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Introduccié

Les serps

Les serps pertanyen al subordre Serpentes dins I’ordre dels Squamata
i, juntament amb els llangardaixos, conformen la classe Reptilia. Les
al voltant de 3.150 espeécies de serps identificades han aconseguit
colonitzar un ampli ventall d’habitats de tot el mon, excepte a Alaska i
el nord de Canada al continent america, Groenlandia, Islandia, Irlanda
i I’extrem nord d’Escandinavia i RUssia a Eurasia, i I’Antartida i Nova
Zelanda al sud (Figura 1). El coneixement de les relacions
filogenétiques d’aquestes especies esdevé una part vital en diferents
arees de la biologia com genetica de poblacions, ecologia o
taxonomia. En aquest sentit, la classificacio taxonomica de les serps
ha estat revisada diverses vegades en els Gltims anys [1-6] i esdevé un
continu motiu de debat i conflicte (Figura 2). La dificultat d’obtencié
de mostres o la consideracio de dades moleculars, morfologiques i
ecologiques entre altres factors, ha modificat classificacions previes
fins al punt que estimacions filogenetiques d’institucions publiques
internacionals com I’Integrated Taxonomic Information System
(www.itis.gov), organisme creat lI’any 1996 amb I’objectiu de
subministrar informacio consistent i fiable sobre la taxonomia de les
espécies biologiques, difereixen de les que ofereixen bases de dades
més especialitzades com la Reptile Database [7], base de dades
mantinguda per Peter Uetz considerada de referéncia i actualitzada
aproximadament cada 3 mesos.

Tanmateix, el clade Colubroidea inclou a més de dues terceres parts
de les espécies de serps actuals, constituint un dels grups de vertebrats
més divers i amb major éxit evolutiu que inclou, entre altres, les
aproximadament 600 especies de serps verinoses, la majoria de les
quals pertanyen a les families Elapidae i Viperidae. Dins d’aquesta
darrera familia, cal destacar dues subfamilies com son els escurcons
(de I’anglés viper) pertanyents a la subfamilia Viperinae i els crotals
(de I'anglés pit viper), pertanyents a la subfamilia Crotalinae. Els
membres d’aquesta darrera subfamilia constitueixen els Unics
membres de la familia Viperidae que podem trobar al continent
america.

La herpetofauna de Costa Rica, a la qual pertanyen les especies
caracteritzades en aquest treball, inclou 138 especies de serps
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Introduccié

diferents, de les quals 22 sén verinoses: 16 crotals i 6 elapids (5
terrestres pertanyents al génere Micrurus i una marina, Pelamis
platura) [8].

World distribution of
snakes (suborder Serpentes)

[ seasnakes
[ Terrestrial snakes

Figura 1. Distribuci6 mundial del subordre Serpentes. Distribucié d’espécies
terrestres i marines de les serps. Veure el text per més informacié. (Imatge
obtinguda sota llicéncia Wikimedia Commons)

Des del punt de vista molecular la caracteritzacioé de les serps s’ha
abordat, tal i com veurem més endavant, amb tecniques
transcriptomiques i proteomiques, i només existeixen els esborranys
dels genomes de dues espécies de serps, de les quals només una
d’elles és verinosa [9]. A data de redaccié d’aquesta tesi, I’abundancia
de dades referents a la familia Viperidae al GenBank, del National
Center for Biotechnology Information (NCBI,
www.ncbi.nlm.nih.gov), és de 16.700 sequéncies de proteines, 58.127
sequeéncies de nucleotids i 49 experiments amb dades provinents de
Sequenciacié de Nova Generacié depositades a la base de dades SRA
(Sequence Read Archive) de 271 especies de serps diferents.
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Vidal et al,, 2007

Superfamily Elapoidea

Family Elapidae

(Subfamilies: Elapinae and
Hydrophiinae)

Family Lamprophiidae
(Subfamilies: Psammophiinae,
Atractaspidinae, Lamprophiinae,
and Pseudoxyrhophiinae)

Superfamily Colubroidea
Family Colubridae

(Subfamilies: Colubrinae, Calamariinae,

and Grayiinae)
Family Natricidae

Family Pseudoxenodontidae
Family Dipsadidae
(Subfamilies: Heterodontinae,
Dipsadinae, and Xenodontinae)

Superfamily Homalopsoidea
Family Homalopsidae

Superfamily Viperoidea

Family Viperidae

(Subfamilies: Causinae, Viperinace,
Azemiopinae, and Crotalinae)

Superfamily Pareatoidea
Family Pareatidae

Superfamily Xenodermatoidea
Family Xenodermatidae

Superfamily Acrochordoidea

Introduccié

Lawson et al,, 2005

Family Elapidae
Subfamilies: Elapinae,
Hydrophiinae, Boodontinae,
Psammophiinae,
Atractaspidinae,
Pseudoxyrhophiinae,
Xenodermatinae

Family Colubridae
Subfamilies: Colubrinae,
Calamariinae, and Grayiinae,
Natricina, Pseudoxenodontinae,
Xenodontinae

Family Homalopsidae

Family Viperidae
(Subfamilies: Viperinae,
Azemiopinae, and Crotalinae)

J

Family Pareatidae

(placed in Elapidae by
Lawson et al., 2005

Family Acrochordidae

eaproaqnoy) Aqrurejradng

-

Family Acrochordidae

Figura 2. Filogénia de la superfamilia Colubroidea. Modificacions successives
del clade Colubroidea han posat de manifest la dificultat de classificacié d’aquesta
superfamilia. (Imatge cedida per Stephen Mackessy des de [10])

Els verins

Estrictament, el veri pot ser definit com una secrecid produida en unes
glandules especialitzades i injectada a la presa mitjancant un aparell
inoculador [11]. Tanmateix, la definici6 de “veri” esta subjecta
actualment a dues tendencies diferenciades: una funcional segons la
qual el veri és un compost toxic injectat a la presa o al depredador que
causa la seva mort o incapacitacié rapida, i una altra que busca
acomodar o prioritzar evidéncies evolutives en la seva definicio.
Ambdues postures condueixen, inevitablement, a una categoritzacio
diferent dels animals verinosos i al diferent plantejament de questions
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pel que fa la funcié de les secrecions i la seva evolucid, aixi com
diferents plantejaments en la recerca farmaceutica [12].

Sigui com sigui, aquest veri suposa un complex coctel de compostos
bioactius format en un 90% per unes poques families de proteines i
péptids, i un 10% de diferents components organics i inorganics com
sal, sucres, poliamines i neurotransmissors, que interfereix els
processos fisiologics o bioquimics normals per tal de facilitar la
captura de la presa o la defensa de I’animal productor. En aquest
sentit, el veri actua com a element clau en la depredacié per part de
determinats organismes com llangardaixos, aranyes, escorpins, serps,
insectes, cefalopodes, gasteropodes i cnidaris, mentre que suposa una
adaptacio defensiva en altres organismes com peixos, equinoderms i
altres tipus d’insectes [13]. Aquesta diversitat taxonomica al llarg de
diferents filums resalta la importancia del veri com a una innovacio
evolutiva en el regne animal. Més concretament, la funcio verinosa és
considerada una innovacid clau en el clade Toxicofera (del grec
‘aquells que poseeixen veri’), que inclou les espécies pertanyents al
subordre Serpentes, el subordre Iguania i I’infraordre Anguimorpha, i
que va permetre la seva diversificacio ecologica i el seu exit evolutiu.
L’origen de la funcié verinosa en aquest clade apareix com un
fenomen Unic fa aproximadament 170 milions anys [14, 15], cosa que
va suposar una adaptacié que va permetre la transicié d’un mode
mecanic (constriccid) a un mode quimic (veri) de matar i ingerir les
preses en afectar als seus sistemes vitals amb I’alteracié de funcions
enzimatiques critiques i canals ionics.

Composicio

L’evolucié de les serps és, per tant, un procés intimament lligat a
I’evolucio de la composicié del veri, una marca de la historia
evolutiva. L’estudi del veri podria suposar, aixi, un valor taxonomic
[16] a més dels evidents beneficis clinics i de recerca, oferint una visio
Unica de determinats camps de la biologia com la farmacologia (en el
disseny de nous farmacs), la immunologia, la biologia estructural i
I’ecologia, constituint models Unics per a I’estudi de processos
evolutius, tal i com veurem més endavant.
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Els verins de les serps pertanyents a la familia Viperidae, contenen
proteines que interfereixen la cascada de coagulacio, el sistema
hemostatic i la reparacié de teixits [17, 18]. Aquestes proteines
pertanyen a unes poques families de toxines multigeniques, que
inclouen enzims i proteines sense activitat enzimatica. L’abundancia
relativa d’aquestes proteines presenta una elevada variabilitat a nivell
de genere, d’especie, poblacional i, inclUs, una variabilitat relacionada
amb I’estadi de desenvolupament de I’organisme (ontogenética).
Aquesta elevada variabilitat, juntament amb I’existencia d’una gran
varietat d’isoformes de cada familia proteica, contribueix a la
complexitat de la composicié del veri i a la diversitat dels efectes
biologics observats, descrits fa més de 20 anys per herpetolegs i
toxinolegs [19]. Diferents treballs han intentat vincular aquesta
variabilitat a la dieta [20-23] i també a mecanismes implicats en el
control transcripcional i traduccional [24]. Sigui com sigui, diferents
mecanismes evolutius participen en la creacié d’aquesta diversitat de
toxines [25]. Aixi, tot i que I’alteracio en I’estructura de determinats
dominis de gens de toxines o el seu empalmament alternatiu (de
I’anglés Alternative splicing) poden participar en la generacié de
noves toxines, la duplicacié genica seguida d’una divergéncia
funcional és la principal font de creacié de diversitat molecular en el
gue es coneix com un proceés de “naixement i mort” (de I’angles Birth
and Death) [26]. D’aquesta manera, la duplicacié crea una
redundancia que permet a la copia genica ser expressada de forma
selectiva a la glandula del veri, escapant aixi de la selecci6 negativa i
evolucionar cap a una nova funcié, mantenint uns nivells elevats de
variabilitat en les proteines del veri com una part essencial de
I’adaptacio de les serps a diferents preses i diferents ecosistemes [14,
27]. Aquesta evolucio de les diferents families de toxines del veri va
sovint acompanyada d’una evolucié accelerada [28, 29]
(principalment dels residus exposats a la superficie de la proteina) a
través d’una seleccié positiva [30]. En aquest sentit, la seleccid
positiva sembla ser un mecanisme de neofuncionalitzacié estés en la
majoria d’organismes verinosos incloent serps, aranyes, escorpins i
espécies del géenere Conus, on les substitucions no sinonimes
d’aminoacids sobn més nombroses que les substitucions sinonimes en
els fragments codificants del gen, cosa que permet a diferents families
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de toxines com les Fosfolipases A, (PLA2) ([31]) i les Lectines tipus
C (CTL) ([32]) presentar diferents activitats biologiques com per
exemple, miotoxicitat, cardiotoxicitat, neurotoxicitat i activitats anti- i
procoagulants.

En els seguents apartats intentarem descriure breument aquelles
proteines del veri amb activitat enzimatica i sense, que juguen un
paper fonamental en els transcriptomes analitzats en el present treball.

Proteines amb activitat enzimatica
Metaloproteases del veri de les serps

Les metaloproteases del veri de les serps (SVMPs, de I’anglés Snake
Venom MetalloProteinases) sén proteines multidomini depenents de
Zn**, d’una mida aproximada d’entre 20 i 100 kDa que, juntament
amb les ADAM cel-lulars (de I’anglées A Disintegrin And
Metalloprotease), s’inclouen dins de la subfamilia M12 (reprolisines)
de les metaloproteases [33]. De fet, es considera que les SVMPs van
evolucionar a partir de les ADAMs [34] com a resultat de la pressio
adaptativa sobre les serps com a estrategia de divergencia funcional tal
I com s’ha comentat anteriorment [14].

L’existencia de les SVMPs ja va ser descrita a la decada dels 60 del
segle passat [35], i actualment, es consideren unes toxines clau en la
patogeénesi (local i sistemica) observada en I’enverinament causat per
membres de la familia Viperidae, arribant a constituir fins a un 32%
de les proteines del veri [36].

La majoria de les activitats funcionals associades amb les SVMPs
estan vinculades amb la disrupcié de I’hemostasia per degradacié de
diferents components de la matriu extracel-lular de les cél-lules
endotelials dels capil-lars, produint, en darrer terme, hemorragia i
danys a la regeneraci6 muscular com a consequéncia dels efectes
sobre el sistema vascular. També s’han descrit altres funcions
relacionades amb les SVMPs que impliquen la inhibicio de
I’agregacio plaquetaria, apoptosi i inflamacio.

Des del punt de vista molecular, les diferents SVMPs existents es
diferencien, essencialment, en la seva mida, condicionada per
I’existéncia 0 no de determinats dominis proteics. D’aquesta manera,
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tal i com podem observar a la Figura 3, les SVMPs es classifiquen
estructuralment en 3 tipus diferents: les PI, les PIl i les PIII, podent
apareixer de forma simultania en el mateix veri, constituint un tret
diferencial de cada veri. Tot i que la preséncia o abséncia de
determinats dominis no és una caracteristica de la capacitat
hemorragica del veri, en general, les PIIl han demostrat ser la més
potent de les 3 classes.

P-la g Proteinasel S Atrolysin B, C, D
/ - Atrolysin E
B » SRR Protcinase 5 (Di proteinaso( s ( o ANHIR
BN P BN Proteinase| S Jerdonitin
e > T s
” Homeodimeric RGD-Dis
LEILE P BN Proteinase s (8 ? + * c
ontortrostatin
—
D-l ‘I : :::
+ ? + ™ Heterodimeric RGD-Dis
CEIEN P BN Proteinase| S - : |. Acostatin
P-l . Disy Cyss . Disy Cyss .
-llla P-_Protelnase S | Like'Rich Proteinase| S lee‘Rich Atrolysin A
Dis+ Cys= Dis+ Cyss .
P-lllb P-Prnteinaae S | LikelRith Proteinase + ERN AL Catrocollastatin
P-lllc i3 -Prnteinase s L?*i‘ﬁgﬁ- F¥q4Proteinasel S L?ﬁh%gﬁ‘ VAP1
==
CRIET P BRI P roteinase | S ((sTritht Proteinase( 5 (| halRe Lec | Lec | NAZG

Figura 3. Classificacio estructural de les Snake Venom Metalloproteinases. Dins
de les 3 classes majoritaries, les diferents subclasses apareixen en funcié del
processament proteolitic. (Imatge obtinguda de [36])

Fosfolipases A,

Les Fosfolipases A, (PLA2, E.C.3.1.1.4) catalitzen la hidrolisi dels
glicerofosfolipids donant lloc a lisofosfolipids i acids grassos. Es
classifiquen en 15 grups diferents en funci6 de diferentes parametres
com estructura, seqiéencia d’aminoacids, activitat catalitica i
expressio, que s’agrupen en 4 categories principals com son les
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fosfolipases secretades (sPLA2), les citosoliques (cPLA2), les Ca®*-
independents (iPLA2) i les acetil-hidrolases del factor activador de
plaquetes (PAF-AH) [37].

En mamifers, les PLA2 juguen un paper fonamental en determinats
processos cel-lulars com transduccid del senyal o manteniment de la
membrana entre d’altres. Tanmateix, també son unes de les toxines
més potents dels verins de serps, escorpins, abelles i llangardaixos, on
resulten essencials per a la immobilitzacié i digestié de la victima,
amb multiples efectes farmacologics com neurotoxicitat, miotoxicitat,
efectes anticoagulants i activitat hemolitica entre d’altres. Aquesta
diversitat d’activitats va evolucionar a partir d’un procés de
neofuncionalitzacié6 d’una PLA2 no toxica, tal i com hem vist
anteriorment en el cas de les SVMPs.

Segons la sequéncia d’aminoacids, estructura tridimensional i patr6 de
ponts disulfur, les PLA2 del veri de les serps pertanyen als grups I
(serps del Vell Mon, majoritariament de la familia Elapidae) i al grup
Il (serps del Nou Mon, majoritariament de la familia Viperidae). Els
enzims pertanyents a aquest darrer grup estan formats per 120 — 125
aminoacids amb 14 cisteines que formen 7 ponts disulfur i estan
subdividits alhora en base a la seva expressio especifica de teixit tal i
com podem veure a la Taula 1.

A Trobada al liquid sinovial huma, al veri de les serps de
cascavell i dels escurcons de la familia Viperidae

I1B Trobada al veri de I’escurcd del Gabon (Bitis gabonica)

Inc Trobada als testicles de rata/ratoli

11D Trobada al pancrees i melsa huma/ratoli

Il1E Trobada a cervell, cor i Uter huma/ratoli

INF Trobada a I’embrid i testicles de ratoli

Taula 1. Classificacié de les PLA2 Il. (Taula modificada de [38])

Les PLA2 que trobem al veri de les serps pertanyents a la familia
Viperidae (PLA2 11A) es classifiquen en diferents subgrups segons
I’aminoacid existent a la posicio 49. El residu existent en aquest centre
actiu d’uni6 al Ca®* determinara la capacitat hidrolitica de la proteina,
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podent diferenciar entre PLA2 Asp49 i els anomenats homolegs PLA2
(K49, S49,N49 i R49).

L-aminoacid oxidases

Les L-aminoacid oxidases (LAAO, E.C.1.4.3.2) sO6n unes
glicoproteines d’uni6 a FAD- (flavin adenina dinucleotid) o FMN-
(flavin mononucleotid) que catalitzen la desaminacio oxidativa d’un
ampli ventall de L-aminoacids per formar el corresponent o—cetoacid,
amoni i peroxid d’hidrogen, responsable Gltim de la majoria d’efectes
biologics atribuibles a les LAAOs. Les flavines de les LAAOs son les
responsables del color groc del veri de les serps i contribueixen a la
toxicitat del veri a través de I’estrés oxidatiu derivat de la produccid
de peroxid d’hidrogen.

Les LAAOs estan ampliament distribuides en bacteries, fongs i
plantes, tot i que els verins de les serps son, probablement, una de les
fonts més riques d’aquests enzims, i han estat objecte d’estudis
biomédics per la seva activitat antimicrobiana, anticoagulant,
inductora / inhibidora de I’agregacié plaquetaria i inductora de
I’apoptosi cel-lular [39].

Serines Proteases

Les serines proteases del veri de les serps (SVSPs, de I’anglés Snake
Venom Serine Proteinases) comprenen un ampli grup d’enzims d’una
mida aproximada de 30 kDa, que catalitzen reaccions implicades en la
cascada de coagulacid, el sistema del complement, el sistema
fibrinolitic i I’agregacié plaquetaria entre d’altres. SOn proteines que
pertanyen a la familia S1 de les peptidases que es troben presents tant
en procariotes com eucariotes, que poden arribar a representar fins el
20% de les proteines presents al veri de les families Viperidae,
Crotalidae, Elapidae i Colubridae. Tal i com succeeix en el cas de les
SVMPs i les PLA2, la diversitat de farmacologia associada a aquests
enzims és el resultat d’una duplicacid geénica seguida d’evolucio
accelerada.
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Es caracteritzen per un mecanisme catalitic comu en el qual participen
un residu de serina altament reactiu estabilitzat per la preséncia d’un
residu d’histidina i un aspartic en el centre actiu.

Els desordres de la coagulacié poden tenir lloc en diferents nivells de
la cascada de coagulacid, pero entre els verins dels reptils, el
fibrinogen n’és la diana principal. D’entre les mutiples funcions de les
SVSPs, la deplecio del fibrinogen per les anomenades TL-SVSPs (de
I’anglés, Thrombin-like Snake Venom Serine Proteinases) n’és una de
les més ben estudiades [40].

Nucleases, nucleotidases i fosfomonoesterases

Diferents enzims hidrolitics com DNAses, RNAses, fosfodiesterases i
nucleotidases entre d’altres, estan presents en practicament tots els
verins de serps, I’activitat farmacologica dels quals no ha estat encara
ben caracteritzada, podent presentar activitats especifiques solapants
entre ells. L’aparent manca d’interes per part de la comunitat
cientifica en aquests enzims rau en el fet que, probablement,
participen només en processos de digestio i no son, per tant, toxics.
Les nucleases son enzims que actuen sobre els acids nucleics. En el
veri de les serps trobem tant endonucleases com exonucleases. El
primer tipus, ja descrit per Delezenne i Morel I’any 1919, inclou les
DNAses (E.C. 3.1.21.1) i les RNAses (E.C.3.1.21.-) en funci6 de
I’especificitat per un tipus o altre de material genétic, mentre que les
exonucleases inclouen les fosfodiesterases (E.C.3.1.4.1), enzims que
catalitzen la hidrolisi d’RNA i de DNA indistintament.

Per la seva banda, les nucleotidases més ampliament estudiades son
les 5’-nucleotidases (E.C.3.1.3.5), enzims d’entre 73 i 100 kDa que
catalitzen la hidrolisi del fosfat esterificat al carboni 5’ de la ribosa i
desoxiribosa dels nucleotids. La seva preséncia al veri de les serps ja
va ser descrita per Gulland i Jackson I’any 1938 [41] i des de llavors
s’ha trobat en nombroses especies, sent més abundant en verins de
viperids que en elapids. Existeix una evident mancanca d’informacio
de I’activitat biologica de les 5’-nucleotidases en el veri de les serps,
pero determinats estudis semblen apuntar a la inhibicié de I’agregacio
plaquetaria.
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De la mateixa manera, el veri conté enzims que poden degradar
rapidament I’ATP alliberat per determinades miotoxines a adenosina:
son les ATPases i ADPases, enzims que participen en processos
d’alliberament d’aquestes purines endogenes, potenciant la hipotensio
i paralisi induida pel veri [42, 43]. L’avantatge evolutiva d’expressar
en el mateix veri miotoxines i nucleotidases es, doncs, evident.
Finalment, les fosfomonoesterases son enzims que catalitzen la
hidrolisi no especifica dels esters de fosfat i ja van ser descrits al veri
de les serps I’any 1932 per Uzawa. Son enzims dividits en dues
classes com son les fosfomonoesterases acides i les
fosfomonoesterases alcalines, sent aquesta darrera classe la més
ampliament distribuida en els verins de les serps. Actualment no
existeix informacié de I’aillament i caracteritzacié de I’activitat
biologica de les fosfomonoesterases del veri de les serps, tot i que el
mateix enzim en el veri de les abelles és considerat un al-lergen i un
potent alliberador d’histamina en basofils humans.

Glutaminil ciclases

Les Glutaminil ciclases (GC, E.C.2.3.2.5) son aciltransferases de 33-
40 kDa altament conservades des de llevats fins a humans que
catalitzen la ciclacié d’un residu de glutamina a I’extrem N-terminal
en el processament de nombroses proteines com a mesura de
prevencié davant I’accié d’exopeptidases [44]. Les GC han estat
identificades en diferents proteomes de membres de la familia
Viperidae [45], on probablement juguen un paper fonamental en la
biosintesi de determinats péptids hipotensius i inhibidors endogens de
les metaloproteases. Aixi, les GC podrien no actuar com a toxines per
elles mateixes, sin6 participar en el processament post-traduccional de
determinades toxines per tal d’aconseguir la conformaci6 adequada o
en la seva proteccio de I’autodegradacio.
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Proteines sense activitat enzimatica
Péptids natriurétics i potenciadors de la bradiquinina

Els peptids potenciadors de la bradiquinina (BPPs, de I’anglés
Bradykinin potentiating peptides) son uns oligopeptids rics en prolina
que inhibeixen [I’enzim convertidor de [I’angiotensina (ACE,
E.C.3.4.15.1), una metalopeptidasa de la membrana de les cel-lules
endotelials que participa en la regulaci6 de I’homeostasi
cardiovascular de I’organisme per la seva participacié en dues rutes
metaboliques diferents: per una banda, I’ACE catalitza la conversié
d’angiotensina | en angiotensina Il, un potent vasoconstrictor, i, per
altra banda, metabolitza la bradiquinina inactivant una via metabdlica
que podria conduir a un xoc hipotensiu. De fet, la importancia de
I’ACE en la regulaci6 de la pressié sanguinia ja va descrita per
Ferreira i col-laboradors, senyalant I’enzim com una potencial diana
terapéutica [46]. D’aquesta manera, els BPP prevenen I’efecte
hipertensiu de I’angiotensina 1l i potencien I’efecte hipotensiu de la
bradiquinina circulant. Es troben ampliament descrits en els verins de
maultiples especies de serps, i, tal i com veurem, la seva caracteritzacio
I’any 1965 va donar lloc al desenvolupament de farmacs
antihipertensius com el Captopril® [47] i a la caracteritzaci6 de
determinades dianes terapéutiques involucrades en la disminucid de la
pressio arterial sense afectar I’activitat de I’ACE [48].

Els péptids natriurétics (NPs) per la seva banda, sén uns potents
reguladors cardiovasculars i osmoreguladors en vertebrats, i han estat
descrits en el veri de diferents espécies de serps amb funcions
vasodilatadores.

Disintegrines

Les disintegrines representen una familia de polipeptids d’una
longitud aproximada de 40 — 100 aminoacids, riques en cisteines que
s’alliberen al veri per processament proteolitic de les SVMPs de tipus
PIl [49] o sintetitzades a partir d’mRNAs mancats d’una regid
codificant per una metaloproteasa [50], la complexitat estructural i
funcional de les quals contrasta amb la seva petita mida molecular.

