTGGTAATATT
CATAAGAGCATACATTAATTITIATTATCACTCTTCTGT CTCCA!

TATCCATATTGTTTTATTATCAGAATAT
GAGAAGTGCAAATTCAAGATGTTTTGTTACAAL. . JATATGAACATTTAGAGAAGGTGTGTAATGTGTAGTTCTITGTGTGATTTITTTTATGGATCTAAATTAA

TIGGATATTTTATTAAAAATGTAAATAAAATTGTTTTCGCTAATCACTITCCAGARRTGGTACAGGATGGCATGEACTCGGCAGGGGTACTGIGIGCCATCAG

GAAGAGAATTTCCTTC
ATTCTTTTCGTTCTTATAGTTGCCAAAAGGCAATAAGCTCATGGTAATAGTGTCATGGGATGTGTTTCCTAATAATTGATATCACCTCTCAGTGGTATGCAAGA
ACTAGGTI... ] GCTAATTTCTGAAGGTTGTATACCCTTAGTGGTAAGAAAAGAGGTTTACAAAATGTGTGTGATCTTGATCAATGCTATCATTTTGCTGTITICAG

_! GAGTATTGAGGCTTGAAGGGGAATTCACCCTGGAATTGAATTTGTIGTTAAAATTGCC

TCATTATCATTAAAGTTTGGCAGAAGTTAAACCCCAGGATATGATTGTAAAAACTATTTCTGTATCAGCTTGAAGAAAGTTTAAGAAAATAAGTGAAGTTGGT
TAAATGCTCTTTAAATAAGTGAAGTTGGTTAAATGAACTTAAATTCATATGCTATGGATTATTTTTTTTACAGGATGCCATARCCAACGTTGATT TAGACAAG

_GTI‘C[
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131 140 150 160 170 180 190 200 210 220 230 240 250 260

] 1
E Hs_PARP ERCPECKHGOL ILSSSGL GYRCTGHL TSHTKCAYRSKEALRSKTHHIPEYLEENIDFL] T
Sp_Parp I'IILEHNI'lIlL‘J'PPEESRLLDSVRDEHHFG“LEKEPEEENEHLV\'SSSGL5FKETENLTSIITKI:QVIISKI]\'PIISKTIIHIPE\'LKEIIIDTL TVKK
P1_Parp
Consensus  d.leandq.vppgesrlldsvadgnnfgale.cpec.ngql. .sssgl...ctgnlt qursk... ipeyl.e.id.lknfkf fpeeee. .. .s..sqdg.gdgkrk. .kk
261 270 280 290 300 310 320 330 340 350 360 370 380 390
1
Hs_PARP SEEKPLONCTIVLHGKLTKTHKELKTIIQELGGEVSTKITSETACYI SEDFL ITTKHSICT FTK‘SIEELHREHDESKFT
Sp_Parp PEDKALYHCTIVLHGKLSKSHKQLKTTIODLGGEVATKITPETACYT SEDFL III'IﬂHSISTHESDPTTRIHI'lT\"HEQLPTKSIEELEREKDESKFT
P1_Parp HSPSAGLTFEGPHPIGKLLTSAAPPTSTLLYLYAFTTRAFSEPAKSKSHSLLHLNRCORHTSE————
Consensus .e.k.l.nctivlhgkl.k.nk.lkt.iq.lggev.btkit et i a.S.dvhv!sEdfldavK..gafl.niT.hsi.tugsdp.tria..va.q¥ptksigqlORe.dEskfL
391 d00 aie az0 a3o 440 aso 460 azo a8o 490 500 510 520
Hs_PARP AVLPKTSKLOLKGGAYVEDDFLGLSCHVYKEKGLLYSATLGLYDISRGTHSYYKLOLVOHDTASRYHYY YLEK DISYG
Sp_Parp SVHPKTSKHHLKEEHVVE[II]NLE“HTHV“KEKEVL\’EHTLEL‘FI]ISRETNSYVKLI;!LIKHI]SHHK‘\’HVYRSHERVETTIEGSKSEHVESDL T\’LEK I]ISVI]
P1_Parp —-——KDTRLHLYLVYTYT-RVAGLSCHVYKEKGLLYSATLGLYDISRGTHSYYKLOLYVOQHD RYH
C Vel e 1G1 LYSATLGLYDISRGTHSYYKLOL ! qHDLQsr YHVY I I.l ravY LEKIEHEFEHKHPIKrFIIKFFPLIlISVE
521 530 540 550 560 570 580 530 600 610 620 630 640 650