30



Introduccié

Descrites I’any 1987 per les investigacions d’Stefan Niewiarowski i
Tur-Fu Huang [51], les disintegrines poden ser classificades en funcié
de la seva longitud i el nombre de ponts disulfur, donant lloc a
disintegrines curtes, mitjanes, llargues i disintegrines dimeériques.
Constitueixen una familia de proteines antagonistes de receptors de la
familia de les integrines, afectant aixi a diferents processos com
angiogenesi, formacié de trombos, integritat de la pell i sistema
immunitari entre d’altres, amb nombroses aplicacions biomediques en
I’estudi de diferents processos biologics en els quals les integrines
juguen un paper fonamental. Tal i com veurem més endavant, s’han
desenvolupat antagonistes sintétics de les integrines de baix pes
molecular, actualment usats en el tractament i prevencié de processos
tromboembolitics.

Proteines Semblants a Lectines tipus C

Tot i que semblants en la seva nomenclatura, les Lectines tipus C sén
diferents de les Proteines Semblants a les Lectines tipus C presents al
veri de les serps (CLPs, de I’anglés, C-type lectin-like proteins), que
Kenneth J. Clemetson anomena “snaclecs” (de I’anglés, Snake Venom
C-type lectins) per tal d’evitar la confusio [52]. Aixi, les Lectines tipus
C s6n homodimers depenents de Ca®*, sense activitat enzimatica, amb
dominis d’unié a carbohidrats que trobem a molts organismes
eucariotes. Per contra, les CLPs presents al veri de les serps son
heterodimers mancats de la funci6 d’uni6 a carbohidrats tot i I’elevada
homologia de sequéncia (15 - 40%) amb aquests dominis, que mostren
un ampli ventall d’activitats farmacologiques que afecten les
plaquetes, el sistema hemostatic i la trombosi [53].

Les CLPs juguen un paper important en I’efecte hemorragic causat
pels verins dels membres de la familia Viperidae i contribueixen a la
disrupcié de I’hemostasia amb I’activacio o inhibicié de determinats
components cel-lulars.

Factors de creixement

L’existencia de factors de creixement al veri de les serps ja va ser
observada I’any 1956 [54], estudis que van ser mereixedors del premi
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Nobel de Medicina I’any 1986 per la seva relacié amb la regulacié del
creixement cel-lular. Tot i aix0, la purificacié d’un d’aquests factors
de creixement (NGF, de I’angles Nerve Growth Factor) no es va
produir fins a 20 anys després [55] i la seva cristal-litzaci6 va ser
possible I’any 1991 [56]. A més, no ha estat fins recentment, que
s’han trobat evidencies d’un patr6 d’evolucié accelerada, caracteristic,
tal i com hem vist, d’altres components del veri [57].

Actualment els factors de creixement s’han trobat com a constituents
del veri dels membres de la familia Elapidae (i en menor grau de la
familia Viperidae), amb funcions hipotensores i potenciadores de la
permeabilitat vascular.

CRISP (Cysteine-Rich Secretory Proteins)

Les CRISPs son polipéptids de cadena senzilla d’un pes molecular
aproximat de 20 — 30 KDa, conservats en diferents especies del regne
animal des de mamifers fins al veri de diferents reéptils, excercint
diferents funcions biologiques [58]. Tanmateix, malgrat la
caracteritzacio de la proteina fa més de 30 anys [59], existeix una
evident mancanca de coneixement de les funcions fisiologiques de les
CRISP en els mamifers, on podrien participar en determinats
processos involucrats amb I’aparell reproductor, i del paper que
juguen aquestes proteines en el veri de les serps, on podrien participar
en el bloqueig de determinats canals ionics i en la contraccié de la
musculatura llisa.

Aplicacions

Els animals verinosos han despertat la curiositat i fascinacio de la
humanitat al Ilarg dels segles. Els usos medics i bél-lics dels verins
estan documentats des de temps antics en diferents cultures com
I’Antic Egipte, Grecia, la Xina o I’ Islam. L’apiterapia, és a dir, I’Us
del veri de les abelles per al tractament de malalties que cursen amb
processos inflamatoris, sembla que ja va ser usada per Hipocrates o
Galé. Més endavant, el mateix Carlemany, emperador d’Occident a
I’Edat Mitjana, va ser tractat amb picades d’abelles per alleugerir el
dolor a les seves articulacions. De la mateixa forma, I’Us terapéutic del
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veri dels escorpins estd ben documentat en remeis casolans o la
medicina tradicional xinesa [60, 61].

Per la seva banda, la serp és el simbol de la medicina per la seva
associacio amb Asclepi, el Déu grec de la medicina, les observacions
del qual van permetre descobrir les propietats curatives de substancies
verinoses i toxiques administrades en dosis molt petites. EI primer
coneixement de I’4s medic dels efectes coagulants del veri de les serps
data de I’any 67 a.C. : en el seu llibre titulat “The Poison King: The
Life and Legend of Mithradates, Rome’s Deadliest Enemy” [62],
Adrienne Mayor descriu com el rei Mitridates VI va ser tractat de les
hemorragies causades per les ferides sofertes durant les guerres
Mitridatiqgues amb veri de la serp Vipera ursini. Aquest excitant
descobriment va suposar I’anticipaci6 de la toxinologia moderna més
de 1500 anys.

Segles més tard, Francesco Redi (1626 — 1697) metge de la cort de
Ferran Il de Medici, va descriure com els escurcons produien el veri i
I’injectaven a les seves preses i els efectes coagulants d’aquest sobre
la sang de la victima. Les seves observacions, publicades I’any 1664,
marquen el naixement de la toxinologia moderna [63]. Tanmateix, va
fer falta un segle més per tal que Abbé Gasparo Ferdinando Felice
Fontana (1730 — 1805), primer director del Museu d’Historia Natural
de Florencia, portés a terme experiments amb el veri dels escurgons
europeus Vipera berus i Vipera aspis. El seu text, Traité sur le Vénin
de la Vipeére, publicat I’any 1781 és considerat una obra clau de la
toxinologia moderna [64].

Els verins representen, aixi, una série de reservoris inexplorats de
components bioactius que han estat seleccionats per la seva capacitat
de ser secretats, per la seva estabilitat, plasticitat funcional i la
capacitat d’establir interaccions amb les potencials dianes, i que
nomes en les Ultimes decades han estat estudiats, no només com a font
natural per a la generacié de productes farmacéutics, siné també per
tal d’entendre les bases moleculars de I’evolucio.

Aquesta recerca biomedica va donar lloc durant la década dels 70 a
I’aparicié del Captopril®, el primer farmac inhibidor de I’enzim
convertidor de I’angiotensina, prescrit per al tractament de la
hipertensid, obtingut a partir dels peptids potenciadors de la
bradiquinina trobats al veri de I’escurgO brasiler Bothrops jararaca
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[47] i que va suposar el premi Albert Lasker en recerca biomédica per
a David Cushman i Miguel Ondetti I’any 1999 [65].

Un altre exemple de I’obtencié d’un farmac derivat d’una toxina és
I’analgesic Zicotonida (Prialt®), un péptid bloquejant dels canals de
calci (derivat sintetic d’'una ® - conotoxina) provinent del veri del
cargol mari (Conus magus) aprovat el 2004 per la FDA (US Food and
Drug Administration) per al tractament del dolor cronic per a pacients
refractaris a la morfina. D’altra banda, els farmacs Eptifibatidae
(Integrilin®) i Tirofiban (Aggrastat®), farmacs derivats de
components dels verins de les serps Sistrurus miliarius i Echis
carinatus respectivament, sén actualment usats en el prevencio de la
sindrome coronaria aguda en tractar-se d’inhibidors de la integrina
aypPs 1, per tant, antiagregants plaquetaris.

Altres toxines estan actualment en una fase avancada dels seus estudis
clinics, estudis majoritariament centrats en els camps del dolor,
sistema vascular, infeccié o cancer [66—68]. Aixi, la clorotoxina TM-
601 és un péptid bloguejant dels canals de clor de 36 aminoacids de
longitud provinent del veri de I’escorpi Leiurus quinquestriatus que
podria resultar Gtil per al tractament i diagnostic de diferents tipus de
cancer com, per exemple, el glioma i que actualment ha superat la fase
Il dels estudis clinics. Per altra banda, les mambalgines, proteines
obtingudes del veri de la mamba negra (Dendroaspis polylepis
polylepis), mostren una potent funcid analgesica bloquejant els canals
ionics de deteccié d’acid involucrats en diferents rutes metaboliques
implicades en la sensacié del dolor [69]. Aquestes proteines, la funcid
analgesica de les quals pot ser tant efectiva com la morfina, suposen
noves propostes contra el tractament del dolor amb un enorme
potencial terapeutic.

Determinats components dels verins s’estan usant també amb finalitats
diagnostiques  [70]: determinades proteines amb  propietats
anticoagulants del veri de les serps Bothrops atrox, Echis carinatus,
Oxyuranus scutellatus i Daboia russelii sén usades per al diagnostic
de trastorns en la coagulacié aixi com per a fer el seguiment de
determinats tractaments amb terapies anticoagulants. Es I’exemple de
la botrocetina, una proteina amb una forta capacitat d’agregacid
plaquetaria trobada al veri de Bothrops atrox i usada per al diagnostic
de patologies vasculars d’origen genetic com per exemple la malaltia
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de von Willebrand. Degut a la seva insensibilitat a I’heparina,
Prefakit®Reptilase®Time, un assaig funcional que conté unes
quantitats estandaritzades de I’enzim proteolitic batroxobina (I’origen
del qual es troba al veri de Bothrops atrox), és recomanat per a
I’estudi de la darrera fase de la coagulacié sanguinia.

Logicament, la importancia médica de I’estudi dels verins també rau
en la producci6 dels antiverins. L’adequat tractament d’una
mossegada de serp (la incidéncia de les quals veurem amb més detall
al proper apartat) depén de la capacitat dels antiverins per revertir la
simptomatologia associada a un enverinament respecte la
coagulopaties, hemorragies o xoc hipotensiu. Els antiverins anomenats
de primera generacid, ja descrits fa més de 100 anys, provenien del
sérum no purificat d’animals hiperimmunitzats amb veri [71, 72]. Els
antiverins actuals consisteixen en immunoglobulines purificades, la
qual cosa ha reduit la incidéncia de reaccions adverses com, per
exemple, xocs anafilactics. Tanmateix, els protocols d’immunitzacio
no han canviat en aquests més 100 anys. Conseqlientment, els
antiverins presenten anticossos redundants contra molécules no
toxiques del veri i poca capacitat neutralitzadora contra petites
molecules altament toxiques pero molt poc immunogeniques. Aixo fa
necessaries elevades quantitats d’antiveri per a un tractament efectiu
amb el risc de les reaccions adverses ja comentades. D’altra banda, les
mescles d’immunitzacio usades actualment son especifiques de cada
pais o regio degut a la variabilitat interespecifica del veri i al fet que
diferents serps son responsables de la majoria dels accidents en
diferents paisos [73]. De la mateixa manera, les manifestacions
cliniques de la mossegada de serp d’una mateixa espéecie en diferents
arees geografiques son heterogénies, donant lloc a una variabilitat
intraespecifica del veri que s’observa també dels individus adults als
juvenils (variabilitat ontogenética). ElI bon coneixement de la
composicio del veri i dels seus perfils immunogenics, aixi com el
seguiment d’unes directrius per a la producci6, control i regulacié [74]
dels antiverins, seran fonamentals per a la seva millora pel que fa el
seu disseny i la seva eficacia [75].

Queda doncs clar, que I’aprofitament dels secrets ocults dels verins
passa per una caracteritzacié exhaustiva dels seus components.
Actualment, aquesta caracteritzacid s’esta duent a terme en diferents
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laboratoris d’arreu del mén mitjancant I’estudi tant del transcriptoma
com dels components finals existents al veri mitjancant técniques
protedmiques. Un exemple de la importancia d’aquest tipus de recerca
és la participacié de diferents entitats de 5 paisos europeus en el
projecte Venomics, que en el marc del FP7-HEALTH, es proposa la
identificacio de nous productes terapeutics en diferents organismes
verinosos, des d’insectes fins a organismes classicament considerats
Verinosos com serps, aranyes 0 escorpins, amb una estimacio
potencial de més de 40 milions de components bioactius
(principalment peptids i proteines), dels quals, actualment, se’n
coneixen només 3.000.

Enverinament i simptomes

L’enverinament per mossegada de serp representa una emergencia
medica que afecta especialment a les comunitats rurals de paisos en
desenvolupament a I’ Africa sub-Sahariana, Asia i América Llatina.

La seva incidéncia global, obtinguda mitjancant registres hospitalaris,
s’estima en 421.000 casos d’enverinament anuals amb, almenys,
20.000 morts a tot el mon [76]. Recentment, pero, I’Organitzacid
Mundial de la Salut (OMS) ha publicat un estudi [77] on fixa aquesta
taxa en 5 milions d’accidents que resulten en aproximadament 2,5
milions d’enverinaments i al voltant de 100.000 morts a tot el mon
(Figura 4). Tanmateix, la veritable incidéncia d’enverinament per
mossegada de serp a nivell mundial, el seu impacte i les
caracteristiques en les diferents regions, sén desconeguts degut a que
en moltes zones rurals les victimes no van a I’hospital i moren a casa
seva sense ser registrats. El nombre d’amputacions permanents i
d’incapacitats per les sequeles i infeccions secundaries podria
representar tres vegades més [78]. De fet, el nombre d’amputacions
només a Africa com a conseqiiéncia d’un accident per mossegada de
serp s’estima en 8.000 [79], amb la consequent discriminacid i
exclosio social de les victimes amb una deformitat o impediment fisic
permanent.

Per altra banda, pocs estudis han abordat les conseqglencies
economiques d’aquestes situacions [80], perd I’impacte economic i
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social contribueix significativament al cercle vicios que suposa el fet
que siguin precissament les zones més empobrides del planeta les que
pateixen de forma més important les consequiencies dels accidents per
mossegada de serp. De fet, la relacid entre pobressa i mortalitat per
mossegada de serp esta clarament demostrada, existint una correlacié
linial entre aquesta mortalitat i determinats marcadors socio-
economics com el Producte Interior Brut (PIB) del pais, la despesa
governamental en salut i el percentatge d’ocupacié en agricultura [81].
Tot i aix0, els accidents per mossegada de serp han rebut poca atencio
per part de les autoritats de salut publica i la inddstria farmacéutica,
fins al punt de poder categoritzar-la com a una de les malalties més
oblidades del segle XXI. Tant és aixi, que I’OMS va incorporar a
I’Abril del 2009 [82] els accidents per mossegada de serp en la llista
de condicions descuidades en el conjunt de les malaties tropicals
descuidades (NTDs de I’anglés Neglected Tropical Diseases)
juntament amb altres com per exemple el dengue o la malaltia de
Chagas [83]. Les NTDs representen un grup de problemes de salut que
comparteixen determinades caracteristiques distintives des del punt de
vista demografic, sociologic, epidemiolagic i social, que afecten a més
d’un bili6 de persones a tot el mon. Per tal de fer possible els objectius
del Milennium Development Goals de les Nacions Unides [84], s’han
dut a terme diverses estratéegies en el marc del pla global de lluita
contra les NTDs 2008 — 2015 [85], que inclouen, entre altres, la
terapia preventiva, el control dels vectors i la provisié d’aigua en
bones condicions. Aquestes estratégies han permés reduir en més d’un
99% la incidéncia de determinades malaties infeccioses com per
exemple la dracunculiasis. Tanmateix, els accidents per mossegada de
serp han estat exclosos d’aquests esforcos de les autoritats sanitaries i
empreses farmaceutiques, probablement pel seu origen no infeccios.
Aquesta interpretacio resulta errada si considerem els trets principals
que comparteixen les conegudes com a “classiques” NTDs i els
accidents per mossegada de serp [86]. Amb la finalitat d’establir un
marc global de col-laboracié entre cientifics, empreses productores
d’antiverins, diferents organitzacions civils, I’OMS i les autoritats
publiques sanitaries, la Global Snakebite Organization [87] pretén
millorar el coneixement i la prevencio dels accidents per mossegada
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de serp, aixi com I’accés d’uns antiverins eficients a les comunitats
més pobres del planeta [88].

A I’estat espanyol els accidents per mossegada de serp constitueixen
un quadre poc freqliient amb una incidencia d’aproximadament 100
accidents anuals amb una mortalitat anual d’entre 3 i 7 individus [89,
90]. A nivell europeu, una recent publicaci6 [91], consequiéncia d’una
recerca exhaustiva de la literatura existent entre els anys 1970 i 2010
tant en revistes indexades com no indexades, conclou que no existeix
variacio entre la incidencia de mossegada de serp entre el nord i el sud
d’Europa, que es situa en aproximadament 8.000 accidents anuals amb
aproximadament 4 morts a I’any.

-

B 1.2 million bites
5\ 180,000 sequelae
N

i el ’
300,000 bites \
12,000 sequelae 1 million bites
60,000 sequelae

Global annual totals:
2.5 million bites
¢ 250,000 sequelae

Figura 4. Incidéncia mundial dels accident per mossegada de serp. Estimacio
regional i global de la incidencia i mortalitat de la mossegada de serp. (Imatge
obtinguda de [92])

Pel que fa els simptomes, les victimes per mossegada de serp de la
familia Viperidae pateixen danys del teixit local caracteritzats per
dermomionecrosi, formacié de butllofes, edema i hemorragia local. En
casos severs, les afectacions a nivell sistemic impliquen
defibrin(ogen)acié, trombocitopénia, hipoagregacié plaguetaria,
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sagnat distant del lloc de la mossegada, coagulacié intravascular
disseminada, xoc cardiovascular i fallada aguda renal [93] .

Transcriptomicai proteomica

Les anomenades tecniques “Omiques” han revolucionat la recerca
biologica. Les millores tant en la metodologia com en la tecnologia,
han ampliat el rang dels estudis biologics des de simples analisis
bioquimiques que implicaven unes pogues molécules o uns pocs gens
a la vegada, a un estudi sistematic de genomes, transcriptomes i
proteomes, permetent una visié molt més global de I’organisme.

Per explorar els components del veri, diversos laboratoris han dut a
terme I’analisi proteomic i transcriptomic del veri i de les glandules
productores respectivament. De forma individual o combinada, la
protedmica i la transcriptomica han demostrat la seva fiabilitat per
explorar en profunditat la composicié dels verins. Un recull recent de
les dades proteomiques i transcriptomiques actualment disponibles en
més de 116 espécies diferents de serps podem trobar-lo a [94].

Aixi, I’Gs de dades proteomiques per estudiar els sis possibles marcs
de lectura de les traduccions de dades transcriptomiques, en el que
hem anomenat “proteotranscriptomica” [95] per contraposiciéo amb el
terme “proteogenomica” [96], apareix com una combinacid
d’ambdues metodologies que ens permet estudiar la relacio entre el
proteoma i el transcriptoma per tal d’analitzar més profundament la
complexitat del veri, en una evolucié des del coneixement de la
composicio proteica del veri, a la consideracié de fenomens biologics
(evolutius i geografics entre d’altres) en el que s’ha anomenat
venomica de segona generacié (de I’anglés, Next-Generation Snake
Venomics).

Transcriptomica
Els organismes han de canviar la seva expressio genica d’acord a les
condicions ambientals o en funci6 del seu creixement i

desenvolupament. El transcriptoma, és a dir, el conjunt de totes les
molécules d’RNA de la cel-lula, apareix com a un component dinamic

39



Introduccié

de la cél-lula, en contraposicié al genoma, més estatic. El seu estudi
esdevé, aixi, un mecanisme general de caracteritzacio, no nomes de
I’expressio cel-lular sind de I’estructura i regulacié génica, que pot
revelar molt sobre la dinamica dels processos cel-lulars actius en
determinades malalties.

La manera d’abordar aquesta caracteritzacié del transcriptoma ha estat
llargament condicionada per I’existencia o no d’un genoma de
referencia i, tal i com veurem més endavant, ha estat lligada a
I’evolucid de la tecnologia de sequienciacio del DNA (Figura 5). En el
cas d’organismes amb una sequéncia genomica coneguda, la
hibridacié de seqliencies de DNA immobilitzades en xips de DNA (de
I’anglés DNA microarrays) amb seqiiéncies de cDNA marcades amb
fluorescencia, ha permés I’analisi de I’expressié génica de milers de
gens en un unic experiment al llarg de més de 15 anys. L s de Xips de
DNA per a la caracteritzacio de I’expressid genica va ser descrit per
primera vegada I’any 1995 [97], i dos anys més tard va permetre
I’analisi d’un genoma eucariota sencer [98]. Tanmateix, aquest tipus
de tecnologia té determinades limitacions (Taula 2) com sén la
necessitat del coneixement de les seqliencies genomiques per al
disseny de les sondes, un elevat soroll de fons degut a la hibridacié
creuada i un baix rang dinamic de deteccié degut a aquest soroll de
fons i a la saturacié del senyal.

L’estudi transcriptomic de les glandules del veri de les serps ha
confiat per contra, des dels treballs pioners de Ho i col-laboradors
I’any 1995 [100], en la sequenciacié Sanger de clons seleccionats
aleatoriament d’una llibreria de cDNA construida per transcripcié
reversa de les molecules d’RNA expressades al veri [101].
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Figura 5. Evolucid de la sequenciacié de DNA. Principals fites en la manipulacid
del DNA des del seu descobriment fins a la seva seqiienciacié de forma massiva.
(Imatge cedida per Valerio Costa des de [99])

En una estratégia orientada a la caracteritzaci6 ‘de novo’ del
transcriptoma, les seqliencies parcials de cDNA derivades de gens
expressats, també anomenades EST (de I’anglés Expressed Sequence
Tags), s’agrupaven en conjunts de seqiencies solapants més llargues
anomenades contigs les quals podien arribar a cobrir la molécula
original d’RNA en tota la seva extensid, obtenint aixi una
caracteritzaci6 no només qualitativa sind també quantitativa de
I’expressid genica, ja que el nombre d’EST agrupats en contigs resulta
proporcional a la seva expressi6 [101]. Multiples estudis
transcriptomics de les glandules del veri de serp s’han dut a terme amb
aquest tipus de tecnologia de baix rendiment [102-111]. Les
limitacions d’aquest tipus de tecnica responen a possibles desviacions
introduides pel procés de clonaci6 en bactéries i I’esfor¢ en termes de
cost i ma d’obra necessaria per construir una extensa col-lecciéo d’EST
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(Taula 2). A més, I’estudi de I’expressié genica amb aquest tipus de
tecnologia queda restringida a aquelles molécules més expressades,
perdent la informacié que ofereixen aquells transcrits menys
expressats que podrien aportar una informacié molt valuosa respecte
als métodes usats per les cél-lules de les glandules per produir
I’arsenal quimic o per regular la seva expressio.

L’ arribada de les tecnologies de Sequenciacid6 de Nova Generacié
(NGS, de I’anglés Next Generation Sequencing ) ha canviat la forma
d’abordar estudis moleculars, recordant, en paraules de Michael
Metzker, els inicis de la PCR, on “I’Gnica limitacio al seu Us és la
imaginacié” [112]. La gran quantitat de dades produides en aquest
tipus de projectes ha fet canviar la concepcidé de la biologia i de la
recerca, des d’una investigacio guiada per una determinada hipotesi, a
una investigacio dirigida per la tecnologia, tal i com ja va avancar F.J
Dyson I’any 1999 [113]. En aquest sentit, en paraules de S. Brenner,
estariem parlant de “cacadors” en el primer cas i de “recol-lectors” en
el segon [114]. Tal i com veurem més endavant, I’estudi del
transcriptoma s’ha beneficiat d’aquestes tecnologies d’alt rendiment
donant lloc al que s’ha conegut com a RNA-Seq (Sequenciacio
d’RNA) [99, 115, 116] o Seqlenciacié Shotgun del Transcriptoma
Total (WTSS, de I’angles Whole Transcriptome Shotgun Sequencing).
L’Us de les tecniques NGS ha donat lloc a conclusions sorprenents,
arribant al punt de questionar el concepte de gen tal i com era conegut
al segle XX [117], sobretot arran de les conclusions del projecte
ENCODE (ENCyclopedia Of DNA Elements) [118] i fins al punt
d’afirmar, en paraules d’un investigador del projecte, que la unitat
fonamental del genoma i la unitat basica d’heréncia hauria de ser el
transcrit i no el gen. Aquest projecte public del National Human
Genome Research Institute (NHGRI), va comencar I’any 2003 com a
logica evolucid del desxiframent del genoma huma I’any 2000. Les
seves més recents conclusions han atorgat una funcié bioquimica al
80% del genoma huma, desterrant I’antic concepte de DNA
“escombraries” [119]. Aquestes conclusions, tanmateix, no han estat
exemptes de critica per la definicié de “funci6o” per part del Consorci i
pel tractament estadistic del conjunt de les 1.640 dades recollides
[120].
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Sigui com sigui, la majoria d’aquest RNA no codificant esta
involucrat en la regulacio de I’expressio génica. Dins de tots els
elements reguladors, els microRNA (miRNA) apareixen com a
elements d’importancia creixent en la regulacié post-transcripcional.
Aquests fragments curts (21 - 25 nucleotids de longitud), de cadena
senzilla d’RNA descrits per primera vegada per Lee i col-laboradors
[121], actuen com a reguladors negatius de I’expressié genica en
organismes eucariotes [122] en un complex silenciador que s’uneix
per aparellament de bases tipus Watson-Crick principalment a les
regions 3’ no traduides (3’-UTR) del transcrit. Tal i com veurem més
endavant, I’existéncia de determinats miRNA podria estar lligada a
I’expressié temporal de determinades toxines. Aixi, la variabilitat
ontogenetica observada en el proteoma de determinades espéecies de
serps ([123, 124]) podria respondre a una regulacié negativa post-
transcripcional mediada per miRNAs.

Xips DNA Seqlenciacio RNA-Seq
EST
Principi Hibridacio Sanger Sequenciacio
massiva
Rendiment Alt Baix Alt
Sequéncia de Necessaria No necessaria No necessaria
referéncia
Soroll de fons Alt Baix Baix
Deteccié Limitada Si Si
isoformes
Quantitat RNA Alta Alta Baixa
Cost Alt Alt Baix

Taula 2. Caracteristiques dels principals metodes d’analisi del transcriptoma.
(Taula adaptada de [115])

Proteomica
Diferents aproximacions proteomiques s’han desenvolupat per a
I’analisi de mostres complexes com els verins. Algunes d’elles han

estat aplicades amb exit per tal d’entendre els efectes patologics
causats pel veri de les serps [125, 126], incloent, entre altres, I’Gs de
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I’electroforesi en gel de poliacrilamida, la separacié cromatografica i
I’espectrometria de masses. Es evident que cap d’aquestes técniques
de forma individual és capac de cobrir tots els components proteics /
peptidics d’una mostra, cadascuna d’elles amb els seus particulars
punts forts i punts débils. Tanmateix, en els dltims anys, els protocols
desenvolupats al nostre laboratori, coneguts com a ‘“venomics”
(Figura 6) [127] i *antivenomics” [128, 129], s’han demostrat
adequats per a la caracteritzacio, tant dels verins de les serps com de la
seva neutralitzaci6 per part del antiverins, respectivament. Aixi,
I’acoblament de determinats protocols de preparacié de mostres amb
I’espectrometria de masses ha permés obtindre una aproximacid
qualitativa i quantitativa de la composicié del veri. De la mateixa
manera, els assajos funcionals de neutralitzacié duts a terme
mitjancant I’antivenomica, han permés I’estudi preclinic de I’eficacia
dels antiverins i de la seva possible reactivitat creuada.
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Snake Venomics ¢ L g
Workflow U = I
e 72\ ) U ReHPCC, )
]
v v
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Figura 6. Representacié esquematica de I’estratégia analitica “venomics”
(Imatge obtinguda de [8])
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A tall il-lustratiu, el proteoma de nombroses serps ha estat
caracteritzat seqguint aquest tipus de protocols (revisio a [8, 94]).

La relacio existent entre les toxines trobades al veri (el proteoma) i els
transcrits codificants d’aquestes (el transcriptoma) en el que
anteriorment hem anomenat “proteotranscriptomica”, sera un punt
important de discussio del nostre treball.

Sequenciacio de Nova Generacio (NGS)

La técnica de sequenciacié del DNA ha evolucionat de forma molt
rapida en els ultims anys (Figura 7). EI metode descrit per Fred Sanger
[130] I’any 1977 basat en I’Gs de dideoxinucleotids terminals ha estat
durant més de 25 anys el métode de sequenciacié de DNA dominant i
va ser la tecnica usada per a la sequenciacié del genoma huma [131]
en el que es va anomenar metode de seqlienciacié de “primera
generaci6”. Al llarg d’aquests 25 anys s’han produit successives
millores i automatitzacions en el métode descrit per Fred Sanger, des
de I’eliminacio dels nucleotids marcats radioactivament per nucledtids
marcats amb un fluorofor (1987) fins a I’Us de I’electroforesi capil-lar
enlloc del gel de poliacrilamida (1999), donant lloc a una capacitat de
sequenciacié d’aproximadament 3 Mbases per dia amb lectures de 900
nucleotids de longitud i 384 mostres en paral-lel.

En els dltims deu anys, pero, I’escenari ha canviat radicalment gracies
a la introduccié de les anomenades tecniques NGS [132-134]. El
rendiment produit amb aquest tipus de tecnologies ha fet que sovint
siguin anomenades tecnologies de seqiienciacié massiva en paral-lel,
on les milions de reaccions de sequenciacié simultanies estan
separades espacialment.

Les diferents tecniques NGS comparteixen una estratégia comi com
és la preparaci6 de la llibreria, el procés de seqiienciacio propiament
dit, la captaci6 de la imatge i I’analisi de les dades. Tal i com podem
veure a la Taula 3, la combinaci6 Unica de diferents estratégies en
alguna d’aquestes fases distingeix un tipus de tecnologia de I’altra, i
determina el tipus de dades produides per cadascuna de les diferents
plataformes.

45



Introduccié

Aixi, la preparacio de la llibreria implica la immobilitzacio dels
fragments del DNA sobre una determinada superficie, cosa que
permetra la paral-lelitzacio del procés en milers de milions de
reaccions de sequenciacio. Diferents estrategies d’immobilitzacio han
donat lloc als metodes de “segona generaci6” (aquells en els quals té
Iloc una amplificacio clonal del fragment de DNA), i als metodes de
“tercera generaci6” (o de molécula Unica). En el primer cas, dos
meétodes son els més ampliament usats per la majoria de plataformes
de sequenciacio: la PCR en emulsié (emPCR) i I’amplificaci6 en fase
solida.

Pel que fa el métode de sequenciacio usat, les diferents plataformes es
poden classificar segons fagin Us de I’estratégia CRT (de I’anglés
Cyclic reversible termination), piroseqiienciacié, SBL (de I’angles
Sequencing by ligation), temps real (de I’angles Real Time) i
monitoritzacié del canvi de pH. Una descripci6 de cadascuna
d’aquestes estrategies podem trobar-la a [112]. La metodologia de
seqlienciacid usada en les dues primeres estratégies ha donat lloc al
que s’ha anomenat seqlenciacié per sintesi (SBS, de I’anglés
Sequencing By Synthesis), on la seqliencia és llegida a mesura que la
polimerasa incorpora cada base de forma individual.

Plataforma Prep. Llibreria Quimica NGS
454 Roche emPCR Piroseqienciacio
Illumina Fase solida CRT
SOLID emPCR SBL
PacBio Molecula Unica Real —time
lon PGM emPCR Canvi pH

Taula 3. Caracteristiques de les principals plataformes de seqlenciacio.
Combinacié de caracteristiques pel que fa a preparaci6 de la llibreria i quimica de
sequenciacié en diferents plataformes NGS.
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Figura 7. Evolucio de les técniques de sequienciacié. Rendiment (Kbases/dia)
obtingut amb els metodes de seqlienciacié basats en gel de poliacrilamida, en
electroforesi capil-lar i en la seqlienciacié massiva en paral-lel. (Imatge obtinguda de
[135])

Comparades amb la tecnologia desenvolupada per Sanger, les
tecniqgues NGS han suposat una série d’avantatges com son: i) la
construccio de la llibreria in vitro seguida de I’amplificacid clonal ha
eliminat el coll d’ampolla que suposa la transformacié en Escherichia
coli i el creixement de les colonies, ii) les técniques NGS permeten
una elevada paral-lelitzacid del procés i iii) disminuci6 dels volums de
reaccié amb la conseqiient disminucié del cost de sequienciacio.

De la mateixa manera, I’evolucié de les diferents plataformes existents
ha portat a una millora pel que fa la longitud total de la lectura
obtinguda i al rendiment total del procés (mesurat com el nombre total
de bases sequienciades), donant lloc a lectures cada cop més llargues i
un rendiment cada cop més elevat (Figura 8).
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Developments in High Throughput Sequencing
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Figura 8. Evolucié de les diferents plataformes NGS. Evolucio pel que fa
longitud de la lectura i rendiment total del procés de les diferents plataformes de
seqlienciacié existents al mercat. (Imatge obtinguda sota llicéncia Creative
Commons sense restriccio d’(s)

Tant és aixi, que recentment Illumina ha anunciat el seu sequtienciador
HiSeq X [136], amb una capacitat de sequenciacidé de 1.8 Thases en
menys de 3 dies, cosa que ha estat anunciada com el trencament de la
‘barrera’ de la genomica humana, aconseguint el tant esperat genoma
huma a un cost inferior a 1.000 dolars. Com a consequencia d’aixo, el
cost de sequenciacio esta disminuint a un ritme molt més rapid que el
que podriem esperar segons la Llei de Moore, llei de la tecnologia de
la informaci6 segons la qual la capacitat dels microprocessadors es
dobla cada any i mig amb la consequient baixada de preus (Figura 9).

El gran volum de dades produit per totes aquestes plataformes esta
fent que el coll d’ampolla estigui actualment en I’emmagatzematge,
manipulacio i interpretacié d’aquestes dades. En aquest punt la
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bioinformatica esta emergint com una disciplina imprescindible per al
treball diagnostic i de recerca en I’Us d’aquest tipus de tecnologia. Les
plataformes de seqlienciacié actuals estan donant lloc a una gran
quantitat de dades en formats diferents i amb determinats tipus d’error
especifics. D’aquesta forma, la implementaci6 d’estratégies de
processament de dades individualitzades combinades amb nous
meétodes computacionals estandaritzats i una gran capacitat de calcul
sembla ser I’Gnica manera de poder abordar la identificacid, analisi i
visualitzaci6 d’aquesta enorme quantitat de dades biologiques.

Cost per Raw Megabase of DNA Sequence

Moore's Law

NI H National Human Genome
Research Institute

genome.govisequencingcosts

=

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014

Figura 9. Cost en dolars per Mbase sequienciada. Les despeses considerades a la
grafica corresponen a: i) Reactius i manipulacid, ii) Equips de seqlienciacio, iii)
Activitat informatica relacionada, iv) Construccio de la llibreria, v) Enviament de
dades a bases de dases publiques, vi) Despeses indirectes relacionades. (Imatge
obtinguda de [137])
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Plataformes actuals

A la Taula 4 trobem la comparativa pel que fa a rendiment, longitud
de lectura i temps de les principals plataformes de sequenciacio
descrites en el present treball. Tal i com podem veure, diferents
empreses han diversificat la seva oferta de seqlenciadors oferint més
capacitat de seqlienciacié o més velocitat del procés total. D’aquesta
manera, Roche 454 ofereix els aparells 454 GS FLX i 454 GS Junior
com a versié de menor temps i menor rendiment, perdo més apropiada
pel diagnostic rapid de determinades mutacions causants d’una
patologia. Una estrategia similar ha adoptat Illumina amb els seus
sequenciadors HiSeq o MiSeq.

Instrument Longitud lectura Rendiment Lectures Temps
(nucledtids) (Gb)

454 GS FLX 700 0.7 M 24 h
454 GS Junior 700 0.07 100000 12 h
lllumina MiSeq 300 15 25M 5-65h

lllumina HiSeq 2000/2500 RR 125 1000 4G 11 dies
lllumina NextSeq 500 150 120 400M <30h
lllumina HiSeq X 150 1800 3G < 3 dies
SOLID 75 320 3G setrlnaznes
PacBio RS 8500 45 44000 30min-2h
lonTorrent PGM 400 2 5M 2h
lonTorrent Proton 200 10 50M 2-4h

Taula 4. Comparativa de les principals plataformes de seqlienciaci6. Les
principals plataformes de seqtienciacié son comparades en longitud de lectura dels
nucledtids resultants, rendiment total del procés expressat en Ghases seqlienciades,
nombre total de lectures obtingudes i temps total del procés de seqlenciacio. M,
milions de lectures; G, milers de milions de lectures.

Fora de I’abast del present treball esta la descripcié de totes les
plataformes de seqlienciacié existents. La tecnologia NGS esta
avancant a un ritme molt rapid, com ho demostra el fet que al llarg de
2014, a la ja comentada introducci6 al mercat de la plataforma HiSeq
X se li ha d’afegir la comercialitzacié del dispositiu USB MinlON
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d’Oxford Nanopore. De forma similar, altres metodes de sequienciacio
han experimentat canvis recents com per exemple I’adquisicio de
I’empresa Complete Genomics (la metodologia de seqlienciacio de la
qual implica la deteccio fluorescent provinent de la seqgiienciacio de
nanoboles de DNA) per I’Institut Xinés de Genomica (BGI, de
I’anglés, Beijing Genomic Institute) o la fallida econdmica d’Helicos
Biosciences, I’estratégia de seqiienciacio de la qual implicava SBS de
molécula Unica de DNA.

454 (Roche)

Aquesta plataforma de seqiienciacio, va ser la primera introduida
comercialment I’any 2004 i amb la que es va sequenciar el primer
genoma usant tecniques NGS [138]. El seu metode de seqlienciacié fa
Us de la pirosequienciacid, on es detecta el pirofosfat alliberat durant la
incorporacid nucleotidica mitjancant una reaccidé luminiscent [139].
Aixi, durant el procés de sequlienciacio, fragments tnics de cDNA sén
units a una Unica perla per a I’lamplificacio clonal del fragment un una
PCR en emulsi6. Aquest procés va ser definit com “Un fragment, una
perla, una lectura” (de I’anglés, “One fragment, one bead, one read™).
D’aquesta manera, una vegada incorporat el nucleotid corresponent
per complementarietat de bases, s’allibera un pirofosfat que donara
lloc a una molécula d’ATP que sera usat per un enzim per a la
produccio6 de llum de forma proporcional a la quantitat de pirofosfats
alliberats (Figura 10).

Les diferents evolucions del sistema han permés arribar a la
plataforma a una longitud de lectura de 700 bases amb un rendiment
total de 0,7 Gbases per procés de seqiienciacio.

Donada I’elevada longitud de les seves lectures, 454 ha estat des dels
seus inicis un molt bon sistema per a la sequenciacié ‘de novo’, i és
per aixd0 que va ser el sistema de seqlenciacid triat en el nostre
laboratori per a la seqiienciacid dels 8 transcriptomes caracteritzats.

El seu elevat preu per base sequenciada aixi com [|’aposta de la
companyia pels métodes de sequienciacio de lectura Unica, ha fet que
aquest tipus de plataforma no tingui suport més enlla de 2016.
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Figura 10. Estrategia seguida per Roche 454. En aquesta estrategia 4 fases
principals donaran lloc a “Un fragment, una perla, una lectura”: la generaci6 de la
cadena senzilla de DNA anira seguida de I’amplificacié en la PCR en emulsio, la
generacio de dades per SBS i I’analisi d’aquestes dades. (Imatge obtinguda de [140])

SOLID (Life Technologies)

Sequencing by Oligo Ligation Detection (SOLID) és un metode de
sequenciacié desenvolupat per Applied Biosystems (ara Life
Technologies), comercialment disponible des de I’any 2006. El seu
meétode de sequenciacid adopta I’anomenada tecnologia SBL, un
metode que usa la sensibilitat d’una DNA ligasa per identificar el
nucleotid present en una determinada posicié d’una seqliéncia de
DNA. Durant la construccié de la llibreria, aquesta seqiiencia de DNA
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és flanquejada per, com a minim, un extrem de sequéncia coneguda, i
sera amplificada en una emPCR. Aixi, la reacci6 de sequenciacid
consta de successius cicles de ligacio, deteccid i trencament entre la
molécula de DNA i diferents sondes marcades amb fluorofors, on
cada color representa un parell de bases, en el que es va anomenar
codificacio de 2 bases o color space.

Les continues evolucions del sistema (5 des de 2007 a 2010) han
donat lloc a la versio 5500XL W, amb un rendiment de 320 Gbases
per procés de sequenciacio.

Life Technologies és també la propietaria d’una altra plataforma de
seqlienciacié com és lon Torrent, sobre la qual Life Technologies
sembla haver concentrat tots els seus esforcos. Aixo, juntament amb la
manca de desenvolupament del color space per part de la comunitat
cientifica ha fet que la plataforma SOLID estigui actualment en
retrocés respecte a les seves competidores.

lllumina

Sense cap mena de dubte, Illumina és I’empresa dominant actualment
en el mdn de la seqlienciacié. Inicialment desenvolupat per Solexa, el
sequenciador Genome Analyzer (GA) adopta la tecnologia de
Terminaci6 Ciclica Reversible (CRT) per a seqiienciar una llibreria de
DNA construida seguint el protocol d’amplificacié clonal en fase
solida, una estratégia ja presentada I’any 1998 per Pascal Mayer i
col-laboradors al 5é congrés d’Automatitzacié en el Mapeig i
Sequenciacio de DNA [141]. Aixi, tal i com podem veure a la Figura
11, les molécules de DNA i els adaptadors son fixats en una superficie
(la cel-la de fluxe, de I’anglés flow cell) i amplificades mitjancant una
DNA polimerasa per donar lloc a colonies de DNA separades
(clusters), cadascuna d’elles amb aproximadament 1.000 amplicons
idéntics. Diversos milions de clusters poden ser amplificats a
cadascun dels 8 carrils que existeixen en una Unica cel-la de fluxe.
Posteriorment, la sequenciacié tindra lloc per repetits cicles
d’incorporacié d’un Unic nucleotid marcat amb un fluorofor,
adquisicio de la imatge i trencament del grup bloquejant a 3’ del
nucledtid i de I’etiqueta fluorescent per permetre un nou cicle
d’amplificacio.
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Figura 11. Estrategia SBS seguida per lllumina. Els clusters es creen per
amplifiacio clonal de cadenes de DNA unides a una superficie solida. L’addici6 de
DNA polimerasa i nucleotids modificats permetra el procés de seqlienciacio.
(Imatge obtinguda de [133])

El seqiienciador GA de Solexa tenia un rendiment inicial d’una Gbase
per procés de seqlenciacid. Mitjancant millores en la polimerasa,
tampons de reaccid, la cel-la de fluxe i el software, I’any 2009 el seu
rendiment va augmentar fins a 20 Gbases per procés de sequenciacié a
I’agost, fins a 30 Gbases a I’octubre i fins a 50 Gbases al desembre
d’aquell mateix any. A principis de 2010 Illumina va comercialitzar el
seqlienciador HiSeq 2000, amb la mateixa estratégia de sequenciacio
que el GA, i amb un rendiment de 200 Gbases per procés de
seqlienciacio, millorat fins als actuals 1000 Gbases.
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Comparat amb els seus competidors, Illlumina ofereix la sequienciacio
més barata, amb un cost d’aproximadament 0.05 dolars per mili6 de
bases.

lon Torrent (Life Tecnologies)

La tecnologia desenvolupada per lon Torrent en els seus
seqiienciadors lon Torrent Personal Machine (PGM) i lon Proton ha
donat lloc als primers sequenciadors que no necessiten fluorescéncia
ni camera CCD, cosa que s’ha traduit en una velocitat de seqiienciacio
més elevada, un cost més baix i una mida més reduida.
Desenvolupada per Jonathan M. Rothberg, un dels fundadors de
I’empresa 454 Life Sciences, la seva tecnologia de sequenciacio fa Us
de la seqlienciacio per sintesi sobre una llibreria de DNA construida
en una emPCR [142]. A diferéncia de la resta de métodes I’lon
Torrent detecta I’atom d’H" alliberat en el procés d’incorporacié d’un
nucleotid mitjancant un sensor de pH, cosa que dona lloc a un pols
electric que sera traduit en la sequéncia de DNA, evitant aixi I’Us de
qualsevol sistema optic. L’existéncia d’un Xip semiconductor on té
lloc la construccid de la llibreria i la reaccio de seqlienciacié ha fet
gue sovint la tecnologia es conegui com a sequenciacié lon
semiconductora.

D’entre les fites més importants d’aquest tipus de sequenciador
destaca la detecci6 del gen codificant d’una toxina a la soca 0104:H4
d’Escherichia coli, que va causar 50 morts a principis de maig de
2011 [143].

Amb el seu sequienciador lon Proton, Life Technologies espera poder
arribar a finals de 2014 a les 32 Gbases per procés de sequenciacio
amb una longitud mitjana de lectura de 100 nucleatids.

Pacific Biosciences

Pacific Biosciences és una companyia fundada I’any 2004 que ha
desenvolupat una plataforma, el principi de seqiienciacio de la qual es
defineix com a seqlienciacié en temps real d’una molecula Unica
(SMRT, de I’angles Single Molecule Real Time Sequencing) en el que
s’ha anomenat metode de “tercera generaci6”. Aixi, la nova versio del
seu sequenciador, comercialitzat I’octubre de 2013 anomenat Pac Bio
RS II, ha donat lloc a lectures amb una longitd mitjana de 8,500
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nucleotids amb un maxim de 30,000 nucleotids en una Unica lectura.
Les prediccions de I’empresa s6n aconseguir una longitud mitjana de
lectura de 20,000 nucleotids I’any 2015.

NGS i transcriptomica

La sequenciacié d’RNA o RNA-Seq ha esdevingut en poc temps una
practica estandard per a la recerca en el camp de la transcriptomica,
beneficiada també pel continu descens del cost per base seqiienciada
juntament amb la millora de rendiment i la reducci6 de temps de
seqlienciacio, tal i com hem vist anteriorment. Aquest tipus
d’aproximacio ha estat la técnica usada en la recerca de determinats
patrons d’expressio tant en organismes model com en organismes no
model, i ha proveit informacié sorprenent sobre la regulacio
transcripcional i post-transcripcional, revelant uns transcriptomes molt
més complexos del que es podia anticipar. Aixi, I’Us de la tecnologia
NGS ha permés I’estudi de RNAs petits no codificants la mida dels
quals suposava una limitacié per a ser capturats degut a la limitada
resolucié dels xips de DNA. El present treball, tal i com sera discutit
més endavant, pretén determinar si I’expressio genica al veri esta
controlada de manera transcripcional o si I’existéncia de determinats
factors entre els quals podrien trobar-se aquest tipus d’RNA no
codificants, esta donant lloc a una regulacio post-transcripcional.

De la mateixa manera, la tecnologia NGS ha permés la sequenciacio i
la caracteritzacié a maxima resolucid i rang dinamic del transcriptoma
de mdltiples organismes com [I’ésser huma (amb finalitats, inclus
diagnostiques), el ratoli, el llevat, la mosca de la fruita, diferents
plantes i organismes procariotes, fins al punt de poder ser aplicada a
mostres més complexes amb I’existéncia de multiples organismes en
el que s’ha anomenat metatranscriptomica [144].

El primer Us de les tecniques NGS per a I’estudi del transcriptoma va
ser dut a terme per M. N. Bainbridge I’any 2006 [135], i la seva
primera aplicacié en organismes sense informacié genomica data d’un
parell d’anys després [145]. Pel que fa I’estudi del transcriptoma de
membres del subordre Serpentes, la primera aplicacio de la tecnologia
NGS data de I’any 2010, on el transcriptoma de I’espécie Thamnophis
elegans (familia Colubridae) va ser seqiienciat amb 454 GS-FLX
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[146]. Posteriorment, i en especial al llarg de 2013, s’ha abordat
I’estudi del transcriptoma de moltes especies de serp amb tecnologia
NGS (veure Discussio). El nostre treball, representa la meitat de les
especies de serp estudiades mitjancant NGS, tecnologia que ha servit
per aprofundir en el coneixement de [I’expressi6 génica de
determinades especies que poden ajudar a revelar adaptacions i
processos biologics que governen la composicié del veri. A més,
I’analisi del transcriptoma esta proporcionant I’esquelet adequat sobre
el qual investigar més profundament el proteoma, la composicio final
del veri.
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Objectius

El treball desenvolupat durant la present tesi doctoral pretén aportar
més evidencies, no només en la caracteritzacio de la variabilitat
interespecifica observada en la composicié del veri dels crotals sud-
americans Crotalus simus, Atropoides picadoi, Atropoides mexicanus,
Bothriechis lateralis, Bothriechis schlegelii, Cerrophidion sasai
(abans Cerrophidion godmani) i Bothrops asper, sind també intentar
explicar els fenomens biologics responsables de la variabilitat
intraespecifica observada en determinades especies de serps tant a
nivell geografic com ontogenétic. En aquest sentit, la feina
desenvolupada durant la present tesi doctoral ha intentat estudiar de
forma conjunta les dades transcriptomiques i les dades protedmiques
per a organismes sense informacié genomica previa, en el que hem
volgut anomenar “proteotranscriptomica”, per tal d’esbrinar si
I’esmentada variabilitat podria respondre a una divergencia genomica
o0, per altra banda, determinats elements reguladors com els miRNA
podrien jugar un paper clau en la diversitat de fenotips observats.

Amb aix0 es pretén avancar en el coneixement dels mecanismes de
regulacié que fan possible aquesta variabilitat, la comprensio dels
quals podrien obrir un nou cami en el tractament de les patologies
associades en els accidents per mossegada de serp i a I’avaluacié de
les terapies aplicades.

Per abordar aquests objectius, el desenvolupament de la tesi doctoral
va necessitar de I’estudi de les relacions filogenétiques dels membres
del subordre Serpentes aixi com del coneixement de les families de
proteines existents als verins i de les tecniques de sequenciacio
massiva de DNA, coneixements que intentaran ser explicats en els
diferents apartats de la manera mes entenedora possible. Els nostres
resultats van possibilitar proposar potencials mecanismes de regulacio
post-transcripcional que podrien jugar un paper fins ara no descrit en
la regulaci6 de I’expressio de les toxines i van ajudar a la
caracteritzacid ‘de novo’ de determinades proteines del veri no
descrites anteriorment.
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Abstract

Background: A long term research goal of venomics, of applied importance for improving current antivenom
therapy, but also for drug discovery, is to understand the pharmacological potential of venoms. Individually or
combined, proteomic and transcriptomic studies have demonstrated their feasibility to explore in depth the
molecular diversity of venoms. In the absence of genome sequence, transcriptomes represent also valuable
searchable databases for proteomic projects.