Hs_PARP  EEEDRIISSKERAGKTSKLPKEVOSLHKHIFDLEELKKTHLEFEIDLEKHPLGKLSKKQIEDAYKYLTDLOKLYTDKGTHSTILDASHOFYTLIPHNFGLKSIPLLDSLEIIQNKTOHLDSLLDIEIAYS
Sp_Parp EEEERITSSKERAGKTSQLPKOIOSLHKHIFDLEELKKTHLEFEIDLEKHPLGKLSKKQIEDAYRYL TOLOKLLTDKAPRSGILDASHOF YTLIPHNFGLKSIPLLDSLDIIOAKTOHLDSLLDIEIAYS
P1_Parp EEEDRIISSKERAGKTSKLPKEVQSLHKHIFDLEELKKTHLEFEIDLEKHPLGKLSKKQTEDAYKYLTDLOKPF——--. == ——————HLCL TRLHAAVHQV--CECGEEETNKTOHLDSLLDIETAYS
Consensus EEE#RIiSSKERAGKTSkLPK#!0QSLHKNIFDLEELKKTHLEFEIDLEKHPLGKLSKKOQIEDAYKYLTDLOKL .tdk. ..s.ildasngfytLIphnfglks!pll#sl#iiqnKTOQHLDSLLDIEIAYS

651 660 670 680 6390 700 710 720 730 740 750 760 770 780

1 1

Hs_PARP  MLKETGEEGYDPYDVHYEKLKCPHEVVDKKSDEFKHISDYTTNTHARTHNHYRL TVYEEYFRIDREGEGSRFKPFKKLHNROLLMHGSRK TNFGGILSQGLRIAPPEAPATGYHFGKGIYFADHY TKSANY
Sp_Parp MLKETGEAGYDPIDVHYQKLKCPHEYVDKKSDEFKLIKEYTDNTHARTHNHYRLSVEEVFRINRDGEGTRFKPFKKLHNRQLLHHGSRKTHF GGILSAGLRIAPPEAPATGYNFGKGLYFADHYTKSANY
P1_Parp HLKETGEEGYDPYDVHYEKLKCPHEVYDKKSDEFKHISDYTTNTHARTHNHYRLTVEEYFRIDREGEGSRFKPFKKLHNROLLMHGSRKTNFGGILSOGLRIAPPEAPATGYHFGKGIYFADHYTKSANY
Consensus HNMLKETGEeGYDP ! DYHY #KLKCPHEYVDKKSDEFK$Ls #YTENTHAATHNHYRLLYEEYFRI #R4GEGSRFKPFKKLHNROLLHHGSRK TNFGGILSQGLRIAPPEAPATGYMFGKGLYFADHYTKSANY

781 790 800 810 820 830 840 850 860 870 880 830 300 910
1

1
Hs_PARP CYANASSNIGLHLLTDVALGDHYELRGAKGHSKPPAGKHSTKGLGRTCPDPSGLRTIEDN anPnEKEIDSnvnﬂ5LLruEvIvvnVﬂuanRvLIKnKFurNE
Sp.Parp LY IGLHILSDYVALGDHYEL' TKGLGRTCPDPSGLYTIEDNLOYPHGKGCDSNINNTSLLYNEYIVYDYAQVQHRYLIKHKFN'
P1l_Parp CYANASSNIGLHLLTDVALGDHYE! LRGHKGHSKPPﬂliKHSTKGLERTEPI]PSBLRTIEDN LOVPHGFDSTDKSYKTNLPIVLGAYPONHKSILGOA IETRV\'ELTH'!SHGI.‘.FKT\'BGFVVRPPBEVRVRP
Consensus CYANASSHNIGLH1LEDVALGDHYELrGAKGHSKPPAGKHSTKGLGRTCPDPSGLrTIEDNLOVPHGKg  dsn, .nTsLlyneyiVy#vaqu, SrylTknkfnyunc. . ceeeersrsssssrssssrsnss

=lcl|scaffold06675 length=42871 (reverse and complement)
F [...]TTGAAATAGTTATCATAATTTTTCATTTGGGATGA”
AATTTCTAGCGATTTAGGAATAGA[. . JCTTTGATCAGGCTCGTTCATTGGATCACAAATAGTGCGCTCTITTTCCA

GACACAGCAATTTITGATCTGCTTCCTCAAGATGCAAGCA
CGACAGATTTGTGGCCAAGCTTACTGTCA].. . JTTITTTGCGAGAGTGATCTCAAATTTTCTTGTTGACCGTAATAGATTGCGAGACAAATGAATACCCTCTAGCG
ATTAATTCTATATIGTTTGTCTCTGATAGG
TAAATGTCAAGTTTTTACTTATATGTAAACTTACTATAGAAGTATCCCT
CAAGTGTGCAATCCCATCAGTTITCTGACATTTAAT].. . JAATCACATTTGTATTTGTCCAGGGGGTAATAGTCCAGGGGTAGTTATCCTAGAACCGAATATTACA
ACTTTTAAAAAAAATTGTTTTGTCTATGGTTAC

AAATTCAAATAAATTATATTTTGTTCATTAAAACATCAAAATATITACAATATG].. JAGTTCAGTTTCAGATCAA
TATAGGTGAGATTATGTGCATTGGTCAATCAAAAAGCCTAGATCCTGTCAATCTGTIGTATGAAATATTCTATTCTGTGTCACTTAL