Results: The venom gland transcriptomes of 8 Costa Rican taxa from 5 genera (Crotalus, Bothrops, Atropoides,
Cerrophidion, and Bothriechis) of pitvipers were investigated using high-throughput 454 pyrosequencing. 100,394
out of 330,010 masked reads produced significant hits in the available databases. 5.165,220 nucleotides (8.27%)
were masked by RepeatMasker, the vast majority of which corresponding to class | {retroelements) and class I
{DNA transposons) mobile elernents, BLAST hits included 79,991 matches to entries of the taxonomic suborder
Serpentes, of which 62,433 displayed similarity to documented venom proteins. Strong discrepancies between the
transcriptome-computed and the proteome-gathered toxin compositions were obvious at first sight. Although the
reasons underlaying this discrepancy are elusive, since no clear trend within or between species is apparent, the
data indicate that individual mRNA species may be translationally controlled in a species-dependent manner. The
minimum numkber of genes from each toxin family transcribed into the venom gland transcriptome of each
species was calculated from multiple alignments of reads matched to a full-length reference sequence of each
toxin family. Reads encoding ORF regions of Kazal-type inhibitor-like proteins were uniquely found in Bothriechis
schiegelii and B. lateralis transcriptomes, suggesting a genus-specific recruitment event during the early-Middle
Miocene. A transcriptome-based cladogram supports the large divergence between A mexicanus and A. picadoi,
and a closer kinship between A mexicanus and C godmani,

Conclusions: Our comparative next-generation sequencing (NGS) analysis reveals taxon specific trends governing
the formulation of the venom arsenal. Knowledge of the venom proteome provides hints on the translation
efficiency of toxin-coding transcripts, contributing thereby to a more accurate interpretation of the transcriptome.,
The application of NGS to the analysis of snake venom transcriptomes, may represent the tool for opening the
door to systems venomics.
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Background

Venomous snakes of the families Viperidae and Elapidae
possess paired specialized venom glands located in the
upper jaw ventral and posterior to the eyes [1] that pro-
duce an arsenal of toxins [2,3], which they inject into
prey tissues through high-pressure delivery fangs [4].
Within the reptile clade Toxicofera, venom was a single
ancient innovation [5]. Snake venom toxins are the
result of recruitment events by which ordinary genes
were duplicated, and the new genes selectively expressed
in the venom gland and amplified to multigene families
with extensive neofunctionalization throughout ~100
million years of evolution [5,6]. Given the central role
that diet has played in the adaptive radiation of snakes
[7], venom thus represents a key adaptation that has
played an important role in the diversification of snakes.

Envenoming by snakebites constitutes a highly rele-
vant, though neglected, public health issue on a global
basis [8], as there are venomous organisms in every con-
tinent and almost every country. However, venomous
animals are particularly abundant in tropical regions,
the kitchen of evolution. Arthropod stings constitute the
most common cause of envenoming by animals,
although around 80% of the more than 150.000 yearly
deaths by envenomings worldwide are caused by snake-
bites, followed by scorpion stings, which cause 15%
[9,10]. The venoms of extant snakes comprise complex
cocktails of proteins tailored by Natural Selection to act
on vital systems of the prey [11]. Medical uses of
venoms are well documented in folk remedies and in
Western and Chinese traditional medicine [12]. How-
ever, despite their remarkable potency and high degree
of target specificity, only in the last decades have toxins
been increasingly used as pharmacological tools, and it
has been realized that venoms represent a vast and
essentially untapped resource of preoptimized lead
molecules for the medicinal chemist [12-17].

Adequate treatment of snakebites is critically depen-
dent on the ability of antivenoms to neutralize the lethal
and tissue-damaging toxins, reversing thereby the signs
of envenoming [18,19]. A long term research goal of
venomics, of applied importance for improving current
antivenom therapy, but also for drug discovery, is to
understand the molecular mechanisms and evolutionary
forces that underlie the enormous pharmacological
potential of venoms [12]. Individually or combined, pro-
teomic and transcriptomic studies have demonstrated
their feasibility to explore in depth the molecular diver-
sity of venoms [[20-28], and references therein]. In the
absence of genome sequence, transcriptomes represent
also valuable searchable databases for proteomic projects.

Since the pioneer report by Ho and co-workers in
1995 [29], snake venom transcriptomic studies have

68

Page 2 of 16

relied on sequencing DNA clones randomly picked from
a cDNA library constructed by reverse transcription of
the RNA molecules expressed in the venom gland [25].
The partial cDNA sequences derived from expressed
genes, also known as Expressed Sequence Tags (ESTs)
[30], cluster into groups of contiguous sequences {con-
tigs), which eventually cover the entire extension of the
original RNA molecule. In addition, the number of ESTs
clustered into a contig is proportional to the transcrip-
tional level of the parent RNA in the venom gland [25].
However, in the few instances in which transcriptomics
and proteomics databases have been compared
[26,27,31,32], a low degree of concordance has been
reported. The occurrence of non-venom-secreted toxin
transcripts might indicate that these messengers exhibit
an individual or a temporal expression pattern over the
life time of the snake [33], or may encode very low-
abundance venom proteins. On the other hand, the pre-
sence in the venom of toxins not represented in the
transeriptome clearly indicates that construction of the
c¢DNA library was biased, i.e. due to the necessary frac-
tionating steps to avoid interfering substances like short,
partial length 3'-end ¢cDNAs and adapter sequences [34].
A second bias of ¢cDNA libraries is the potential of the
mRMNA transcript in plasmids to be partially expressed
in their bacterial cells with lethal effects [35]. Moreover,
smaller cDNA fragments are over represented compared
to larger ones, due to the higher transformation effi-
ciency of smaller plasmids [35].

The high demand for low-cost sequencing has driven
the development of high-throughput next-generation
sequencing (NGS) technologies such as 454 Roche, Illu-
mina‘s Solexa, and Applied Biosystems' SOLID, and and
most recently released Helicos HeliScope platforms as
alternatives to the classical chain-termination Sanger
method of DNA sequencing for the qualitative and
quantitative analyses of transcriptomes [36,37]. NGS
technologies are revolutionizing the field of transcrip-
tomics by rapidly reducing the time and cost per base
sequenced [38]. For example, snake venom gland tran-
scriptomes reported are typically arranged from few
hundreds to few thousands ESTs [25]. The largest tran-
scriptome database was assembled from 8696 ESTs
(mean read length of 398 bp) from Deinagkistrodon acu-
tus venom gland [39]. Only very recently Rokyta and
colleagues [40] reported a high-throughput venom gland
transcriptome of the Eastern Diamond Rattlesnake (Cro-
talus adamanteus) using Roche 454 sequencing technol-
ogy. 82,621 reads were singletons, and the remaining
552,863 reads were assembled into 24,773 contigs of
average length 513 nucleotides [40]. NGS technologies
applied to the transcriptomic analysis of non-maodel spe-
cies has the advantage of providing a genome-wide,
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unbiased insight into the transcriptome [41]. However,
MNGS techniques applied to non-model species, which
like snakes lack a suitable reference genome sequence,
are not devoid of limitations. NGS technologies provide
shorter and more error-prone reads than Sanger
sequencing, making transcript assembly a challenging
bioinformatic task, which frequently yields a large set of
contigs but a fragmented transcriptome [38,41]. Here,
we report the application of the 454 platform to infer
the venom gland transcriptomes of Costa Rican snakes,
Bothrops asper (from Caribbean (car) and Pacific (pac)
populations), Bothriechis lateralis, Bothriechis schlegelii,
Atropoides picadoi, Atropoides mexicanus, Crotalus
simues, and Cervaphidion godmani, with special emphasis
on the strategy used to assemble and analyze the gath-
ered DNA sequences. Although the average length of
singletons (174 bp) and contigs (208.2 bp), and the low
coverage of reads per contig (6), prevented the genera-
tion of definitive and reliable full-length gene sequences,
our results provide a deep comparison of the transcrip-
tional activity of the venom glands of these medically
relevant species in Central America [42,43].

Results and Discussion

454 sequencing statistics and annotation of transcripts
The eight venom gland single-strand cDNA libraries
were sequenced using a multiplex strategy. To this end,
each cDNA library was barcoded with a unique 10-base
sequence (MID, Multiplex 1Dentifier) that is recognized
by the sequencing analysis software, allowing for auto-
mated sorting of MID-containing reads. A total of
334,540 reads (amounting ~ 62 Mb of 8 snake venom
gland transcriptomes) were simultaneously sequenced in
two runs of the Genome Sequencer FLX System. Raw
sequencing data are archived under accession number
SRP0O03780 in the NCBI Sequence Read Archive (SRA,
http:/fwww.nchi.nlm.nih.gov/ Traces/sra) [#4]. Accession
codes by species are SR5117169.3 (B. asper (car));
SRS117211.3 (B. asper (pac)); SR§117214.2 (C. simus);
SRS117215.1 (A. picadoi); SRS117216.1 (A, mexicanus);
SRS117217.1 (C. godmani); SRS117218.1 (B. lateralis);
and SRS117219.2 (B. schlegelii). The first run included
only cDNA from B. asper from the Caribbean versant of
Costa Rica, and was performed as a test run. The sec-
ond run was done using cDNA from all the species
investigated. The average length per read was 186.6
bases (max. 645 bp, and only 3.27% of reads < 50 bp),
and this figure is in keeping with other 454 transcrip-
tomic reports conducted in non-model species [45].
4530 reads could not be assigned due to sequencing
errors in the 3" 10-mer label. This figure corresponds to
a sequencing error rate of 1.35%, which is higher than
that (~ 0.04%) reported in other studies® ", In addition,
5,165,220 nucleotides (8.27%) were masked with N's
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characters by RepeatMasker. The vast majority of
sequence elements masked are class [ (retroelements)
and class 1I (DNA transposons) mobile elements
[46-48]. Retroelements may have a profound impact on
the plasticity of the host genomes [49], i.e. modulating
transcription of immediately downstream host genes
|50,51]. The bulk (64%) of mobile elements identified in
the snake venom gland transcriptomes investigated here
are retrotransposons (Additional file 1: Table 51). Retro-
transposable elements have been previously reported in
the transcriptomes of Bothrops insularis (4.1% of ESTs)
[52], Lachesis muta (0.3%) [53], and Philodryas olfersii
(4.1%) [54], and in PLA2 genes from the venom gland
of Vipera ammodytes [55,56] and Protobothrops flavovir-
idis [57]. In the context of multigene toxins, which like
the snake venom PLA,s are evolving under strong posi-
tive adaptive selection [58-60], it is worth mentioning
that transposable elements are overrepresented in the
mRNAs of rapidly evolving genes [61], suggesting that
they have played a role in the diversification and expan-
sion of these gene families [61,62].

The 454 sequencing run yielded a total of 330,010
masked reads, which were distributed among the 8
venom gland transcriptomes as displayed in Additional
file 1: Table 52. In the absence of any reference genome
to guide the assembly, the sets of reads of each species
were separately processed with program Newbler, the de
nove assembler tool of the 454 Sequencing platform,
However, only 58.4% of all reads clustered into 31,025
contigs (average length of the contigs was 208.2 bp;
average number of reads per contig = 6), of which 43%
comprised only 2 reads. The program also returned
103,357 singletons (mean length, 174.4 bp). Employing
other assembler programs, such as MIRA (http://www.
chevreux.org/projects_mira.html) or Velvet [63], and
using different settings (i.e. Velvet: hash-length 21 or 31;
MIRA: job normal or accurate), did not improve the
assembly performance. The transcriptome assembly pro-
blem has been documented [64,65], particularly for
organisms without a reference genome database.
Because of the low data compression gained in the
assembly step and the small difference between contigs
and reads mean length, bivinformatic processing of the
454 sequence data was performed on whole sets of
unassembled reads. The set of 330,010 reads was
searched against non-redundant GenBank databases
using BLASTX and BLASTN algorithms to identify
similar sequences with an e-value cutoff <107, 100,394
(30.4%) produced significant hits (Additional file 1:
Table 52). The high percentage of reads without signifi-
cant similarity to any known sequence is in line with
previous transcriptomic studies. Hence, the 8696 high
quality ESTs from a non-normalized ¢cDNA library of
D. acutus were assembled into 2855 clusters, of which
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only 45.60% matched known sequences and 54.40% had
no match to any known sequence in Genbank [39,66].

BLAST hits included 79,991 matches to entries of the
taxonomic suborder Serpentes, of which 62,433 (62% of
BLAST hits) displayed similarity to documented venom
proteins {Additional file 1: Table 52). The set of reads
lacking similarity to Serpentes entries was searched for
the presence of cysteine-rich domains (eg. stretches of
50-100 amino acids containing =10% cysteine residues),
as this feature is commonly shared by many toxin
sequences [67]. The survey proved froitless. Further
attempts to enlarge the toxin dataset by searching speci-
fic databases, such as the Animal Toxin Database [68]
or MEROPS [69], were also unsuccessful. The venom
protein families identified, and their relative abundance,
in the whole 454 read sequence dataset are listed in
Table 1. The relative distribution of these venom pro-
tein families among the eight taxa investigated is shown
in Table 2.

Among the proteins listed in Table 1, glutaminyl
cyclase (GC) belongs to the group of venom proteins
without demonstrated toxic activity. Glutaminyl cyclase
has been been identified in the venom proteomes of

Table 1 and relati bund of

protein entries identified in the whole 454 read
sequence dataset of the 8 Costa Rican snake venom
gland transcriptomes

Number of % of total venom
reads protein entries
Bradykinin potentiating 9231 48
peptide {5PF}
Cysteine-Rich Secretoy 066 7
Peptice (CRISPH
C-type lectindike protein 1039 16
(S 18]
Growth fact 789
L-aming acid oxidase (LAQ) 2335 40
Phos| 3 (PLAGH 7065 13
Metal inase (SVMF) JBELH 427
Serine sinase (5P} 10019 160
-nucleatidase (5'-NTase} 374 06
fiesterase (POF) 119 07
Glutarmiry! cyclase {GC 170 03
Cobra Verom Factor (CVE) g 201
Cratamine ({CRO} n 004
Saraforaxin { ] 0005
Waprin {v 26 004
Kunitz-type 21 203
Z 203
24 004
2412 39
Three-Finger Toxin {3FTx} 845 13

Their relative abundance in cach transcriptome is displayed in Table 2.
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B. jararaca, C. atrox, and C. durissus terrificus [70-72].
N-terminal pyrrolidone carboxylic acid (pyroglutamate,
pGlu) formation from its glutaminyl {(or glutamyl) pre-
cursor is required in the maturation of numerous bioac-
tive peptides. Snake venom GC is likely involved in the
biosynthesis of pyroglutamyl peptides such as hypoten-
sive BPPs [73,74], and endogenous inhibitors of
metalloproteinases, pEQW, pENW, and pEKW [75,76].
Accumulation of peptide inhibitors in venoms provides
a basis for attenuating the proteolytic activity of venom
gland-stored SVMPs, preventing thereby autodigestion
[77]. Mature PIII-SVMPs secreted into the venom pro-
teome usually contain an N-terminal pyroglutaminyl
residue (unpublished results), suggesting the action of
the glutaminyl cyclase downstream of the proteolytic
processing of the metalloproteinase precursor. However,
the structural/functional consequences of N-terminal
cyclation are unknown.

To estimate the number of toxin transcript sequences
expressed in each transcriptome, multiple alignments of
all reads clustered in the same protein family were gen-
erated, using the most similar full-length reference
sequence as template. It was then realized that a large
number of “Serpentes venom protein” reads did not
align with translated ORFs. Instead, these reads
appeared to represent 5’'UTR, 3'UTR, and microsatellite
loci. Particularly, all reads matching “cobra venom fac-
tor”, “crotamine”, “crotasin”, and "sarafotoxin” entries
corresponded to non-translated, mostly (87-100%)
microsatellite DNA, In addition, 2397 out of 2412 reads
for ohanin, and 840/845 3FTx reads aligned with micro-
satellite DNA. Microsatellite sequences accounted also
for 66% GF, 49% 5P, 36% PLA,, 27% CRISP, 15% LAO,
and 8% CTL, but represented less than 5% of the reads
of the rest of venom protein classes listed in Table 2
and Additional file 1: Table $3. On the other hand, the
bulk (> 99%) of non-microsatellite untranslated
sequences corresponded to 3" UTRs. Additional file 1:
Table 53 summarizes the number of reads aligned to
translated regions of reference snake venom toxin
SHIUE["[(Y'!S, Thl’ occurrence uf a |arg|=. t"llln)hl’.l' I')F micro-
satellites in the venomous snake Agkistrodon contortrix
has been recently reported by Castoe and colleagues
[78], who used the 454 Genome Sequencer FLX next-
generation sequencing platform to sample randomly
~27 Mbp (128,773 reads) of the genome of this species.
These authors identified microsatellite loci in 11.3% of
all reads obtained, with 14612 microsatellite loci identi-
fied in total,

The presence of mENA coding for 3'-untranslated
regions of toxins points to a) a bias due to the first-strand
synthesis method used, which produced cDNA libraries
enriched in 3-end-transcripts, b) incompletely sequenced
transcripts or ¢) to transcription of nonfunctional gene
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Table 2 Relative contribution of the different venom protein family hits in each of the Costa Rican snake venom gland

transcriptome

C. simus B. asper (Car)  B. asper (Pac) C. godmani A. picadoi A. mexicanus  B. schiegelii B. lateralis

Reads %  Reads % Reads % Reads % Reads %  Reads % Reads % Reads %
8PP 78 134 4237 150 169 122 a2 83 1634 164 406 30 Ldd 153 1350 236
CRISP a 1] 245 08 3 0z 253 26 25 26 17 05 105 36 182 2
CIL 32 24 87 10 19 3 23 02 476 48 15 05 7 02 180 3t
Gl &0 45 5 09 g 27 &4 06 56 06 50 16 142 49 103 18
AD 50 38 1197 43 33 24 537 55 308 31 121 32 22 32 197 34
PLA; 161 121 5026 178 195 142 777 79 228 23 224 2 278 96 176 0
SWMP a5 65 1733 416 559 406 4144 427 55A3 0 540 10 sy 767 M3 2575 449
57 7 281 3730 134 114 83 2770 281 089 a9 692 23 594 205 597 104
5-Nlase 3 02 214 a7 3 2 67 a7 3 a1 e ik} 5 017 £2 a7
PDE 3 02 56 0z 3 0z 3 0 a 008 0 0 2 006 33 06
GC 5 0 108 04 4 03 37 23 3 Q1 7 02 o 1] 0402

Cvit 2 015 2 0008 L) 0 1 om a 0 Fy 006 003 0 L1}
CROD 4] a 10 003 4 03 2 002 & 004 ] 0 1 003 1 002

SARA o7 2 0006 i} o a 1] a V] o o o L1} o 0

WAP 4] 1] % 002 i} 0 4] 0 Q 0 a a 0 il 0 il
KU 2 15 10 003 3 0z Q 0 1 o V] 0 4 012 1 002
KAS [} Q Q [} L 0 Q Q 4} 0 0 0 9 03 12 02
HYA 3 02 7 0oz 1 007 e 004 1 om 1 003 5 17 2 003
QHA 199 150 779 28 165 19 256 2 233 23 54 a2 338 116 188 33
IFTx 169 27 2 a8 &5 a7 L3 1]} 43 04 89 28 104 16 91 16

Protein family names are abbreviated as in Table 1.

copies. Relevant to the latter possibility, excepting A.
mexicanus venom, which contains a small amount
(<0.1%) of a 3Ftx [50], CVF, SARA, OHA, WAP,
5'NTase, PDE, GC, KUN, HYA and 3FTx have not been
detected in the venom proteomes of the Costa Rican
snakes sampled here [49-52] (Additional file 1: Table 54).
Fry and colleagues [79] have shown that the venom sys-
tem is a basal characteristic of the advanced snakes, and
have investigated the timing of toxin recruitment events
and patterns of toxin diversification across the full range
of the ~100 million-year-old advanced snake clade
[2,3,5,6,79]. These studies revealed single early recruit-
ment events for each toxin type, including those identi-
fied here (Table 1), indicating that the venomous
function arose once in squamate reptile evolution, at
about 200 Myr ago. Structural and functional diversifica-
tion of the venom system is best described by the birth-
and-death model of protein evolution [80,81]. Pseudo-
genes in Costa Rican pitviper venom transcriptomes may
thus represent relics of the evolution of their venom
arsenal,

The 37,961 reads comprising non-venom-protein
BLAST hits were classified based on the presumed bio-
logical process to which they may contribute (Figure
1A) and on their putative molecular function (Figure
1B), according to the Gene Ontology database [48].
Their relative abundance, biological processes (general

metabolism, response to external stimuli, cell differentia-
tion, proliferation, and communication, cell cyele..), and
molecular functions (transcription and translation, pro-
tein binding, catalysis, etc.) identified in this work gener-
ally agree with the broad categories reported for other
viperid transcriptomes [27,32,52,53,82-84], and will not
be described here in detail again. The most abundant
transcripts are related to DNA transcription, mRNA
translation, and post-translational processing of proteins,
reflecting the high specialization of this tissue for
expressing and secreting toxins to the lumen of the
venom gland. Furthermore, many venom toxins bear a
high number of cysteinyl residues, which are engaged in
extensive intra- and intermolecular disulphide crosslink-
ing [20]. Venom proteins such as disintegrins, C-type
lectin-like proteins, serine proteinases, PLA;s, 3FTxs,
and SVMPs occur in different oligopmerization states
[85-88]. The large structural impact at low energy cost
of engineering disulphide bonds represents an opportu-
nity for structural (and functional) diversification of pro-
teins during evolution. Mot surprisingly, protein
disulphide isomerase (PDI), an enzyme and chaperone
involved in disulphide bond formation in the endoplas-
mic reticulum [89,90], represents a highly expressed
gene transcript (1859 reads; 5.1% of non-venom-protein
reads) in all venom gland transcriptomes, ranging from
2.3% in C. simus to 6.9% in B. lateralis.
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Figure 1 Gene Ontology

reads according to their presumed biological process (panel A) and
molecular function (panel B). The figure represents the combination of the reads fram all eight species. However, each species transcriptome
exhibited similar relative expression levels of GO-annatated non-oxin transcriol classes,

It is also worth mentioning the finding of reads for
ribosomal 125 and 165 RNAs. This finding suggests that
either internal mENA A-rich tracts may have acted as
priming sites in the cDNA synthesis, or that these mes-
sengers contained poly(A) tails. The possibility that
rRNAs represent some residual contamination in the
mRNA preparation should also be taken into account.
Although polyadenylation is a distinctive feature of
mRBRNA, polyadenylation of rRNA has been reported to
occur in mammals and several unicellular organisms
(Candida albicans, Saccharomyces cerevisiae, Leishma-
nia braziliensis and L. donovani), and it may have a
quality control role in rRNA degradation [91-94]. Polya-
denylated ribosomal RNA has been also reported in the
venom gland transcriptome of the Desert Massasauga
Rattlesnake (Sistrurus catenatus edwardsii) [95).

Calculation of the minimum number of gene copies from

each toxin family

An estimation of the minimum number of genes from
each toxin family transcribed into the venom gland tran-
scriptome of each species was calculated from the multi-
ple alignments of reads matched to a full-length
reference sequence of each toxin family (Figure 2). To
this end, the nucleotide sequences of the ORF-coding
reads of each venom protein family were assembled into
contigs using MIRA and an iterative multiple-pass refer-
ence-guided protocol. MIRA is recommended for analy-
sis of a normalized dataset or a filtered set of reads that
did not have extreme coverage [64]. Each line of the
multiple alignment (Figure 2} contained a distinct set of
contigs spanning the maximum possible number of
nucleotide positions of the reference sequence. Since the
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short average length of singletons and contigs (174-208
bp), and the low coverage of reads per contig (6), pre-
vented the generation of full-length gene sequences,
each line of the alignment corresponds to one or more
synthetic gene. We considered two contigs as different if
their nucleotide sequences depart in more number of
positions than expected from a sequencing error rate of
1.35%, and the same mutated residues were found in at
least two other reads. For each toxin family from each
venom gland transcriptome a representation of the
“number of reads per contig” vs, “number of contigs”
was plotted, and only contigs accounting for ~95% of all
assembled reads were considered. The rationale for

[ sump [osi [Gwmeh ]
[ 35% [ [Teis T 1
I E— 2
438 :
FFE] 4
[ 180 5

Figure 2 Calculation of the minimum number of gene copies
Multiple alignment of the top six SYMP transcripts of B asper (Car)
{Aaditional file 1: Table %6} using the sequence (top) of the most
similar database-annotated toxin sequence as template. Fach line o
the multiple saquence alignment displays a distinet set of contigls),
i / a unique set of reads indicated in parentheses (see
anal file 1: Table 55). Since the shart average length of
the reads and the low ¢ of reads per contig prevented the
assemblage of reliable gen es, each line of the alignment
conesponds 1o at least a dis 2 SVMP multigene
family translated inta the venam gland ranscriptame of B asper

{can
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introducing this quality trimming is because in this way
only contigs in which the observed sequence differences
were validated in a significant number of reads were
taken into account, eliminating thus potential false posi-
tives due to sequencing errors, which generate “orphan”
reads. The number of topologically equivalent homolo-
gous multiply-aligned reads corresponds thus to the
minimum number of genes from a given toxin family
transcribed into the venom gland transcriptome (Figure
2). The outcome of this analysis is displayed in Table 3.
The estimated number of toxin-coding genes is in line
with the number of different proteins identified in the
respective venom proteomes: C. simus (27 reverse-phase
HPLC fractions, ~20 proteins) [52]; B.asper (Car) (31
HPLC fractions, ~30 proteins) [51]; B. asper (Pac)
(30 HPLC fractions, ~27 proteins) [51]; A. mexicanus
(41 HPLC fractions) and A. picadoi (30 HPLC fractions),
each containing bradykinin-potentiating peptides and
around 25-27 proteins [50]; and B. schlegelii (34 HPLC
fractions) and B. lateralis (34 HPLC fractions) matched
to ~29 and 27 proteins, respectively [49]. Moreover, in
most cases the overwhelming majority of reads of the
large multigene toxin families (i.e.,, SVMP, PLA,, and
SP) cluster into a small subset of contigs (Additional file
1: Tables 55, S6 and 57). The uneven distribution of
SVMPs of B. asper (Car) (Figure 3) clearly illustrates
this point: 3590 out of 6746 reads clustered into a single
contig, and only 6 other contigs were assembled from
449-173 reads. The remaining 22 transcripts comprised
each 95-12 reads. The low number of venom proteins
inferred from our 454 transcriptomic analysis is also in
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concordance with a recent high-throughput venom
pland transcriptomic analysis for the Eastern Diamond
Rattlesnake (C. adamanteus), which identified 40 unique
toxin transcript [40]. The most diverse and highly
expressed toxin classes were the SVMPs (11 isoforms),
serine proteinases and C-type lectin-like proteins (9 dif-
ferent protein species each).