ETGGAATTTGAGGTAATGTACTCTATTTATTTACAATGACAAATTCTGTGATTTCATATGCCAATCTAL. .. JGTCGAATTTGCAATGTATACAAGCGTTTTACTCT
GCAAGACTAAAATGTGCTTGTGTCTITGCTTITAATTGCAATGT TATTGTTTTTCTITCCTCATAS
TAATAGTCTATGCCTCATATTCTTGGATGATATAATAAATTAAGAGAAATATGTG
AGAATTGTTGTTGATATACCCATCATCCCAAAGGAGTCCCTCCCTCCTTCCATTTATGATTCCTCAAAACTCAS
TGAGCCTTCATCTCTTGGAATGGCCACTCTTACACCACGCCTGATAGGGTCACCTGCGTAC
AGTGTTTTATAGGTAGAGTCTAATTTCTGCACAGAAAAACAL. . JTATTACAGGCAATAAATACTGCAGGCATTCTACTGGAACTTACTACAAACGCAAGTGCT
ACGCTGCAACTCCACTACTTCAATGGAATATGAAAATCCCGACTTCAAAGGCAATAACTATTTTGTITACACTTITCTGATCTTCTTCAS

GCCCAATGGAGGTATGTGTCGTAGTCCAGTGGTCACAACTCTTGATAGG. . |JAAGCCTTGTGTATTTTGTACAATATATACGAGAGCTAAATGAGAAACGGGA
AAATTGCAGCAAATTTGTGTAAATTAACCTCCCCGTGTCTCTCATACATATAGG

TAGGTTTGAAGAAAATAAAGGCTGTATCAAAACAAAACAAAAAAATAATGGTACAAGCAGGGGGGGGGGGAAT]. . |JGATAGGCTGTTTGAACTATTATAAA
GTAAACAAGCTTGCTAAAATCTTGATGAAAGTIGTTCTTCCACACA

TGGGAATGCATTGACGGAGTCCTTGATACTTGTTATCACATTAACAGAAAATAAAAGGAGCAGAATG
TATCTCAC]... JCAACATAAAAAAATAATCTTCTATTCATACAGGTATTGCAAAAAGCAAACATTCTTTACTCTTAATTTCCTATTACAGSY
‘AAAGGC]... ]JAATAAGGTTTCAATAGGGGTITATTTATTITTTTGTTCA

TAATCAGATGGATATTTGGGTGTGCA
CACTCTAAAATATAATGAGTTGAAATAAATCCTCAACAACTGAATTTTTITCCTCCATTTCCATTTCCA].. . JATTACAAAGACAAACCTACGATCACGAATTGT
TCTACTCGAGAAGTTTGGAAAATAATATAAAGCTGTTTTTATAACTAC
CGTAGTAAGGTAGGGGCCTAGAATAGATTATAGATTCTATTATAAATGGCTCTGTG...]

FIGURE 3.6: Intrinsic apoptoc pathwayA( C andE) Multialignment of aminoacid sequences of
BAX, BCL2 and PARP fromHomo sapiensStrongylocentrotus purpuratuand Paracentrotus
lividus. (B, D andF) Complex introrexon structure of th®. lividus genes involved in intrinsic
apoptosis.

The genes Beclin 1 (BECN1), PTEN Induced Putative Kinase 1 (PINK1}5WUndke Autophagy
Activating Kinase 1 (UKL1) and UnRb1 Like Autophagy Activating Kinase 3 (UKL3) are involved
in the molecular pathway of autophagy. This set of genes contributedutdion of the mechanism,
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formation of characteristic autophagosomes and activation of selective autophagic process as
mitophagy, designed for the removal of damagdchondria figure 37).
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B [... ]TACAGACGATGCTAAGCATTCTGCTGAACATGAGTAAATTARCTACCGCTCARTIGCARGCTCAGEAGCECGGTAGGGACGEGGACTACACGACTGGAA
ATGCTTGGTTIGCTGTGCTGCGTCGAAACGCACATGGTTTICAAACCCATTCCAGAATGGGTTTGAAAATATGAGTATGAAATCATTGATATCTCGAAAGTAA
AGCAAGCAATTAGCTTGCAATTTTGAAGAGATGCCAGACTGACCTACCCGGTATGTGTTTATAATCATGTTTGCAAAATGAGCTAAATCGAATAAATTGTCAT
TTGAATATCATTCAATGTTAGTGCATCCCTTTAAATATTAAATTTTAAAATTCTGAAGTOGTGAAGTTATTCTGATGTICCAATTGGCTAGCCATGCATCCTTC

AGACTTGCCTICCATCAGTAATTACCAGCTCCATTGTIGAGAAATTGATGACCCTITCAATCAATITATATGTATCTGTTACATACACATGTACATGTATGTAT

GACAGTATGGGAGATCGACAGCATATGGTTCCCCTATGCTATACTITGTITTAAAGATTAATTTTCTTGTCTGACCTTTATCTTTTTA
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