The insight provided by our present transeriptomic
data, supported by previous proteomic studies, indicate
that the venoms of the Costa Rican snakes investigated
are comprised by toxins belonging to a few major pro-
tein families. In addition, our data suggest that different
genes of a multigene family are subjected to very dis-
tinct transcription (and translation) yields, i.e. as the
result of distinet stability and translational rates of the
m(rsS(rngm’s.

Comparison of transcriptomes and proteomes

The relative abundance of the different toxin families in
each transcriptome was calculated as the percentage of
toxin family-specific reads relative to all BLAST hits
(Table 2) or to the set of reads aligned to translated
(ORF) regions of a reference sequences (Additional file
1: Table 53). To estimate the relative contribution of
each toxin family, the total number of nucleotides of the
ORF-coding reads was normalized for the full-length
nucleotide sequence of a canonical member of the pro-
tein family. When available, the obtained figures were
compared with the percentages of toxin families
reported for the venom proteome of the same species.
The outcome of this comparative analysis is compiled in

Table 3 Estimation of the mini ber of toxin family gene copies translated in the venom gland transcriptomes
of Costa Rican snakes
C. simus B. asper (Car) B. asper (Pac) C. godmani A. picadoi A B. schlegelii B. lateralis

app 1 1 1 2 1 4 2
CRISP 0 2 1 2 4 2 |
T 2 5 2 3 9 0 5
G 2 5 1 3 3 1 1

A0 3 2 b 4 2 3 3
PLA; 3 9 4 4 2 2 3
SVMP 9 29 5 19 15 4 4 20

P 6 15 1 13 7 3 ] n

5N Tase 1 3 1 2 2 2 3

PCE 1 1 1 2 2 0 2

GC 1 ] 1 1 ] 1 0 1
WaR a 2 L) 1] 1] ] 0 L)
HYA ? 2 L) 1 1 ) 1
O=A a 0 0 [l 1 0 0
3% 1 a L) 0 0 1] o L)
KUN a a L) 0 L) a 1]
LTrd a a 1] 1] 9 o 1

Protein family names are abbreviated as in Table 1.
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Figure 3 Cartesian graph and corresponding chart pie
displaying the uneven distribution of the number of reads per
contig among the 29 SVMP genes identified in the venom
gland transcriptome of B. asper (car).

Additional file 1: Tables 53 and 54. Strong discrepancies
between the transcriptome-computed and the pro-
teome-gathered toxin compositions are obvious at first
sight. The best, although still far from perfect, agree-
ment between proteomic and transcriptomic data
occured when the relative abundance of transcripts was
computed using all the reads (ORFs + UTRs) belonging
only to toxin classes detected in the venom proteome
(Figure 4). This would support the view that the major-
ity of reads matching UTRs may indeed form part of
parent translatable mRNAs. However, particularly
B. asper (Car) (Figure 4A), B. schlegelii (Figure 4B),
A. mexicanus (Figure 4C), and C. simus (Figure 4D)
strongly depart from this picture. The reasons underly-
ing this discrepancy are elusive, since no clear trend
within or between species is apparent, but both intrinsic
{methodological) and extrinsic (biological) factors may
be involved. Hence, besides the difficulty of deciding
between bias due to cDNA libraries enriched in 3"-end-
transcripts, and the presence of transcripts of pseudo-
genes in the transcriptome, we hypothesize that the dis-
tinct stability and translational rates of the messengers
might also contribute to the observed differences
between transcriptome and proteome. Thus, a high
abundant messenger subjected to a higher degradation
rate may produce the same concentration as a low
abundance but more stable mRNA or exhibiting a
higher translational rate. The observation that B. asper
(Car) and B. asper (Pac), as well as A. mexicanus and
A. picadoi, exhibit highly similar transcriptomes but
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strongly depart in the relative toxin composition of their
venom proteomes (Figure 4), indicates that individual
mRNA species are translationally controlled in a spe-
cies-dependent manner. The same conclusion can be
drawn by comparing the proteome and transcriptome of
C. simus (Figure 4D). In this respect, mounting evi-
dences in yeast, indicate that the loading of ribosomes
onto individual mRNA species varies broadly across a
cellular transcriptome, and this finding is consistent
with each transcript having a uniquely defined efficiency
of translation [96-99].

A rough comparison of the transcriptomes (Table 2)
shows that some toxin families are relatively constantly
expressed among snakes while others exhibit greater
variability. Principal Component Analysis (PCA)
revealed that the abscissa (PC1) and the ordinate (PC2)
each explained 32% of the observed variability (Figure
5A). PCA discriminated the eight transcriptomes into
four groups (Figure 5B). Referring to the average value
of the toxin family, the transcriptomes of A, picadoi and
B. lateralis contain higher content (1) of SVMP reads
and lower number () of PLA; and SP reads; the two B.
asper taxa express 1SVMPs and PLA.s and 4 SPs; A.
mexicanus and C. godmani contain 1SVMPs, 15Ps, and
slightly UPLA.s; and B. schlegelii and C. simus contain
USVMPs, 1tSPs, and average number (<) of PLA, reads.
These data point to convergent and divergent evolution-
ary trends among pitvipers. PCA of the venom pro-
teomes listed in Additional file 1: Table 54 revealed
different clustering of taxa (Figure 5, panels C and D),
and unequal contributions of PC1 (48%) and PC2 (22%)
to venom variability. These results illustrate the versati-
lity of snake venoms as a system to achieve the purpose
of subduing prey through different strategies [100]. On
the other hand, the lack of any apparent correlation
between the PCA score plots for transcriptome (Figure
5B) and proteome (Figure 5D) data, further highlights
the existence of variable translational patterns across
species. Clearly, our results emphasize the relevance of
combining detailed proteomic and transcriptomic stu-
dies for a thorough characterization of the venom toxin
repertoire and the factors regulating transcription and
translation.

In a previous proteomic study, we identified two RP-
HPLC fractions of B. schlegelii venom as Kazal-type pro-
teinase inhibitor-like proteins (family PD000417 in the
ProDom database, http://prodom.prabi.fr/prodom/cur-
rent/html/home.php) [49]. Kazal-type inhibitor-like pro-
teins (KAZ) have not been found in any other snake
venom reported to date, casting doubts on their venom
gland origin, on the one hand, or pointing to a recruit-
ment event of these proteins along the speciation of the
Neotropical pitviper clade [49]. Now we report the find-
ing of 9 and 12 reads encoding ORF regions of KAZ in
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B. schlegelii and B. lateralis transcriptomes, respectively
(Table 2 and Additional file 1: Table $4). In each spe-
cies, all KAZ reads assembled into a single transcript
(Table 3), suggesting a monogenic origin. The occur-
rence of Kazal-type inhibitor-like proteins only in the
venom gland transcriptomes of the two Bothriechis taxa
(Additional file 1: Tables 54 and S5) supports the view
of a genus-specific recruitment event during the early-
Middle Miocene ~14 Mya, the estimated divergence
time for Bothriechis in a model of Middle American
highland speciation [101]. On the other hand, the pre-
sence of Kazal-type proteins in the venom proteome of
B. schlegelii, the basal species of the Bothriechis clade
[102], suggests a species-specific expression of this class
of protein. Though a number of Kazal-like domains har-
bor serine proteinase inhibitor activity, these protein
scaffolds are also present in the extracellular part of a
number of proteins, which are not known to be

proteinase inhibitors. Clearly, further investigations are
needed to assess the biological activity of the Kazal-type
proteins, and the role that these proteins may have
played in the early adaptive radiation of the Bothriechis
clade.

Transcriptome-based cladistic analysis of the Costa Rican
snake venom gland transcriptomes

To assess structural relationships between the transcrip-
tomes, consensus sequences were constructed for those
major toxin families shared by all snake venom gland
transcriptomes, ie. BPP, LAO, PLA2, SWMP, and SP. To
assess the degree of kinship between the Costa Rican
snake venom gland transcriptomes, species-specific syn-
thetic sequences were generated by the concatenation of
the 5 toxin-family consensus sequences (in the order
described above), and using these synthetic sequences as
input, a cladogram was built using the suite of web-
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tools Phylemon (http://phylemon.bioinfo.cipfes) (Figure
6). Mutation is the driving force of evolution, but infer-
ring evolutionary distances from multiple sequence
alignments can yield misleading results if the mutation
rates of the genes being compared are unequal across
species. Given knowledge of the degree of mutation rate
heterogeneity, appropriate algorithms can be applied to
correct unbiasness and inaccuracy of the phylogenetic
reconstruction [103-105]. Globally, translated assembled
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sequences displayed mean variability levels between 0
and 7.4% (computed as number of variable residues
divided by sequence length), being the SVMPs and SPs
the toxin families which accumulate more amino acid
substitutions. Although the cladogram depicted in
Figure 6 should not be regarded as an evolutionary
hypothesis, the divergence of the Atropoides taxa, and
the clustering of A. mexicanus and C. godmani deserves
discussion.
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Despite the efforts of numerous authors, phylogenetic
relationships within the subfamily Crotalinae remain
controversial, particularly at the intergeneric level
[100,105]. In particular, several analyses, even from the
same research group, support different phylogenetic
models. Thus, Bayesian Markov chain Monte-Carlo
results suggested the monophyly of the three genera of
the Porthidium group (Atropoides, Cerrophidion, and
Porthidium) and indicated that Cerrophidion and Porthi-
direm form a clade that is the sister taxon to Atropoides
[106]. On the other hand, genus Atropoides has been
also inferred through Bayesian phylogenetic methods to
be paraphyletic with respect to Cerrophidion and Porthi-
dium, due to Atropoides picadoi being distantly related
to other Atropoides species [107,108]. Although resol-
ving the phylogenetic relationships among the Neotropi-
cal pitvipers of the Porthidium group requires a detailed
genomic study of species occupying geographically close
ecological niches, i.e., Porthidinm nasutum, Porthidium
ophryomegas, Porthidium voleanicum, and Cerrophidion
godmani, both a previous proteomic study by Angulo
and co-workers [50], who estimated that the similarity
of venom proteins between the two Atropoides taxa
may be around 14-16%, and the present transcriptomic
analysis, support a |arge di\—ergem:e between A. mexica-
nus and A. picadoi, and the closer kinship between A.
mexicanus and C. godmani.

Conclusions

The snake venom gland is a highly specialized and sophis-
ticated organ, which harbors the cellular machinery that
transformed throughout > 200 million years of evolution
genes coding for ordinary proteins of disparate scaffolds,
diverse ancestral bioactivities, and recruited from a wide
range of tissues, into lethal toxins [2]. Although the details
of recruitment and neofunctionalization of these proteins

remain elusive, gene duplication events, followed by the
accelerated evolution of some copies and degradation of
others to pseudogenes, underlay the emergence of venom
gland multigene toxin families. Comparative analysis of
complete genome sequences of squamate reptiles would
be extremely valuable for tracking the evolution of the
venom system in lizards and snakes [5,6]. On the other
hand, a deep understanding of the toxin gene expression
pattern revealed by high-throughput transcriptomic may
reveal taxon-specific adaptations and the underlying biolo-
gical processes governing the formulation of the venom
arsenal. In this respect, invoking a reverse venomics
approach, knowledge of the end product of transcriptome
translation, the venom proteome, may provide hints on
the translation efficiency of toxin-coding transcripts. The
high-throughput capability of next-generation sequencing
technologies offer the opportunity to generate large tran-
scriptome databases relatively rapidly, which may help to
speed up the tedious, often de nove [20], assignment of
proteomic-gathered data. Furthermore, analysis of the
venom gland transcriptome enhances the comprehensibil-
ity of the venom proteome, and this in turn contributes to
a more accurate interpretation of the transcriptome. The
application of NGS to the analysis of snake venom tran-
scriptomes, may represent the tool for opening the door
to systems venomics.

Methods

Snake venom gland cDNA synthesis and sequencing
Venom glands were removed 3 days after venom milk-
ing, when transcription is maximal [109], from anesthe-
tized snakes using fine forceps and immediately placed
in RNAlater™ solution (Qiagen). 30 mg of tissue were
disrupted and homogenized by a rotor-stator homogeni-
zer, and total RNA was isolated using RNeasy Mini kit
(Qiagen), quantified in a spectrophotometer, and
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quality-checked on an agarose gel discerning the 285
and 185 bands of ribosomal RNA. First strand ¢cDNA
was synthesized using RevertAid™ H Minus First
Strand cDNA Synthesis Kit (Fermentas), which selec-
tively transcribes full-length polyadenylated mRNA. The
manufacturer's recommendations were followed except
where specified. Approximately 5 pg of total RNA was
used as starting material. In order to avoid polymerase
slippage, a modified 3" 54-mer adaptor (5" GAGC-
TAGTTCTGGAG(T),sVN), which includes a type lls
enzyme (Gsul) site (underlined), was used for first-
strand synthesis. This modified oligonucleotide effec-
tively converts the long run of adenosine residues at the
polyA tail into a sequence that causes fewer problems
for dideoxy sequencing chemistry, and thus the resulting
cDNA libraries were enriched in 3'-end-transcripts. To
avoid internal cuts, the cDNA was hemimethylated by
adding 5-methyl-dCTP to the dNTPs mix. The first
strand ¢DNA was used as template for second strand
synthesis by E. coli DNA Polymerase 1 and RNase H.
Double strand (ds) ¢DNA was precipitated with ethanol
and the pellet was resuspended in 70 pL of nuclease-
free water and subjected to enzymatic digestion with
Gsul for 4 hours at 30°C. The enzyme was then inacti-
vated at 65°C for 20 minutes and the digested ¢cDNA
was stored at -20°C. For 454 pyrosequencing, the GS
FLX General Library Preparation Method Manual work-
flow (Roche Diagnostics) was followed. To this end, 3
pg of final non-normalized cDNA library were sheared
by nebulization into small fragments. The fragment ends
were polished and short A/B adaptors were ligated onto
both ends, providing priming regions to support both
emulsion amplification and the pyrosequencing process,
A biotin tag on the B adaptor allowed immobilization of
the dscDNA library fragments onto streptavidin-conju-
gated magnetic beads and the subsequent isolation of
the library of single strand cDNA sequencing templates.
Each of the eight cDNA libraries was tagged with a
unique 10-base sequence (MID, Multiplex [Dentifier)
that is recognized by the sequencing analysis software,
allowing for automated sorting of MID-containing reads.
Barcoded libraries were simultaneously sequenced in a
Genome sequencing FLX System (Roche Applied
Science) at Life Sequencing S.L. (Parc Cientific Universi-
tat de Valencia, Paterna, Valencia, Spain; http://www.
lifesequencing.com) using the method developed by
Margulies et al. [110],,

Bioinformatic processing of the 454 reads, identification
of toxin transcripts, and quantitation of the expression
levels of toxin families

Additional file 2: Figure 51 displays a scheme of the data
analysis pipeline developed to identify sequences of
toxin molecules by similarity search against nucleotide
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databases, and elaborate a reference-guide estimation of
transcripts, which included available NGS algorithms
and in-house scripts, To this end, interspersed repeats
and low complexity DNA sequences were masked from
the transcript reads using RepeatMasker (version 3.2.7)
[111]. RepeatMasker is available from the Institute for
Systems Biology (http://www.systemsbiology.org) addres-
sing http://repeatmasker.org, The program makes use of
Repbase, which is a service of the Genetic Information
Research Institute (http://www.girinst.org). Repbase is a
comprehensive database of repetitive element consensus
sequences (update of 20 January 2009). Data and com-
putational resources for the Pre-Masked Genomes page
is provided courtesy of the UCSC Genome Bioinfor-
matics group (http://genome.ucsc.edu). Masked reads
were then searched against the non-redundant NCBI
database (http://blast.ncbinlm.nih.gov, release of March
2009) and the UniProtKB/Swiss-Prot Toxin Annotation
Program database (http://us.expasy.org/sprot/tox-prot),
using BlastX and BlastN [112] algorithms, specifying a
cut-off value of e-03 and BLOSUMS62 as scoring matrix.
Snake venom gland-specific transcripts were selected
from best BLAST-hit descriptions identifying GenBank
entries belonging to the taxonomic suborder Serpentes.
This taxonomic group is represented by 37,070 records
comprising entries from 357 different genera. The sub-
set of reads exhibiting similarity to Serpentes sequences
were further filtered using a list of keywords (including
the acronyms of all known toxin protein families
described so far [20,25]) to distinguish putative snake
venom toxins from non-toxin (ribosomal, mitochondrial,
nuclear, etc.), ordinary proteins. In a second round of
filtering, non-matched sequences were searched for
structural features (eg. high cysteine content) expected
for a putative toxin molecule. Non-toxin-assigned tran-
scripts were functionally annotated using the Blast2GO
software [113] and classified using GO-terms [114]. The
relative expression of a given toxin protein family (mol
%) was calculated as the number of reads assigned to
this protein family (R;) normalized by the length (in
nucleotides) of the reference transcript sequence
(ntREF) and expressed as the % of total reads in the
snake transcriptome (EReads): mol% toxin family “i" =
%[(Ry/ntREF)/ZReads). The relationship between the
expression levels of the different protein families in the
different species sampled was analyzed by Principal
Component Analysis (PCA), When possible, toxin tran-
scriptome profiles were compared with available proteo-
mic-based venom toxin profiles [115-118].

Assessing molecular diversity within toxin families and
cladistic analysis

To assess the molecular diversity within each toxin
family, the phylogenetically nearest top-hit sequence was
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designated as the reference sequence for aligning all the
toxin family-specific reads. To this end, each toxin
family read was translated into the 6 possible reading
frames and blasted against the reference protein
sequence using tBlastN. Matched frames exhibiting e-
value thresholds better than e-03 were aligned onto
the reference sequence to create a multiple alignment
using COBALT [119]. The multiple alignment was
then parsed to create an assembled (consensus) toxin
sequence in which each amino acid position is sup-
ported by at least four reads, representing at least 30%
of the total number of reads at that position. Non-
sequenced positions or those that did not meet the
minimum coverage condition, are depicted in lower
case in the assembled sequences. Positions where two
or more amino-acids fulfilled the selection criteria
were annotated as variable residues suggesting the
occurrence of different alleles (isoforms) of the protein.
Multiple sequence alignments based on transcriptomic
data were computed with program MUSCLE [120]
(version 3.52) using species-specific synthetic
sequences constructed by the concatenation of the
consensus sequences of the major toxin families shared
by all snake venom gland transcriptomes, i.e. BPP,
LAO, PLA2, 5VMP, and 5P, in this order. Phylogenetic
tree reconstruction was done using the suite of web-
tools Phylemon (http://phylemon.bicinfo.cipfes/cgi-
bin/tools.cgi) using the MUSCLE, ProtDist and Neigh-
bor options of Phylip (version 3.65).
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Integrated “omics” profiling indicates that miRNAs
are modulators of the ontogenetic venom
composition shift in the Central American
rattlesnake, Crotalus simus simus
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Mahrood Sasa’, Yamileth Angulo?, José M Gutiérrez” and Juan J Calvete'”

Abstract

Background: Understanding the processes that drive the evolution of snake venom is a topic of great research
interest in molecular and evolutionary toxinclogy. Recent studies suggest that ontogenetic changes in venom
composition are genetically controlled rather than environmentally induced. However, the molecular mechanisms
underlying these changes remain elusive. Here we have explored the basis and level of regulation of the
ontogenetic shift in the venom composition of the Central American rattlesnake, Crotalus s simus using a
combined proteomics and transcriptomics approach,

Results: Proteomic analysis showed that the ontogenetic shift in the venom composition of C s. simus is essentially
characterized by a gradual reduction in the expression of serine proteinases and PLA; molecules, particularly
crotoxin, a f-neurotoxic heterndimeric PLA,, concominantly with an increment of Pl and Plll metalloproteinases at
age 9-18 months. Comparison of the transcriptional activity of the venom glands of neonate and adult C s, simus
specimens indicated that their transcriptomes exhibit indistinguisable toxin family profiles, suggesting that the
elusive mechanism by which shared transcriptomes generate divergent venom phenotypes may operate
post-transcriptionally. Specifically, miRNAs with frequency count of 1000 or greater exhibited an uneven distribution
between the newborn and adult datasets. Of note, 590 copies of a miRNA targeting crotoxin B-subunit was
exclusively found in the transcriptormne of the adult snake, whereas 1185 copies of a miRNA complermentary to a
PII-SVMP mRNA was uniquely present in the newbhorn dataset. These results support the view that age-dependent
changes in the concentration of miRNA modulating the transition from a crotoxin-rich to a SVMP-rich venom from
birth through adulhood can potentially explain what is observed in the proteomic analysis of the ontogenetic
changes in the venom composition of . 5. simus,
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lon-Tarent microRNA profiling, Crotalus simus simus

Conclusions: Existing snake venom toxins are the result of early recruitment events in the Toxicofera clade of
reptiles by which ordinary genes were duplicated, and the new genes selectively expressed in the venom gland
and amplified to multigene families with extensive neofunctionalization throughout the approximately 112-125
million years of ophidian evolution. Qur findings support the view that understanding the phenotypic diversity of
snake venoms requires a deep knowledge of the mechanisms regulating the transcriptional and translational
activity of the venom gland. Our results suggest a functional role for miRNAs. The impact of specific miRNAs in the
modulation of venom composition, and the integration of the mechanisms responsible for the generation of these
miRNAs in the evolutionary landscape of the snake's venom gland, are further challenges for future research,

Keywords: Ontogenetic venom shift, Venomics, Snake venom gland transcriptomics, 454 pyroseguencing,

Background

The presence of a venom system is a shared derived
character of the advanced snakes [1-3]. Venom represents
an adaptive trophic trait in snake evolution [4-7] that has
played a central role in the origin of the advanced snakes
during the Cenozoic era [8,9]. The diversity of modern
snakes appeared during the Paleocene period of the
Cenozoic Era, approximately 54-64 Mya, following the
split of the Pareatidae from the remaining Caenophidians
[6]. In Occidental culture, Francesco Redi (1626-1697),
court physician to Ferdinando 1T de’ Medici, Grand Duke
of Tuscany and his successor, Cosimo 111, is credited for
discovering how vipers produce venom and inject it into
their prey [10]. One century latter, Abbé Gasparo
Ferdinando Felice Fontana (1730-1805), first director of
the Museum of Physics and Natural History in Florence,
performed experiments on the venom of the European
viper. His classic text published in 1781 [11] is regarded
the Opera Prima of modern toxinology [12].

Research on venoms has been continuously advanced
by technological developments [13]. Particularly for the
past decade, and fueled by the application of “omic"
technologies [14-18], the field of molecular toxinology
has experienced a sustained exponential growth. In-depth
venom  proteomics and  transcriptomic  analyses  have
recently become available for a number of venomous
snake linecages, revealing a vast unexplored source of
evolutionary innovation [2,19,20]. Snake venoms are well
documented as having different venom compositions and
toxicity based on taxonomic or geographical locations
[21]. Inter- and intraspecific individual, gender-specific,
regional, and seasonal variations in venom toxin compos-
ition may reflect local adaptations conferring fitness ad-
vantages to individuals specializing on different prey, or
phylogenetic carry on. Understanding the processes that
drive the evolution of snake venom variability is a topic of
intense research interest in molecular and evolutionary
toxinology. Recent studies of the molecular basis of
adaptations have sought to understand the relative
importance of gene regulation effects as determinants
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of venom phenotype [6,22-24]. Most significantly, a
number of snakes show age-related (ontogenetic) changes
in venom composition [25-32]. Surprisingly, despite
previous suggestions that ontogenetic changes in venom
are prey-related [33], juvenile Dusky Pigmy rattlesnakes,
Sistrurus miliarius barbouri, raised on different diets
showed similar albeit highly-variable venom compositions
by the end of a 26-months study, suggesting little effect of
diet on the overall make-up of venom in snakes this age
or younger [23]. Over the same period shifts in venom
composition occurred in females raised on different prey
in all diet treatments with the magnitude of those changes
strongly related to diet. This work provided evidence that
venom composition is somewhat plastic in both juvenile
and adult & s barbouri and that, at least in adults,
prey consumed may influence the relative abundance
of possibly functionally-distinct classes of venom proteins
[23]. However, the molecular mechanisms that underly
age-related changes in venom remain elusive.

In this work we have explored the basis and level
of regulation of the ontogenetic shift in the venom
composition of the Central American rattlesnake, Crotalus
s simus. Biogeographical data indicate a basal cladogenesis
in the Central American C. simus clade, dating back to
the late Miocenefearly Pliocene (6.4-6.7 Mya) [34].
Neonate and juvenile C. 5. simus venoms contain large
relative amounts of crotoxin, a heterodimeric PLA,
molecule exhibiting presynaptic B-neurotoxicity, along
with low concentration of hemorrhagic snake venom
metalloproteinases (SVMPs) [29]. By contrast, adult C. s
sinties venom presents a high content of SVMP and is
largely devoid of neurotoxic activity [29,35,36]. Juvenile and
adult C. s simus venom phenotypes broadly correspond,
respectively, to type II {low metalloproteinase activity and
high toxicity, LDsg <1 pg/g mouse body weight) and type [
(high levels of SVMPs and low toxicity, LDs, =1 pgl/g
mouse body weight) venoms defined by Mackessy [37,38].
Here we investigate the transition from type II to type [
venom phenotype in Co s, simus through an integrated
"omics” approach invelving proteomic survey of
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time-course venom composition variation, from birth
through adulthood, and Next Generation sequencing of
the venom gland transcriptomes and microRNAs of
neonate and adult specimens. With this experimental
design we intended to determine whether venom gene
expression is transcriptionally controlled by developmen-
tal stage-dependent factors, or whether the ontogenetic
changes in venom composition involve regulation at the
post-transcriptional level.

Results and discussion
Time-resolved p ic analysis of the ontogenetic
changes in the venom compaosition of C. 5. simus

A previous proteomic survey of the venom of the Central
American rattlesnake, C. s simus, laid the foundation for
understanding the changes in toxin composition and over-
all pharmacological features between adult (predominantly
hemorrhagic) and newborn (mainly neurotoxic) snakes
[29]. This study revealed prominent stage-dependent
protein expression changes between the pooled venoms
from newborn and adult specimens from Costa Rica,
characterized by a shift from a type 11 to a type [ venom
phenotype [29]. Such a conspicuous venom composition
change has been hypothesized to be related to variations
in the size of prey consumed by snakes of different ages
and the variable requirements for immobilizing and
digesting them [37,38]. It has also been suggested that
the significance of venom adaptation to specific diets
represents a trade-off between the metabolic cost of
venom production and increasing foraging efficiency
[7.39]. In the present work we have sought to establish
the molecular mechanism responsible for the reported
ontogenetic shift in venom protein composition.

Figure 1 presents reverse-phase HPLC profiles showing
changes in the composition of venom pooled from
specimens from age 8-weeks to adulthood (z 36 months).
The ontogenctic shift is essentially characterized by a
gradual reduction in the expression of serine proteinases
and PLA, molecules, particularly crotoxin, a B-neurotoxic
heterodimeric PLA; [40-42], concomitantly with an
increased secretion of PL and PHI SVMPs at age 9-18
months. Of particular note, whereas venoms from
individual 9-month-old € s simus specimens showed
indistinguishable reverse-phase chromatographic profiles,
venoms from 18-month-old snakes exhibited large
individual variation in their crotoxin and SVMP contents
(Figure 2), suggesting a key point in shifts in venom
composition at this developmental stage. Consistent
with this view, juvenile specimens around this age exhibit
a range of venom phenotypes, between predominantly
type 1, type II, and combinations of the two. Systemic
effects involving hemostatic disturbances, Le. coagulopathy,
have not been documented in Central American rattlesnake
envenomings [3543]. However, there is little information
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on the clinical observations of envenomings induced by
specimens of C. sinnis of various ages in Central America.
Envenomings by adults are characterized by local tissue
damage, i.e. edema and hemorrhage and systemic mani-
festations  associated with cardiovascular effects and
coagulopathy [43]. Our proteomic data suggest that
bites by juvenile specimens might be characterized by a
combination of SVMP-induced hemorrhage and crotoxin-
induced neurotoxicy, in addition to scrine proteinase-
induce coagulopathy. Thus variable clinical manifestations
might oceur in accidents by C. simus of different ages. A
similar trend regarding geographical differences in
venom composition and toxicity has been described in
the literature for the North American Mojave rattlesnake,
C. s scutulatus, Venom populations of C. s scutulatus
exhibit an intergradation pattern from SVMP-rich (type B)
to Mojave toxin-rich (type A) phenotypes, from south
central to southeastern Arizona [44]. Type A venom has
large amounts of Mojave (crotoxin-like) toxin and shows
neurotoxic effects, Type B venom has large amounts of
SVMPs and shows hemorrhagic effects, and type A+B
venom is a combination of the two and induces both
neurotoxic and hemorrhagic effects [45,46]. Geographic
venom variation throughout the C. s scutulatus range
correlated with clinical severity outcomes [44]. Hence, be-
sides ecological and taxonomical implications, knowledge
of the natural history and toxin composition of venoms is
of fundamental importance for the treatment of bite victims
and for the selection of specimens for the preparation of
venom pools for antivenom production [47,48].

Analysis of the venom gland transcriptomes of neonate
and adult C. s. simus. Retroelements
To investigate the basis of the ontogenetic venom shift
revealed by the time-resolved proteomic analysis, we
compared the transcriptional activity of the venom glands
of a neonate and an adult C. s, sins specimens, using 454
pyrosequencing and the bioinformatic processing strategy
outlined in Durban et al. [15]. 408,505 and 349,170 raw
454 reads from adult and newborn venom gland
transcriptomes, respectively, were quality trimmed using
the Prinseq software and only reads having a Quality
Value (QV) greater than 20 [49] (355,140 (adult) and
320,907 (newborn) Table 1) were considered for assembling
with Newbler 2.6 software. The analysis yielded 33,408
(adult) and 24,136 (newborn) singletons, and among the
resulting 6,484 (adult) and 6,047 (newborn) total
contigs, 1.43% and 10.74% comprised only 2 reads. Table 1
displays a summary of the 454 sequencing statistics.
Contig sequences were inspected for repetitive elements
using Repeat Masker. 97,204 bases (1.93% of adult C. s
sinies venom gland transcriptome) and 65,742 nucleotides
(1.94% of the newborn venom gland transcriptome) were
masked with N characters, a large part of them
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cratoxin A-chain [UniProtkB accession code

comprising Short and Long [Nterspersed repetitive
Elements (SINEs and LINEs) retroelements (Additional
file 1: Tables S1 and S2). Transposable elements (TE) that
propagate within the host genome via RNA intermediates
occupy a large fraction of eukaryotic genomes. Their
mobility and amplification represent a major source of
genomic variation [50,51]. Retrotransposable  elements
have been reported in the transcriptomes of Bothrops
insularis (4.1% of ESTs) [52], Lachesis muta (0.3%) [53],
and Philodryas olfersii (4.1%) [54], in PLA, genes
from the venom gland of Vipera ammodytes [55,56]
and Protobothrops flavoviridis [57,58), and in an E.
ocellatus PII-SVMP gene [59]. Although their functional
relevance in the venom gland remains unknown, trans-
posable elements appear to be overrepresented in UTRs
of mRNAs of rapidly evolving genes [60], suggesting that
they have played a role in the diversification and expan-
sion of these gene families [61,62].

88

Sauria SINE have been characterized in all major lin-
eages of squamate reptiles [62,63], and phylogenetic
analysis of E. ocellatus Sauria SINEs [57] indicated that
their origin correlates with the time frame of the evo-
lution of the snake venom system. Sauria SINEs may
have arisen by a fusion of a tRNA-related sequence
with the 3' end of a LINE [64] more than 200 million
years ago and are uniquely widespread in lepidosaurian
genomes [62]. SINEs have no protein coding capacity,
and their retrotransposition depends on a “target-
primed reverse transcription” by autonomous partner
LINEs, that encode an endonuclease for cleaving the
genomic integration site and a reverse transcriptase to
copy the RNA to DNA [6566]. Since Sauria SINEs
share an identical 3" sequence with Bov-B LINEs, it
has been proposed [63] that they utilize in trans the
enzymatic machinery of Bov-B LINEs for their mobility
and dispersal throughout the genome. In squamates
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and turtles, CR1 and L2 LINES are also partners of di-
verse SINEs [63,67].

An overview of the landscape of retrotransposable ele-
ments reported in the sauropsida taxon, a sister group of
mammals that includes all extant reptiles and birds, has
recently emerged from analysis of the draft genomes of
the red jungle fowl, Gallus gallus [68], and the green
anole, Anolis carolinensis [69]. Whereas a single type of
LINE, CR1, comprises over 80% of all interspersed re-
peats in the chicken genome (200,000 copies; 9% of the
chicken genome), approximately 30% of the A
carolinensis genome is composed of a wide diversity of
LINE and SINE mobile clement families. Since SINEs
are among the largest multigene families in reptilian

Table 1 454 sequencing statistics

genomes, they may act as sites for homologous recom-
bination events between dispersed SINEs, resulting in a
variety of genetic rearrangements, including duplication,
deletion and translocation, that likely represent mecha-
nisms that generates genetic diversity in reptilian ge-
nomes [70]. The prevalence of transposable elements in
untranslated regions of mRNAs of recently expanded
gene classes suggested that TEs could affect gene ex-
pression through the donation of transeriptional regula-
tory signals [60]. The indistinguishable distribution of
TEs in the venom gland transcriptomes of neonate and
adult C. s. simus (Additional file 1: Tables S1 and S2)
argues against this type of transcriptional regulation to
explain the ontogenetic shift in venom composition.

Total reads  Mean length  Max. length  Assembled Number of  Mean length ~ Max. length  Singletons
read (nt) read (nt) reads (%) contigs contig {nt) contig (nt)
Newbarn 320907 5675 1,193 2TV (E6I 64T SEOET 5857 24,136
Adtult 355,140 5354 1,320 206470 (8348)  pAB4 77788 5,047 33408

Raw reads, Roche Signal Processing Application reads, and Newbler 2 6-2ssembled contigs were inspected for poly-N's, the presence of library construction tags,

and their Quality Values (QV). Only reads showing 2 OV > 20 were assembled.
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Comparison of toxin-coding transcript distribution in
newborn and adult C. s. simus transcriptomes provides
clues for streamlining their divergent venom phenotypes
The sets of 6,484 (adult) and 6,047 (newborn) masked
contigs were searched against the NCEI nucleotide
sequence database using the BLASTN algorithm to iden-
tify similar sequences. 4,141 hits representing 63.9% of
the total contigs of the adult snake transcriptome were
retrieved, 431 of which (10.4% of matched hits)
displayed similarity (e-value cutoff <107%) to documented
venom proteins of the taxonomic suborder Serpentes. In
addition, 21,460 singleton sequences (64.23% of the total
adult venom gland singletons, Table 1) produced signifi-
cant BLASTN hits, and of these only 431 (2%)
corresponded to documented snake venom entries.

On the other hand, 3,022 (49.9% of the newborn venom
gland transcriptome) found a BLAST hit, including 658
(10.9%) matches to snake venom proteins, Also, 526 se-
quences out of the 15,052 singleton BLAST hits (3.5%)
corresponded to snake venom toxins, Additional file 2:
Table 53 lists the relative abundances of the different
venom protein family hits in the non-normalized venom
gland transcriptomes of newborn and adult C. s simus.
The venom protein families identified in the newborn
and adult venom gland transcriptomes, and the relative
abundances of the length-normalized ORFs, simulated
with NoiSeq for five technical replicates (nss=5), are
displayed, are listed in Table 2. An estimation of the
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minimum number of genes from each toxin family
transcribed into the venom gland transcriptome was cal-
culated from the multiple alignments of reads matched
to a full-length reference sequence [15] (Table 3). These
newborn and adult synthetic gene sequences were clus-
tered with CD-HIT into shared (identity threshold > (.8)
and unique clusters (Table 3). Figure 3 shows the
distribution of clusters from the major toxin families be-
tween newborn and adult transcriptomes. These results
indicated that both newborn and adult C s simius
venom glands expressed non-overlapping gene sets. In
particular, C-type lectin-like (CTL), (nerve growth fac-
tor) NGF, phospholipase A, (PLA;), and snake venom
metalloproteinase (SVMP) toxin families exhibited high
NOISeq probabilitics (prob value = 0.98, 0.93, 0.96, and
0.91, respectively) of being differentially expressed be-
tween the adult and the newborn transeriptomes. CTL,
NGF, and SVMP toxin families were down-regulated in
newborn versus adult database (-2.01, -1.69, and 0-77,
respectively), whereas the PLA; family appeared to be
up-regulated (1.49).

Figure 4 displays chart pies comparing the relative
protein family compositions computed from the adult
and newborn transcriptomes (Table 2) and the venom
proteomes [15], The amino acid sequences of transeript-
deduced amino acid sequences of PLA; molecules, serine
proteinases, and SVMPs are shown in Additional file 3:
Figures 51-53). In line with previous transcriptomic

Table 2 RPKM (Reads per Kilobase per Million

dzl
reads)

d contigs and singletons from the venom

gland tr of born and adult C. s. simus aligned to a reference snake venom toxin ORF
MNewborn Adult

Contigs Reads Singletons RPKM B Contigs Reads Singletons RPEM %
5-NTase 395 1 21220 006 2 334 a 53254 008
PP 2 L2 Ta6h Q02 1 1 1] 5683 00
CRISP 3 62 a B126 Q02 0 0 1] 0 0
T 5] 483 5 103542 [LE]] 13 1462 4 92555 15
[c.o 143 2 12408 Q04 3 48 2 8107 01&
HYA 2 346 4 24552 D07 4 L 77230 01z
KUN 2 5 a 1870 20 z 115 3 43776 007
LAD L300 a TI368 024 1440 261737 042
NGF 384 Q 50122 015 1 97 4 357702 058
OHA s} 0 a 1) 1) o] 0 1] 1) 4]
PCE 308 a 38350 an 7 a 28528 00
H ra 41,700 En 222N 837 8 115 9 T4H18.46 1213
M 8 54,600 79 28,306.34 Bas 62 65,7498 62 1066858 1734
5 91 156,297 194 207 68354 6207 a3 105,104 62 415323.2 6751
VEGF 2 132 2 21977 o7 a 19 Q L rirrs oy

Abbroviations: 5'NTase 5-nucleotidase, BFP bradykinin potentiating peptide, CRISP cysteime-rich secretory protein, CTL C-type lectin-like protein, GC glutamingl
cyclase, HYA hyaluronidase, KUN Kunitz-type inhibitor, LAD L-amino acid oxidase, NGF nerve growth factor, OHA ohanin, PDE phosphodiesterase, PLA,

phospholipase Az SUMP snake venom llop
proteome [15] are underdined.

5P serine p
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Table 3 Estimation of minimum number of toxin genes
transcribed into the venom gland transcriptomes of
newbom (N) and adult (A) C. s. simus

Newbom Adult N+A
Toxin family Unique Shared
S-Mlase
g 2
CRIs? 3
Cn 4] 2
GC
HYA
KLUMN 2 2
LAQ
NG
PDE
PLA; 2 1 5
Sump 7 7 7
5P 15 0 50
VEGF 2

Texin family acromyms as in Table 2,
Frotein families found in the respective venom proteomes [15] are underlined.

surveys, the overall composition of neonate and adult
transcriptomes (Figure 4, pie charts "a" and "b") are more
similar to each other than their respective proteomes
(Figure 4, pie charts "c”), indicating that the venom tran-
seriptome may be subjected to stage-dependent transla-
tional contrel. In particular, newborn and adult venom
glands expressed similar amounts of a transcript encod-
ing a protein sequence 100% identical to crotoxin B-
chain [P62022], whereas the concentration of this protein
markedly differ in their respective venom proteomes
(compare peak 12,12b in between panels of Figure 1).
Moreover, shared clusters 1, 2, and 4 encode precursor
crotoxin A-chain [PO8878]-like sequences, although this
protein (peaks 29, 9-11 in Figure 1), which is nec-
essary for generating the heterodimeric presynaptic p-
neurotoxic PLA; molecule [40,41] responsible for the
neurotoxicity of newborn and juvenile Central and adult
South American rattlesnakes [42,43], is absent from the
venom of adult C s, simus venom [29]. Similarly, cluster
5, shared by newborn and adult venom gland
transcriptomes (Figure 3B), encodes the PI-SVMP 20-21
exclusively found in venoms of juvenile (18-month) and
adult  specimens (Figure 1). Newborn and adult
transcriptomes also share a number of clusters encoding
PII-SYMPs (0, 1, 2, 4, 6, and 16) although only a PIII-
SVMP (peak 22, Figure 1) is present in the venom prote-
ome of snakes aged 0-9 month, Moreover, PIII-SVMPs
8,11, 14 and 18 and 9, 12, 15, 17 and 19 exhibited exclu-
sive transcription in the newborn and the adult, respect-
ively. On the other hand, although fragmentary, the
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protein sequences encoded by clusters 2, 12 and 15
match the MS/MS-derived peptide sequence information
derived from the PIII-SVMPs 23-24 isolated from venom
of adult snakes [29]. The higher diversity of serine pro-
teinase transcripts characterized in the newborn versus
the adult venom gland also mirrors the protecomic data
(Figure 1). Shared cluster 0 (Figure 3C) encodes serine
proteinase (SP) 14, an abundant enzyme in newborn and
juvenile venom proteomes whose expression is signifi-
cantly down-regulated in adult snakes (Figure 1). A pre-
cise matching of other venom serine proteinases
characterized in C. s simus is impeded by the lack of
MS/MS data discriminating between the different tran-
script sequences (Additional file 3: Figure 53). Neverthe-
less, our results indicate that the age-dependent
expression of both SP 14 and the major PII-SVMPs
found in adult C. s simus venom might be due to a tran-
scriptional regulatory mechanism. In addition, although
it cannot be excluded that some shared transcripts
correspond to psendogenes, and also taking into consid-
eration that the sampled transcriptomes were from single
specimens, another main conclusion from our findings
is that the molecular mechanism by which shared
transcriptomes  generate  divergent venom  phenotypes
may operate post-transcriptionally,

Distinct venom gland miRNA sets in newborn and adult
snakes: modulators of the Central American rattlesnake's
tog ic venom ¢ n variation?

Phenotypic diversity generated through the regulation of
RNA transcripts has been proposed as an explanation
for the discrepancy between organismal complexity and
the relatively limited number of primary coding tran-
scripts [72,73]. Regulation by micro RNAs is one such
mechanism [74,75]. MicroRMAs (miRNAs) are a class of
small (~ 22 nucleotides in length), single-stranded, non-
coding endogenous RNAs that are recently found to be
negative post-transcriptional regulators of gene expres-
sion in cukaryotic organisms [76]. MicroRNAs act as
adaptors that employ a silencing ribonucleoprotein com-
plex to target mRNAs by selective Watson-Crick base-
pairing, primarily in the 3-UTR region. miRNAs an-
chored into specific binding pockets guide members of
the Argonaute (Ago) protein family to target mRNA
molecules for silencing or destruction [77]. The evolu-
tionary dynamics of miRNAs across metazoan phylogeny
and through deep evolutionary time suggests that meta-
zoan morphological complexity might have its roots in
miRNA innovation [78]. To explore the possible involve-
ment of miRNAs in the post-transcriptional regulation
of C. s simus venom gland transcriptome, miRNA li-
braries from neonate and adult specimens were se-
quenced on an Ion Torrent Personal Genome Machine.
Table 4A displays a summary of candidate miRNA
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sequencing statistics. Candidate miRNAs were filtered  (Table 4B). These newborn and adult datasets contained
out according to nucleotide length and the presence of 132 and 268 unique miRNAs, respectively, and 151 were
cither the 30-mer lonA or the 23-mer P1 adapter se-  shared between them (Table 4B). Although to date no
quences. This quality processing step yielded 38,738  snake miRNA has been reported in miRBase (hitp://www.,
(newborn) and 64,493 (adult) clusters, of which, respect-  mirbase.org), which includes 21,643 mature miRNA prod-
ively, 238 and 419 comprised at least 100 reads ucts from 168 species [79], BLAST analysis of C. s simms
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Table 4 A. S y of candidate miRNA seq ing istics. B. Clustering and miRBase annotation statistics

A Total raw reads  Prinseq quality  FastX too-short  FastX adapter-only Processed  Mean length
filtered reads reads reads reads read (nt)

Newborr 374,552 263517 34,579 8390 220548 2458

Aclult 515,040 450,902 55,882 5,956 369,064 2368

B Total clusters =100 reads Unique clusters  Shared clusters  BLAST miRBase hits  Anolis hits % Anolis hits

Newborm 38738 283 132 151 48 22 458

Aclult 64453 419 268 151 70 30 428

Total clusters were obtained after the CO-HIT usage. Clusters were compared between newborn and adult datasets and blasted against mifBase,

the adult and newborn miRNA datasets against the
mature miRBase retrieved 118 hits matching such diverse
taxa as mammals (gray short-tailed opossum, Mono-
delphis domestica; platypus, Ornithorhynchus anatinus;
Tasmanian devil, Sarcophilus harrisii; bull, Bos tawrus;
horse, Equus caballus; Sumatran orangutan, Pongo abelii;
wild boar, Sus scrofa; mouse, Mus musculus,), birds (zebra
finch, Taeniopygia guttata), fishes (sca lamprey, Petro-
myzon marinus; Japanese ricefish, Oryzias latipes; zebra
fish, Danio rerio), reptile (Anole lizard, Anolis caro-
linensis), and the solitary sea squirt, Ciona intestinalis
(Ascidian). However, 52 miRNA sequences (44%) cor-
responded to miRNAs reported in Anolis carolinensis, the
only available squamate genome [69].

MicroRNAs with frequency count of 1000 or greater
exhibited a distinct distribution between the newborn
and adult datasets (Figure 5). Noteworthy, the most
expressed miRNAs in the newborn venom gland showed
a significantly lower abundance in adults and visa versa,
miRNAs abundantly expressed in adults have a lower ex-
pression in neonates (Figure 5, right panels; Tables 54
and S5 in Additional file 2). This uneven distribution of
miRNAs suggests a regulatory mechanism by which a
single transcriptome may result in different proteomes.
Prediction of putative target genes was assessed by mi-
Randa using the parameter specified in the Methods
section. MiRanda is a bioinformatic tool for finding gen-
omic targets for microRNAs that incorporates current
biological knowledge on target rules and computes opti-
mal sequence complementarity between a set of mature
microRNAs and a given mRNA using a weighted dy-
namic algorithm [80-82]. MiRanda predicted 10 miRNAs
complementary of 3-UTR loci of C s simus SVMP 454-
transcripts (5 shared between newborn and adult 5
newborn-exclusive) and 3 miRNAs from adult snakes
targeting PLA; mRNAs (Figure 6; but see also Figure 54
in Additional file 3)., When these matches were filtered
through MapMi using thermodynamics, sequence conser-
vation, and pairwise alignment criteria [83], positive hits
were restricted to the three miRNA sequences mapping to
PLA; loci (clusters New299/Ad368, New1849/Ad1078, and
Ad2166) and a pair of miRNAs against SVMP mRNAs
(clusters New4393/Ad3416 and New2578) (Figure 6).

miRNA counts in the newborn and adult venom gland
transcriptomes, and best BLAST hits of their putative target
genes are displayed in Figure 7. In addition, Table 56 (Add-
itional file 2) lists the miRanda-only predicted miRNAs and
their best BLAST hit, and Figure 54 (Additional file 3
shows their Watson-Crick pairing to target 3-UTR loci of
PLA2 and SVMP 454 transcripts, and the corresponding
binding cnergy caleulated by MapMi. Noteworthy, 590 cop-
ies of miRNA 2166, targeting crotoxin B-subunit, was ex-
clusively found in the transcriptome of the adult snake
whereas 1185 copies of miRNA 2578, complementary to a
PIH-SVMP mRNA, was uniquely present in the newborn
dataset (Figure 6).

Animal miRNAs guide proteins to repress the transla-
tion of target mRNAs via imperfect base pairing between
the miRNA and the target [75]. Although the precise
rules for pairing between a miRNA and its mRNA target
sites are not known, an obvious requirement for miRNA
regulation is the concurrent expression of both a
miRNA and its target genes, and requiring conserved
Watson-Crick pairing to the 5' region of the miRNA
centered on nucleotides 2-7 (the so-called miRNA
"seed”) markedly reduces the occurrence of false-positive
predictions [84,85]. However, a modest role for 3-sup-
plementary in targeting specificity, and the rare occur-
rence of 3'-compensatory sites that can compensate for a
single-nucleotide bulge or mismatch in the seed region,
both centered on miRNA nucleotides 13-16/17, have
been reported [86]. In addition, mismatch at position 1
is supported by biochemical and crystallographic studies,
indicating that the 5-most nucleotide of an Argonaute-
bound guide RNA is not paired to the target strand
[87,88]. Figure 8 and 56 (Additional file 2) display the
complementarity between the dataset-exclusive miRNAs
and their {miRanda + MapMi)-predicted PLA; and
SVMP target mRNA loci listed in Figure 7.

Concluding remarks and perspectives

The most important concept that emerges from our re-
sults is the possibility that miRNAs play a role in both
the ontogenetic shift observed in certain venoms and in
the plasticity of venoms from adult snakes underlying
adaptations to changing environments. An important
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caveat of our current understanding of miRNA target
recognition and post-transcriptional venom gland tran-
seriptome regulation is the absence of mapeable snake
genomes. Nonetheless, almost half of the most abundant
miRNAs sequenced from the venom gland of both, new-
born and adult, C. 5. simes were orthologous to se-
quences in A carolinensis. More significant is the fact

94

that a C. s simus newborn venom gland-exclusive
miRNA and a venom gland miRNA uniquely found in
adult snakes target, respectively, mRNAs encoding a
PII-SVMP and the B-subunit of crotoxin/Mojave toxin.
Relevant to this point, Mojave toxin is a neurotoxic
heterodimeric PLA,, whose translation into the venom
proteome is ontogenetically regulated [29] (Figure 1).
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Cluster I miKNA Sequence Adult Newborm  Adult  Newborn
SvMpP PLA;

New 752 AGCTGAAGAGGAAAACAACACTTTCCTTAGTGACA X' X'

New 253 AGCTGAAGAGGAAAACAACACTTTCCTTAGTGACCA x '

New 3303 GEATTGGTGGTTCAGTGGTAGAATTCTOGCT x'

New 2681 AGCAGCTGACTT, ! '

Ad 368 Newl99 ATGG

Ad TS Newl849 ACGTGCAAATCGE

New 20 TOATCCTICOATGTCGGE '

New 3708 GOGTTGGTGGTATAGTGGTGAGCATAGE %'

New 87 GAGGTAAACGOOTGOGGTOCGOGOA X! x'

New 4393 AdMIE GOCTTGETGCTATAGTGCTTAGCATAGE X ey XM 06

New 166 HGTAAAC COOGE ! !

New 2578 GHATGGGAGACCGOCTGGGAATACCOGGTGOTGT XM (1)

Ad 2166 COAGGCGTCCAGTGOGGTAACGOGAC X" (500
Flgnre & miRNA sequences preducmd by miRanda (1) and MapMi (2} to target 3'-UTR loci of SVMP (blue) and PLA2 (red) transcripts.

e are indicaled in parentheses Best BLAST hits of the clusters mappad by the mifanda- and
licted miRNAs are listed in Figure 7. Best BLAST hits for mifanda-only-predicted mifNA sequences are displayed in Additional file 2:

Table S6.

The noncovalent association of two dissimilar subunits,
the small acidic, nonenzymatic, and nontoxic A-subunit
with the basic and weakly toxic PLA; B-subunit in-
creases the lethal potency of the uncomplexed crotoxin
B-subunit by enabling the toxin to reach its specific site
of action at the neuromuscular junction [40,41,89-91].
Hence, miRNAs targeting a crotoxin subunit messenger
would serve the goal of eliminating the generation of the
neurotoxic heterodimer, Age-dependent changes in the
concentration of miRNA modulating the transition from
a crotoxin-rich to a SVMP-rich venom from birth
through adulthood can potentially explain what is ob-
served in the age-dependent proteomic analysis of the
ontogenetic changes in the venom composition of C. s
simus illustrated in Figure 1.

Large-scale proteomic analysis, performed for one
miRNA (miR-223) in only one cell type {murine neutro-
phils), revealed that although some proteins were re-
pressed by 50-80%, miR-223 typically had more modest
effects [92], suggesting that perhaps other miRNAs in
their endogenous context have targets for which protein
output is more dramatically repressed. Clearly, a

challenge ahead in molecular toxinology is to design la-
boratory experiments to uncover the impact, molecular
details, and evolution of the regulatory miRNA-target in-
teractions that shape venom phenotype during snake de-
velopment. In this regard, it has been proposed that a
single origin of venom in Squamata, the order of reptiles
including lizards and snakes, dates back roughly 200
Mya to the Late Triassic/Early Jurassic period [1,2,93].
Existing snake venom toxins are the result of recruit-
ment events by which ordinary genes were duplicated,
and the new genes selectively expressed in the venom
gland and amplified to multigene families with extensive
neofunctionalization throughout the approximately 112—
125 Mya of snake evolution, Given the central role that
diet has played in the adaptive radiation of snakes [4],
venom thus represents a key adaptation that has played
an important role in the diversification of snakes. Our
findings here reported support the view that understand-
ing the basis for the phenotypic diversity of snake
venoms requires a deep understanding of the mecha-
nisms regulating the transcriptional and translational ac-
tivity of the venom gland. Our results, though restricted

Cluster 1D Contig map__ Best blant hit
A TahNew 299 ContigI®59  XI2603 | Crotalus dusissus ormificus RNA for crotonin B
contigh2858  X12603 | Crotalus dusissus terrificus RNA for crotoxin B
Ad10TENew 1849 contighl024  UDI027 | Crosalus scutulatus scutulatas Mojave Toxin subunit gene
contigh0975  LIDIO26 | Crotalus scutulstus sewtulatas Mojave Toxin subunit gene
contig0986  AF269131 | Crotabus atros acidic phospholipase A2 procursor mRNA
contig0eTs  UDIO26 | Croshus scutalatus scutulatus Majave Toxin subundt gene
Ad 2166 contigh2859  X12603 | Crotalus dusissus terrificus RNA for crotoin B
i K12603 | Crosabus duar ficus RNA for crotonin B
contighl024  LIDI027 | Crotalus scutulatus scutulatus Mojave Toxin subunit gene
i UDIO27 | Crotalus scutulatus scutulatas Mojave Toxin subunit gene
New 4393Ad 16 contigli0RD  GO4S 1440 | Crotslus viridis viridis metalloproteinase VMP-II precursos
contig3090  D2SETI | AGKAHE Gloydius halys gene for prepro-halystatin 2 and 3
contigh30TE  HM#43642 | Bothrops neuwicdi MP_lla SVMP precursor
New 2578 contig03130  UOK234 | CRLPRENTA Crotalies sirox hemorthagic txin a, atrolysi
contig0I228  GO4S1441 | Agki piscivorus beucostoma v
contigl30T  GO4S1440 | Croaslus viridis viridis metallopenteinase VMP-IL
contigh3128  GOMS1443 | Agkistrodon piscivorus leucostoma disinte

Figure 7 Best BLAST hit descriptions of the 454 contigs mapped by the miRNA sequences highlighted in Figure 6. Prec ctec
MapMi-calculated Warson-Crick pairing and bincing energy to their target 3-UTR loci are displayed in F

gure 54 {Acditional file 3}
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Ad2166:

Contig 0285%:
{X12603)

Energy: =23.0

Hew2578:

Contig 03228:

3' cagCGCAATGGCGTGACCTGCGGAGE 5°'

5" acaGGGTCGCGGCA--GAATGCCTCa 3°
511 534
kCal/Mol

3' tgTC-GTGGGCCA-TARGGGTCOGCCA-GAGGGTAGG 5

5' gaAGCCACCGGCTGATTAGTAGGCTGTATTCACATCa 3°'

(001234}

Energy:

1212
-32.2 kCal/Mol

Figure 8 Predicted miRNA binding features. miFarda a
and their predicted target mRNA loci listed in Figure 7,
the MaphMi-calculated binding energies. The adult-spe
1he newt

are indicated
\

ic miRNA targetiny

ment of miANAs from adult (Ac) and nes
ng their Watson-Crick pairing to 3-UTR

rn cataset and targeting a SYMP mANA s colored blue. Nucleotide positions within the best BLAST ¢

1248

wborn (New} venom gland transcriptomes
f LA, and SYMP 454 trarscripts, and

» miRNA selectively fourd in
in the NCE| catabase

toxin B-suburit s hi

to individual specimens from a single species, suggest a
functional role for miRNAs. The impact of specific
miRNAs in the modulation of venom composition, and
the integration of the mechanisms responsible for the
generation and impact of these miRNAs on patterns of
expression in the snake’s venom gland, are further chal-
lenges for future research.

Methods

Pr

of the genetic shift of venom
compasition in C. simus

Venoms from a large number (>25) of adult Crotalus s.
simus specimens and from 11 captive-born siblings
(from an age of B-wecks to 21-months) kept at the
serpentarium of the Instituto Clodomire Picado, Univer-
sity of Costa Rica in San José were collected by snake
biting on a parafilm-wrapped jar (adults and juveniles)
or by aspiration from the fangs of neonates using an
Eppendorf pipette. Crude venoms were centrifuged at
low speed to remove cells and debris, lyophilized,
weighed on a microbalance, and stored at -20°C until
used. Venom proteins were scparated by reverse-phase
HPLC using a Teknokroma Europa Cig (0.4 em x 25
em, 5 mm particle size, 300 A pore size) column and an
Agilent LC 1100 High Pressure Gradient System
equipped with DAD detector and micro-Auto-sampler.
The flow-rate was set to 1 ml/min and the column was
developed with a linear gradient of 0.1% TFA in water
(solution A) and acetonitrile (solution B), isocratically
(5% B) for 10 min, followed by 5-25 % B for 20 min, 25-
45% B for 120 min, and 45-70% for 40 min. Isolated pro-

teins were characterized as described [29).
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Snake venom gland cDNA synthesis and 454 sequencing

Venom glands of an 8-week-old and an adult C. s, sinus
specimens were removed 3 days after venom milking,
when transcription is maximal [94], from anesthetized
snakes using fine forceps and immediately placed in
RNAlater™ solution (Qiagen). About 50 mg of tissue
were disrupted and homogenized by a rotor-stator
homogenizer, and total RNA was isolated using
RNeasy Mini kit (Qiagen), quantified in a NanoDrop
ND_spectrophotometer (NanoDrop Technologies, Wil-
mington, DE, USA) through the A260/A280 ratio, and
quality-checked on an agarose gel discerning the 285
and 185 bands of ribosomal RNA, First strand ¢DNA
was synthesized using RevertAid™ H Minus First Strand
cDNA  Synthesis  Kit (Fermentas), which selectively
transcribes  full-length  polyadenylated mRNA. The
manufacturer's recommendations were followed except
where specified. Approximately 5 pg of total RNA was
used as starting material. In order to avoid polymerase
slippage, a modified 3' 54-mer adaptor (5' GAGCTAGT
TCTGGAG(T)sVN), which includes a type Ils enzyme
(Gsul) site (underlined), was used for first-strand synthe-
sis. This medified oligonucleotide effectively converts
the long run of adenosine residues at the polyA tail into
a sequence that causes fewer problems for dideoxy se-
quencing chemistry, and thus the resulting ¢DNA
libraries were enriched in 3-end-transcripts. To avoid
internal cuts, the ¢cDNA was hemimethylated by adding
5-methyl-dCTP to the dNTPs mix. The first strand
cDNA was used as template for second strand synthesis
by E coli DNA Polymerase I and RNase H. Double
strand (ds) ¢cDNA was precipitated with ethanol and the
pellet was resuspended in 70 pL of nuclease-free water
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and subjected to enzymatic digestion with Gsul for 4
hours at 30°C. The enzyme was then inactivated at 65°C
for 20 minutes and the digested ¢DNA was stored
at -20°C. For 454 pyrosequencing, the GS FLX General
DNA Library Preparation Method Manual workflow
(Roche Diagnostics) was followed. To this end, 3 pg of
final non-normalized ¢DNA library were sheared by
nebulization into small fragments. The fragment ends
were polished and short A/B adaptors were ligated onto
both ends, providing priming regions to support both
emulsion amplification and the pyrosequencing process,
A biotin tag on the B adaptor allowed immobilization of
the dscDNA  library fragments onto  streptavidin-
conjugated magnetic beads and the subsequent isolation
of the library of single strand ¢cDNA sequencing tem-
plates. Each of the eight cDNA libraries was tagged with
a unique 10-base sequence (MID, Multiplex 1Dentifier)
that is recognized by the sequencing analysis software,
allowing for automated sorting of MID-containing reads.
Barcoded libraries were simultaneously sequenced in a
Genome sequencing FLX Titanium System (Roche Ap-
plied Science) at Life Sequencing S.L. (Pare Cientific
Universitat de Valencia, Paterna, Valencia, Spain; http://
www lifesequencing.com) using the method developed

by Margulies et al. [95].

Bioinformatic analysis of the 454 reads

454 data were analyzed using the workflow developed in
[15] to identify sequences of toxin molecules by similar-
ity scarch against nucleotide databases, which includes
available NGS algorithms and in-house scripts. An initial
quality test step of both the raw reads provided by the
Genome Sequencer FLX System prior to the assembly
process and the longer contig sequences obtained after
running the 454 Newbler assembler program (version
2.6) (Titanium chemistry) was run using the Prinseq
program (standalone version 0.17.4) [96]. Interspersed re-
peats and low complexity DNA sequences were masked
from the transcript reads using RepeatMasker (version
3.2.9) [97]. RepeatMasker is available from the Institute
for Systems Biology (http://www.systemsbiology.org) ad-
dressing http://repeatmasker.org. The program screens
DNA sequences for interspersed repeats and low com-
plexity DNA sequences included in the Repbase database
(http:/fwww.girinst.org). Repbase, a comprehensive data-
base of repetitive element consensus sequences {update of
20 September 2011), operates as a service of the Genetic
Information Research Institute (http://www.girinst.org).
Data and computational resources for the Pre-Masked
Genomes page is provided courtesy of the UCSC Genome
Bioinformatics group (http://genome.ucscedu). Masked
contig sequences were translated into the 6 possible read-
ing frames and blasted against the non-redundant NCBI
database (http://blast.ncbinlm.nih.goy, release of February
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2012) and the UniProtKB/Swiss-Prot Toxin Annotation
Program  database  (http://us.expasy.org/sprot/tox-prot),
using BlastX and BlastN [98] algorithms (version 2.2.24),
specifying a cut-off value of e-03 and BLOSUMG2 as
scoring matrix. Snake venom gland-specific transcripts
were selected from best BLAST-hit descriptions identi-
fying GenBank entries belonging to the taxonomic sub-
order Serpentes. This taxonomic group is represented
by 44,141 nucleotide records comprising entries from
2,396 different species. A second filtering round was
carried out using a list of keywords (including the acro-
nyms of all known toxin protein families described so
far to distinguish putative snake venom toxins from
non-toxin (ribosomal, mitochondrial, nuclear, ete.) or-
dinary proteins [15]. The phylogenetically nearest top-
hit full-length sequence was designated as the reference
sequence onto which all toxin family-specific reads were
aligned to create a multiple alignment using COBALT
[99]. The multiple alignment was then parsed to create
an assembled (consensus) toxin sequence in which each
amino acid position is supported by at least four reads.
We considered two contigs as different if their nucleo-
tide sequences depart in more number of positions than
expected from a sequencing error rate of 1.5%, and the
same mutated residues were found in at least two other
reads, Positions where two or more amino-acids fulfilled
this criterium were annotated as variable residues
suggesting the oceurrence of different alleles (isoforms)
of the protein.

The relative expression of a given toxin protein family
was calculated according to the RPKM (Reads per Kilo-
base of exon per Million mapped reads) standard pro-
cedure described by Mortazavi and coworkers [100].
This normalization procedure provides an analog of the
relative molar concentrations of transcripts. To this end,
all the reads contributing to the contigs (regardless
whether that read uniquely maps to that contig or not)
and the length of the phylogenetically nearest coding se-
quence were taken into account to calculate the RPKM
normalized figure:

ORF reads 4+ ORF Singletons
Total reads = Length
10° 10°

RPEM =

Passible differential expression of venom proteins be-
tween adult and the newborn individuals was assessed
with the non-parametric NOISeq-sim algorithm [101]
using the following parameters recommended for counts
without replicates in the NOISeq-sim manual were used:
k (counts equal to zero) = 0.5; nss (number of samples
to be simulated) = 5; pnr (percentage of the total

97
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sequencing depth) = 0.2; v (variability in the total se-
quencing depth of the simulated sample) = 0.02. Reads
were normalized by the length of the phylogenetically
nearest sequence and a threshold of 0.9 was allowed.

Comparison of newbom and adult C. s. simus venom
transcriptomes

To assess the degree of similarity between transcripts
synthesized by newborn an adult venom glands, a Perl
script was written that aligned singletons and Newbler-
assembled contigs onto the open reading frame (ORF)
of the phylogenetically nearest protein sequence used
as reference. The aligned nucleotide sequences were
re-assembled with MIRA  (http://www.chevreux.org/
projects_mira.html) to infer the minimum number of
different assemblies. These resulting sequences from
newborn and adult individuals were compiled into a
single FASTA file, translated into protein sequences,
and manually inspected to discard possible mispaired
BLAST annotations of local regions due to incorrect
frame translations. Protein sequences were then clustered
with CD-HIT (standalone wversion 4.5.7 built on 27th
February 2012) [102,103] to identify protein sequences
shared between newborn and adult transcriptomes.

Snake venom gland microRNA profiling

Total RNA from neonate and adult venom glands was
used to isolate small RMA libraries using a RNeasy Mini
Kit following the manufacture’s (Qiagen) instructions.
Samples were guantified using a NanoDrop ND-1000
spectrophotometer (NanoDrop Technologies, Wilming-
ton, DE, USA) through the 260/280 absorbance relation.
5 microliter of neonate (2586 ng/microliter) and adult
(490.7 ng/microliter) size (<200 nt)-enriched microRNA
(miRNA) library were sequenced on an lon Torrent Per-
sonal Genome Machine (PGM™) Sequencing platform at
Life Sequencing S.L.

Bioinformatic processing of the lon-Torrent miRNA reads
Using Prinseq [96], the lon-Torrent miRNA reads were
filtered out according to nucleotide length (min_length
15 nt; max_length 40 nt) and the presence of either the
30-mer IonA or the 23-mer P1 adapter sequences.
Adapter sequences were removed using the fasxt_clipper
tool from the Fastx-Toolkit (http://hannonlab.cshledu/
fastx_toolkit). The resulting reads were clustered using
CD-HIT-454 [102] setting an identity threshold of 0.98
and the accurate mode option gl. HIT-454 was designed
to identify artificial duplicates from raw 454 sequencing
reads, including exact duplicates and near identical
duplicates, Seript cdhit-cluster-consensus (v.13) of the
CD-HIT suite of programs was run to derive consen-
sus sequences for each of the miRNA clusters. This
program is currently maintained by Dr. Li's group
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(http:/ fweizhong-lab.ucsd.edu).  The relative  abun-
dances of miRNAs with frequency count = 100 were
normalized by scaling the number of reads clustered
by CD-HIT-454 to the total number of processed
reads (220,548 for newborn + 389,064 for adult). To
identify unique and shared sequences between the
newborn and adult datasets, these newborn and adult
miRNA clusters were compared between themselves
using CD-HIT. Differential expression between
miRNAs in these two datasets was assessed with
NOISeg-sim [101] allowing a threshold of 0.9.
miRNAs comprising = 100 reads were subjected to
BLAST analysis against miRBase (release 18, Novem-
ber 2011, which included 21643 mature miRNA prod-
ucts from 168 species) (http://www.mirbase.org) [79].

The search for miRNA targets

The precise rules and energetics for pairing between a
miRNA and its mRNA target sites are not completely
understood [104,105]. A variety of computational algo-
rithms aimed at predicting miRNA target genes incorp-
orate rules for miRNA-mRNA interactions such as base
pairing complementarity and favourable miRNA-mRNA
duplex thermodynamics. Current prediction methods
are diverse, both in approach and performance [106].
We have employed the freely available target prediction,
position-weighted local alignment miRanda algorithm
(standalone  version 3.3a) [80,81] and the MapMi
webserver (version 1.5.0-build 01, release March 2012)
(http:/fwww.ebiac.uk/enright-srv/MapMi) [83] to iden-
tify candidate miRNA target sites in 3-UTR regions of
454 reads by base complementarity, and putative miRNA
loci, respectively, MapMi is a tool designed to locate
miRNA precursor sequences in existing genomic se-
quences, using potential mature miRNA sequences as
input. miRanda is an algorithm for finding genomic tar-
gets for microRMNAs that incorporates current biological
knowledge on target rules and computes optimal se-
quence complementarity between a set of mature
microRNAs and a given mRNA using a weighted dy-
namic programming algorithm. In addition, miRanda
uses an estimate of the free energy of formation of the
miRNA:mRNA duplex as a secondary filter [82]. The fol-
lowing parameters were set to reduce the estimated false
positives to < 9% [80,81]: total Score >100; AG of the
intermediate duplex < -19 Keal/mol; and output of 2 or
more 454-contig targets,

Database accession

The raw 454 G5 FLX Titanium reads of . s. simus adult
and neonate venom gland transcriptomes, and the lon
Torrent PGM reads (miRNA sequences) of adult and
neonate C. s simus have been archived as Standard
Flowgram Format (sff) files with the NCBI Sequence
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Read Archive (SRA) (http://www.ncbinlm.nih.gov/sra?
term=SRA051956) under accession codes SRX143982 and
SRX143985, SRX143983 and SRX 143984, respectively.

Animal ethics

Procedures for snake maintenance, sacrifice, and gland
extraction in this study followed the Quality Management
Protocols from the Instituto Clodomiro Picado, University
of Costa Rica, and comply the Animal Welfare Law
#7451, chapters I and III, and the Biodiversity Law,
Decree 7788, Republic of Costa Rica. Research permission
was allowed under Resolution ACG- SINAC- PI-012-2010
(Ministry of Environment of Costa Rica).
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Bothriechis is considered a monophyletic, basal genus of arboreal Neotropical pitvipers
distributed across Middle America, The four species found in Costa Rica (B. lateralis, B
schlegeli, B. nigroviridis, B. supraciliaris) differ in their venom proteomic profiles, suggesting
that different Bothriechis taxa have evolved diverse trophic strategies. In this study, we
isolated a phospholipase Az (PLAz) from B, loteralis venom, aiming al increasing our
knowledze on the structural and functional characteristics of group 11 PLA;S, whose

;:’:;’:f;om toxic actions are generally more restricted than those displayed by basic PLA2s, The new
Viperidae acidic enzyme, BlalPLAz, occurs as a monomer of 13,917 Da, in contrast o many basic

group Il PLA;s which associate into dimers and often display myotoxicity and/or neuro-
Loxicity. Its amino acid sequence of 122 residues predicts an isoelectric point of 4.7, and
displays significant differences with previously characterized acidic PLAgs, with which it
shows a maximum sequence identity of 78%. BlalPLA; is catalytically active but appears Lo
be devoid of major toxic activities, lacking intravenous or intracercbroventricular lethalicy,
myotoxicity, in vitro anticoagulant activity, and platelet aggregation or inhibition effects.
Phylogenetic relationships with similar group Il enzymes suggest that BlatPLA; may
represent a basal sequence Lo other acidic PLAzs, Due 1o the metabolic cost of venom
protein synthesis, the presence of a relatively abundant (9%) but non-toxic component is
somewhat puzzling. Nevertheless, we hypothesize that BlatPLA; could have a role in the
pre-digestion of prey, possibly having retained characteristics of ancestral PLAzs without
evolving towards potent toxicity.

Phospholipase Az
Arboreal snake
Bothriechis lateralis

@ 2013 Elsevier Lud. All rights reserved,

1. Introduction

Phospholipases Az (PLAzs; EC 3.1.1.4) are widely
distributed in animal venoms, where they play major roles
in toxicity, In snake venoms, these enzymes often display
potent neurotoxic and/or myotoxic effects in vivo, therefore
heing relevant for subduing and pre-digestion of prey
(Rosenberg, 1990; Kini, 1997; Montecucco et al., 2008).

* Corresponding auther.
E-mail address: bruno lomonte@ucraccr (B, Lomante),

0041-0101(3 - see front matter © 2013 Elsevier Ld. All rghts reserved.
hutp:ffdxdoiorgf 101016(j 1oxicon 2013.07.008

During ophidian evolution, at least two independent re-
cruitments of ancestral PLA; genes have been proposed to
explain the presence of group | enzymes in elapid and
colubrid venoms and group Il enzymes in the venom of
viperids (Fry and Wiister, 2004), The evident structural
conservation between these two groups of PLA; toxins and
their corresponding non-toxic counterparts of mammals,
proves the versatility of the recruited scaffolds to evolve
into successful ‘chemical weapons’ in venom glands
(Casewell et al. 2013). Moreover, the fact that neo-
functionalization towards neurotoxicity and myotoxicity
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emerged in both lineages (groups 1 and 1) of ancestral PLA;
genes has been pointed out as an interesting case of
convergent evolution (Lomonte and Gutiérrez, 2011;
Lomonte and Rangel, 2012).

Despite important achievements in understanding the
structural bases of toxic activities exerted by venom PLAs,
many fundamental aspects of their actions are still open
questions (reviewed by Gutiérrez and Lomonte, 2013), It has
long been recognized that the ability to hydrolyze phos-
pholipids per se is insufficient to generate toxicity
(Rosenberg, 1990; Kini, 2003; Petan et al, 2013). On the
other hand, some effects of PLAys involve interactions with
proteins  independently of catalysis (Lambeau and
Lazdunski, 1999; Fujisawa et al, 2008; Sribar and Krizaj,
2011), and, moreover, a divergent subgroup of these pro-
teins known as ‘Lys49 PLA; homologues' display toxicity in
spite of their lack of catalytic activity {Lomonte and Rangel,
2012). Thus, correlating the structures of snake venom PLA,s
to toxic functions remains a challenging area of research.

As a general trend, basic venom PLA;s appear to be more
toxic than their acidic counterparts. In the case of group 11
PLAs, an increasing number of acidic enzymes have been
found to lack major toxic actions (de Araijo et al., 1994;
Daniele et al, 1995; Fernandez et al. 2010a; Garcia
Denegri et al, 2010; Silveira et al., 2013) or to display
moderate  myotoxicity or pharmacological activities
(Serrano et al., 1999; Fuly et al, 2002; Andrido-Escarso
et al, 2002; Ketelhut et al, 2003; Roberto et al,, 2004;
Cogo et al,, 2006; de Albuquerque Modesto et al,, 2006;
Rodrigues et al., 2007; Santos-Filho et al., 2008). On these
grounds, the isolation and characterization of new acidic
PLAzs may provide a valuable comparative framework to
disclose the structural determinants responsible for the
remarkable toxicity of basic PLAzs. With this aim, we
focused in this study on a PLA; present in the venom of the
arboreal snake Bothriechis lateralis. Previous work on the
proteomic profiling of venoms from four Bothriechis species
that inhabit Costa Rica, B. lareralis, B. schlegeli {Lomonte
et al., 2008), B. nigroviridis (Fernandez et al., 2010b), and
B. supraciliaris {Lomonte et al., 2012), revealed strikingly
different compositions, in spite of their common adapta-
tion to arboreal habitats, diet, and close geographical dis-
tributions within this small country. In contrast to the other
three species of Bothriechis, the venom of B. lateralis does
not contain basic proteins, but presents a relatively abun-
dant (~9%) acidic PLA;, which was isolated, sequenced,
and characterized in the present study.

2. Materials and methods
2.1. Isolation of BlatPLA;

Venom was collected from ten specimens of B. lareralis
from Costa Rica, kept at the serpentarium of Instituto Clo-
domiro Picado (ICP). The pooled venom was freeze-dried
and stored at 20 °C, Batches of 2-3 mg were dissolved
in 200 pl of 0.1% trifluoroacetic acid {TFA) in water, centri-
fuged at 15,000 = g for 5 min, and fractionated by RP-HPLC
on a Cig column (4.6 » 250 mm; 5 pm particle; Teknok-
roma) using an Agilent 1200 chromatograph. Elution,
monitored at 215 nm, was performed at 1 mlfmin by
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applying a gradient towards acetonitrile containing 0.1%
TFA, as follows: 0-33% in 19 min, 33-40% in 26 min, and
40-70% in 5 min. This gradient was modified on the basis of
previous studies on the venom protcome of B. lateralis
{Lomonte et al., 2008) in order to optimize the obtention of
the PLA; peak, Fractions were collected manually and dried
by vacuum centrifugation (Savant). The peak eluting at
28,6 min yielded a protein with PLA; activity, which was
analyzed by SDS-PAGE (12%) under reducing and non-
reducing conditions, and by analytical RP-HPLC on a C4
column {4.6 > 150 mm). This protein, named BlatPLAz, was
further characterized as described below,

2.2, Molecular mass determination

BlatPLA; was analyzed by MALDI-TOF mass spectrom
etry (MS) on an Applied Biosystems 4800 Plus instrument.
Various dilutions of the protein were mixed with an equal
volume of saturated sinapinic acid in 50% acetonitrile
containing 0.1% TFA, spotted (1 pl) onto an Opti-TOF 384
plate, and allowed to dry. Spectra were acquired in positive
linear mode, in the mjz range 4000-30,000, using 1500
laser shots at an intensity level of 4000. CalMix-5 standards
{AB Sciex) spotted on the same plate were used for external
calibration.

2.3, Amino acid sequencing

BlatPLA2 was dissolved in ammonium bicarbonate
{50 mM) and subjected to reduction with dithiothreitol
(10 mM) and alkylation with iodoacetamide (50 mM). its N
terminal sequence was obtained by Edman degradation on a
Procise instrument (Applied Biosystems), Additionally, the
reduced and alkylated protein samples were digested with
sequencing grade trypsin, chymotrypsin, or Asp-N, and the
resulting peptides were analyzed by MALDI-TOF-TOF MS
andfor nano-ESI MS/MS, in order to obtain de novo amino
acid sequences, For MALDI-TOF-TOF MS, proteolytic peptides
were mixed with saturated a-cyano-4-hydroxycinnamic acid
in 50% acetonitrile containing 0.1% TFA, spotted, and analyzed
in positive reflector mode {1625 shots, laser intensity 3000).
Up to ten precursor ions from each MS spectrum were
selected for automated collision-induced dissociation (CID)
at 2 kV (500 shots, laser intensity 3000). Amino acid se-
quences were deduced with the aid of ProteinPilot v.4.0.8
(ABSciex) or interpreted manually. For nano-ESI-MS/MS,
peptides were analyzed by direct infusion in a QTrap 3200
{Applied Biosystems) mass spectrometer, Selected doubly- or
triply-charged ions from spectra obtained in Enhanced Res-
olution mode (250 amufs) were subjected to fragmentation
using the Enhanced Product lon option with Qp trapping.
Settings were: Qy, unit resolution; collision energy, 25-40eV;
linear ion trap 4 fill time, 250 ms; and Qs scan rate,
1000 amufs {Calvete et al,, 2007). CID spectra were inter-
preted manually to derive de nove amino acid sequences.

2.4. Phylogeneric relationships
The phylogenetic relationships of BlatPLAz with 26 snake

venom PLAgs showing highest similarity in a BLAST search
(http://blastncbinlmonihgov) were inferred using the
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neighbor-joining method (Saitou and Nei, 1987) imple
mented in MEGAS (Tamura et al,, 2011), after a multiple
sequence alignment performed with MUSCLE. The bootstrap
consensus tree was inferred from 1000 replicates, and
evolutionary distances were computed using the p-distance
method (Felsenstein, 1985; Mei and Kumar, 2000).

2.5. Phospholipase Az activity

Enzymatic activity of BlatPLA; was determined by the
phenol red colorimetric method described by {de Aradjo and
Radvanyi, 1987). Twenty microliters of various enzyme so-
lutions in water, containing 2000, 1000, 500, 250, or 125 ng,
were added to 1 ml of the micellar substrate (0.25% wjv sn-3-
phosphatidylcholine, 04% vfv Triton X-100, 0.004% wjv
phenol red) in a thermoregulated cuvette at 30 °C. After a
stabilization period of 20 s, the decrease in absorbance at
558 nm was monitored continuously for 1 min. One unit of
PLA; activity was defined as the change of 0.001 in absor-
bance per min, Assays were performed in triplicate.

26. Lethal activity

A group of five CO-1 mice {16-18 g body weight)
received an intravenous injection of 100 pg of BlatPLA;
(equivalent to 5.9 pgfg), dissolved in 100 ul of phosphate-
buffered saline (0.12 M NaCl, 0.04 M sodium phosphate,
pH 7.2: PBS). Three control mice received the same volume
of PBS alone. Animals were observed to record deaths for
up to 48 h. All procedures were approved by the Institu
tional Committee for the Care and Use of Laboratory Ani-
mals {CICUA) of Universidad de Costa Rica (#82-08).

2.7, Intracerebroventricular lethality

A group of three CD-1 mice {16-18 g) received an
intracerebroventricular injection of 10 pg of BlatPLA;, dis-
solved in 5 pl of PBS. A negative control group received 5 pl
of PBS alone, whereas a positive control group received 5 ug
of myotoxin 11, a basic Asp49 PLA; isolated from Bothrops
asper venom {Kaiser et al,, 1990}, Animals were observed
for up to 48 h to record deaths.

2.8, Myotoxic activity

A group of five CD-1 mice (18-20 g) received an intra-
muscular injection of 50 pg of BlatPLAZ, dissolved in 50 pl of
PBS, in their right gastrocnemius. A control group of mice
received an identical injection of PBS alone, For compari-
son, 50 ug of crude B. lareralis venom was injected in
another group. After 3 h, a blood sample was collected from
the tail of all animals into heparinized capillaries, centri-
fuged, and plasma aliquots of 4 pl were utilized to deter-
mine the activity of creatine kinase (CK; E.C. 2.7.3.2) using a
kinetic assay {CK-Nac, Biocon Diagnostik) (Gutiérrez et al.,
1986). Enzyme activity was expressed in UfmL.

2.9, Edema-forming activity

Edema was determined in a group of four CD-1 mice
18-20 measuring footpad thickness with a low-
4 4 P

pressure spring caliper {Oditest) before and at various in-
tervals (30, 60, 120, 180, 240, 300, and 360 min) after the
subcutaneous intraplantar injection of 10 pug of BlatPLA3,
dissolved in 50 ul of PBS {Lomonte et al., 1993). A control
group of mice received an identical injection of PBS
alone. Edema was expressed as the percentage increase
in footpad thickness relative to the pre-injection
measurement.

2.10. Anticoagulant activity

Different amounts of BlatPLA, (5, 10, or 20 pg), dissolved
in 50 ul of PBS were added to 200 ul of citrated human
plasma (pre-warmed at 37 “C) and incubated for 10 min at
37 °C. As a control, 50 pl of PBS alone was added to 200 pl of
plasma. Then, 50 pl of 0.25 M CaCl; was added to each tube
and the clotting time was recorded {Gutiérrez et al.,, 1986).
Assays were performed in triplicate,

2.11. Effects on platelet aggregation

Platelet-rich plasma {PRP) was prepared from citrated
blood of healthy donors, by centrifugation at 60 g for
15 min. Different amounts of BlatPLA3 (2.5, 5, and 10 pg), in
25 ul of PBS, were added to 225 ul of PRP, and incubated at
37 °C for 5 min. Then, platelet aggregation was induced by
the addition of 25 pl of ADP (200 uM final concentration;
Rucavado et al, 2001), and continuously monitored by
measurement of percentage transmitted light in an
AggRAM analyzer (Helena Laboratories) at a constant spin
rate of GOO rpm. Experiments were performed in
duplicates.

212, Immunological cross-recognition

The antigenic cross-reactivity between BlatPLA; and a
previously isolated acidic enzyme from B. asper venom,
BaspPLAg-II (Fernandez et al., 2010a), was tested by ELISA.
Proteins were adsorbed onto 96-well microplates {Nunc
Maxisorp) at 0.2 ug/100 ulfwell, by overnight incubation in
0.1 M Tris, 0.15 M NaCl, pH 9.0 buffer, After washing with
PBS, free sites were blocked with PBS containing 1% bovine
serum albumin (BSA) for 1 h. Then, serial dilutions of rabbit
serum against BaspPLAz-Il {Fernandez et al, 2010a), or
normal rabbit serum as a negative control, were added and
incubated for 1 h. Plates were then washed with 0.05 M
Tris, 0.15 M NaCl, 20 pM ZnCly, 1 mM MgCl; (pH 7.4}, and
bound antibodies were detected by incubation with an
anti-rabbit IgG-alkaline phosphatase conjugate (1:5000)
for 1 h, followed by washing and color development with p-
nitrophenylphosphate {1 mg/mg) in diethanolamine buffer
(pH 9.8). Absorbances were recorded on a microplate
reader {Labsystems) at 405 nm. Assays were performed in
triplicate wells.

2.13. Statistical analyses
Results are presented as mean = SD. Comparisons be-
tween means of two groups were performed with the

Student’s t-test, where p values lower than 0.05 were
considered significant.
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3. Results

The RP-HPLC method originally used for the proteomic
profiling of B. lateralis venom was optimized to obtain a
prominent peak, eluting at ~28.6 min {Fig. 1A). which
contained a protein with PLA; activity, Collection of this
peak was followed by the bulk elution of the remaining
venom components and column regeneration, The homo-
geneity of the protein obtained, here named BlatPLA;, was
evaluated by analytical RP-HPLC (Fig. 1B) and SDS-PAGE
(Fig. 1C), which in both cases showed a single component.
By the latter technique, BlatPLA; migrated at ~15 kDa in
either reducing or non-reducing conditions, evidencing its
monomeric nature and lack of tendency to form aggregates.
Further indication of the homogeneity of this protein was
provided by MALDI-TOF mass spectrometry analysis, which
showed sharp peaks at mjz 6959.4 [(M — 2H)*'] and
13,9176 [(M + H)7] (Fig. 2A). The PLA; activity of the iso
lated protein upon micellar phosphatidylcholine/TX-100
substrate was preserved, as shown in Fig. 2A.

BlatPLA; was subjected to N-terminal amino acid
sequencing, which yielded its first 24 residues, and to
proteolytic digestions, Analysis of the resulting peptides by
tandem mass spectrometry allowed completion of its
amino acid sequence (Fig. 3). The protein sequence data
reported in this paper will appear in the UniProt

g

Absorbance (215 nm) I
8

Knowledgebase under the accession number COHJC1. The
calculated isotope-averaged molecular mass (Mg, for this
sequence, including seven disulphide bonds, is 13.877.6 Da,
departing from the experimental value of 13,916.7 + 0.4 Da.
Since the full-lengrh sequence of BlatPLA; shown in Fig. 3
was deduced by combination of Edman degradation and
de nove sequencing of overlapping peptide ions, whose
monaoisotopic masses exactly matched the deduced amino
acid sequence, the mass difference of 39.1 Da may indicate
that the MALDI-TOF mjz values corresponded to a potas
sium adduct of the pative protein ion (calculated
(May + H + K)™ = 13917.7 Da).

As expected for a group 11 PLA;, BlatPLA; presents 14 Cys
residues which adhere to the strictly conserved pattern
that defines this group. Results of similarity search and
multiple alignment are presented in Fig. 4. The highest
amino acid sequence identity obtained in this analysis was
78% with an acidic PLA; isolated from the venom of Lachesis
stenophrys from Costa Rica (P84651; de Assis et al., 2008),
followed by G9-76% with a group of viperid PLAzs. The
acidic nature of BlatPLA; is supported by its predicted pl
value of 4.7 (Fig. 4). However, interestingly, snake venom
PLA;s showing high identity values to BlatPLA; include not
only acidic enzymes but also several basic ones, with
theoretical pl values between 8.2 and 8.8 (Fig. 4). The
multiple sequence alignment of the newly described
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Fig. 1. [A] Reverse-phase HPLC of Bothriechis lateralis venom (26 mg) on a C18 column (250 = 46 mm} cluted at 1 mlifmin with a gradient from water to

taining 0.1% trifl
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Fig. 2. (A) MALDI-TOF mass spectrum of BlatPLA;, analyzed in positive
linear mode in the presence of sinapinic acid as matrix. The spectrum was
acquired 1 an Applied Biosystems 4800 Plus instrument, in the mfz range
A000-30,000, using 1500 laser shots at an intensity of 4000, The left and
right erdinates indicate relative and absolute signal intensities, respectively.
(B) Phospholipase A activity of BlatPLA; on phosphatidylcholine-Triton X-
100 micelles, as i by the phenol red-hased method of de Aradjo
and Radvanyi [1987). One unit of PLAz activity was defined as the change
of 0.001 in the absorbance at 558 nm per min. Points represent mean = 50
of triplicates.
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enzyme with similar proteins shows that 48 out of its 122
amino acid positions are absolutely conserved (shaded gray
in Fig. 4). Overall, these comparisons indicate that BlatPLAz
presents significant differences from previously described
group 1l PLAys from snake venoms, as supported by the
maximum identity value of 78%. The phylogenetic position
of BlatPLA; within the group of 27 proteins aligned in Fig. 4
was inferred by the neighbor-joining tree presented in
Fig. 5. The tree clearly discerned the acidic from the basic
enzymes, and placed BlatPLA; in a relatively basal position
within the former group, as a sister branch to all of the
acidic PLAys analyzed, except for two enzymes from
Agkistrodon halys venom (042190 and 042189) which
formed an independent clade (Fig. 5).

An evaluation of in vive and in vitro activities of BlatPLAz
was performed. The intravenous injection of 100 pg of this
enzyme did induce neither lethality, nor caused any evident
alterations in mice. Similarly, the protein was devoid of le-
thal effect when injected by the intracerebroventricular
route at a dose of 10 g, whereas the outcome in a control
group of mice receiving 5 ug of a basic PLA; instead (B. asper
myotoxin 111) was of 100% lethality. Also, BlatPLAz was
devoid of myotoxic activity when administered by the
intramuscular route (Fig. 6), since a dose of 50 ug induced a
negligible and statistically non-significant (p > 0.05) in
crease in plasma creatine kinase levels in comparison to
control animals that received vehicle alone. In the mouse
footpad assay, subcutaneous injection of 10 pg of the
enzyme caused a mild, although statistically significant
edema of rapid onset, which vanished by 5-6 h (Fig. 7).
In vitro assays showed that BlatPLA; was devoid of antico-
agulant effect on human plasma (data not shown), and did
neither promote human platelet aggregation, nor inhibited
ADP-induced platelet aggregation (Fig. 8).

Since the profile of bioactivities of BlatPLA; closely
resembled that of a previously isolated acidic enzyme of B,
asper, BaspPLAz-11 (Fernandez et al., 2010a). the immuno-
logical cross-recognition of the former enzyme by rabbit
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Fig. 3. Amino acid sequence of BlatPLA,. Overlapping peptides, obtained after reduction of disulphide bonds and alkylation of cysteines followed by digestion
with prateases [T: trypsin; C: chymotrypsing A: Asp-N) were de novo sequenced by MALDI-TOFRTOF MS ar nano-ESI-MS/MS, as described in Materials and
methods. The fist 24 amino acids were determined by N-terminal Edman degradation. Cysteines are indicated in red (for color descriptions the reader is

referred o the web version of the figure).
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BlatPLAZ |B.lateralis
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of BlatPLA; with the most similar proteins afier a BLAST search and processing with MUSCLE in MEGAS, as

described in Materials and methods, Cysteines are highlighted in Bold, and identical residues among the 27 proteins are shaded in gray. Accession codes in the
UniProt database are indicated at the left of each sequence, At the right, percentage of identity ([d%), total number of aming aclds (n), and prr.'dlcrod isoelectric

points (pl) are indicated. The theoretical pl values were obtained using the “Compute pl{MW" tool at ExPASy (hitp:/f

antibodies generated against the latter was evaluated.
ELISA results (Fig. 9) evidenced significant cross-reactivity
hetween the two antigens when confronted to these anti-
bodies, where the immunorecognition of BlatPLA;
corresponded2 to nearly 65% of the recognition of the ho-
mologous antigen,
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4. Discussion

The relatively small size { ~ 15 kDa; ~ 120 amino acids)
and highly conserved three-dimensional fold of snake
venom PLAs is in contrast with their wide range of bio-
activities and pharmacological effects (Kini, 2003 ), Subtle
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ACIDIC
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Fig. 5. Phylogenetic relationships of the FLA; proteins aligned in Fig. 4, inferred by the neig] -joini

P20474|B.asper

BASIC

algorithm imp in MEGAS, as described in

Materials and methods. The bootstrap consensus tree was inferred from 1000 replicates, and evolutionary distances were computed using the p-distance method.
The position of BlatPLAg is marked with the symbal *& ", Acidic and hasic PLAs are enclosed in red and blue boxes, respectively {for color descriptions the reader

is referred to the web version of the figure)

changes in amino acids located in exposed regions of these
interfacial enzymes, seemingly played a significant role in
their evolution of diverse toxic actions (Ogawa et al., 1995;
Kini and Chan, 1999). However, the molecular basis of
toxicity of snake venom PLAzs is only partially understood.
In group 11 PLAzs, a correlation between basic character and
high roxicity is generally observed. Acidic enzymes, on the
other hand, tend to be of lower, if any, toxicity, although a
series of pharmacological actions such as in vitro antico-
agulant activity, platelet aggregation or its inhibition, and a
mild hypotensive action in vive or moderate myotoxicity
have been reported {Serrano et al., 1999; Fuly et al., 2002;
Andrido-Escarso et al, 2002; Ketelhut et al. 2003;
Roberto et al,, 2004; Cogo et al., 2006; de Albuguerque

Modesto et al., 2006; Rodrigues et al., 2007; Santos-Filho
ot al,, 2008). In some cases, acidic group Il PLA; enzymes
appear to be devoid of toxicity or pharmacological actions
(de Aratjo et al., 1994; Daniele et al., 1995; Fernandez et al.,
2010a; Garcia Denegri et al., 2010; Silveira et al,, 2013), their
presence in snake venoms being therefore somewhat
puzzling. It has been speculatively proposed that the role of
these apparently non-toxic enzymes could be limited to
contributing in the pre-digestion of prey, rather than in its
immobilization or killing {Fernindez et al.. 2010a). On the
basis of its lack of lethal, myotoxic, anticoagulant, platelet
aggregating or anti-aggregating activities, the new enzyme
here characterized, BlatPLA;. would fit into this latter group
of non-toxic, acidic PLAzs. Only a minor, transient edema of
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Fig. 6. Lack of myotoxic activity of BlaiPLAz. Mice received an intramuscular
injection of BlatPLA; (50 pg) in their right gastrocnemius, and plasma cre

atine kinase levels were determined after 3 h, as described in Materials and
methods. The effects of similar injections containing. respectively, crude B
fateralis venom (50 pg) or purified B asper myotoxin [1(50 ug), a basic PLAz
or vehicle alone {PRS), are shown for comparison, Bars represent mean + S[¥
of five mice per group. Asterisks indicare 2 statistically significant (p < 0.05)
difference of values in comparison to the PBS control group.

rapid onset was recorded for this enzyme, in common wi
many PLAzs of diverse origins (Cirino et al., 1989; Texeira
et al., 2003). Antibodies to BaspPLAz-1l, another non-toxic
enzyme from B. asper venom {Fernindez et al. 2010a),
significantly cross-recognized BlatPLA; by ELISA. Previous
studies have shown that acidic and basic PLAzs from B.
asper form two antigenically distinct groups, which do not
cross-react (Fernandez et al., 2010a). The present ELISA
results are in agreement with the acidic nature of both
proteins, which share 70% sequence identity, as well as
with their resemblance in lacking major toxic activities,
BlatPLA; represents nearly 9% of the venom proteome of
B. lateralis, which, interestingly, does not contain any basic

* —a— BlatPLA,
* —O— PBS
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Fig. 7. Edema-inducing activity of BlatFLA;. Mice received a subcutaneous,
intraplantar injection containing 10 pg of BlatPLA; (@) or PES vehicle alone
() and their footpad thickness was measured at the indicated nme n-
tervals, as deseribed in Materials and methods, Poins represent mean = 50
of four mice per group. Asterisks indicate a statistically significant {p < 0.05}
difference of values in comparison to the PES control group.
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Fig- 8. lLack of effects of BlatFLA; on human platelets in vitre. BLtPLA; (A) or
PBS vehicle alone (B) were added to platelet-rich plasma obtained from
healthy doners, as desenibed in Matenals and methods. Afver 80-100 s,
when the lack of platelet aggregation was confirmed, aggregation was
induced by the addition of ADP {200 pM) and monitored by the change in
light transmittance in an AggRAM analyzer. Experiments were performed in
duplicates, and representalive traces are shown in (A) and (B).

PLAz, often acting as myotoxins in viperids. The moderate
myotoxic action of this venom (Fig. 6) can be attributed to
its high content of hemorrhagic metalloproteinases
{Lomonte et al, 2008; Durban et al, 2011), which may
indirectly damage muscle tissue by promoting ischemia
{Gutiérrez et al., 2009). Nevertheless, a significant meta-
bolic cost of protein synthesis should be considered when
rationalizing the presence of a highly abundant non-toxic

5 8 8 B

Immunaorecognition (%)
=1

o

102 100 104 10°
Rabbit anti-BaspPLA.-Il serum dilution

Fig. 9. Immunological cross-reactivity between BlatPlAg and BaspPlLAs-1l,
evaluated by ELISA. BaspPLA-Il is an acidic, non-toxic enzyme that was
previously isolated from B asper venom (Ferndndez et al, 2010a). Both
proteins were adsorbed onto 96-well microplates and the binding of anti-
BaspPLAxII rabbit antibodies wo cach enzyme was detected as described in
Materials and methods, Normal rabbit serum { # ) was included as a negative
control, Absorbance values for BaspPlAz-1l (@) and BlatPLAy (O were
normalized by dl the of the ) an-
tigen as 100%. Points represent mean + 5D of wiplicate wells. Asterisks
indicate a statistically significant (p < 0.05) difference of values in com-
parison to the normal rabbit serum contrals,
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component such as BlatPLA; in the venom (McCue, 2006;
Morgenstern and King, 2013). One possibility would be
that this enzyme has a hitherto unknown toxic effect on a
very specific type of prey, relevant in the diet of B. lareralis,
However, rodents are known to constitute the main
component of its diet, at least in adults {Solérzano, 2004),
and still, injection of BlatPLA; in mice did not evidence
toxicity. A second possibility to consider relates to the
possible synergisms that acidic PLAzs may exert in combi-
nation with other venom components, as recently
described by Bustillo et al. (2012), These authors demon-
strated that an acidic PLAz from Borhrops altermatus which
per se had no effects upon cultured myogenic cells,
enhanced the detaching action exerted by a purified hem-
orrhagic metalloproteinase from the same venom {Garcia
Denegri et al., 2010; Gay et al., 2005; Bustillo et al., 2012).
A further possibility would be that enzymes with a general
digestive action, but devoid of major toxic effects such as
BlatPLA;, may represent persisting remnants of the evolu-
tionary process that transformed such proteins into potent
toxins. We hypothesize that the catalytically active Blat-
PLA; could have a role in the pre-digestion of prey, possibly
having retained characteristics of ancestral PLAzs without
evolving towards potent toxicity.

The amino acid sequence of BlatPLA; presents similar-
ities with a number of acidic, and a few basic, group 1l
PLAzs, although identity values obtained in pairwise
alignments are not higher than 78%. A reconstruction of
phylogenetic relationships among these proteins suggests
that BlatPLA; occupies a basal position to a group of acidic
enzymes from Old- and New World viperid snakes, repre-
senting a sister branch to them. This observation would be
in agreement with the possibility that BlatPLA; might
represent a remnant of ancestral, non-toxic acidic enzymes
with a digestive role, as discussed above. As more amino
acid sequences of group 11 PLA; become available, together
with information on their toxicfpharmacological actions,
future comparative structural analyses or mutagenesis ex-
periments may provide key clues to reveal the topology of
the sites that define functional properties of these en-
zymes, BlatPLA; might prove to be a useful tool for such
purposcs,

Acknowledgments

The authors thank the staff of the serpentarium at
Instituto Clodomiro Picado and Dr. Alexandra Rucavado for
contributing valuable materials for this study, as well as Dr
José Maria Gutiérrez for fruitful discussions, The financial
support from Vicerrectoria de Investigacion, UCR (741-A9-
513), ICGEB (CRP Program COS-08-03), grant BFU2010
17373 from the Ministerios de Ciencia e Innovacién, and
Economia y Competitividad (Madrid, Spain), PROMEIEO/
2010/005 from the Generalitat Valenciana (Valencia,
Spain), CRUSA-CSIC (2009CR0021), and CYTED (project
BIOTOX P211RT0412) are gratefully acknowledged.

Conflict of interest statement

The authors declare that no competing interests exist
regarding this manuscript.

References

Andrido-Escarso, SH., Soares, AM., Fontes, MR, Fuly, AL, Coméa, FM,,
Rosa, |.C, Greene, L], Giglio, LR, 2002, Structural and functional
characterization of an acidic platelet aggregation inhibitor and hy-
potensive phospholipase A from Bothrops fararocussu snake venom.
Biochem. Pharmacol. 64, 723-732,

Bustillo, 5., Gay, C.C., Garcia Denegri, ME,, Ponce-5oto, LA, Bal de Kier
Jolfe, E., Acosta, 0., Leiva, LC, 2012, Synergism between balergin
metalloproteinase and Ba SPIl RP4 PLA; from Bothrops alternatus
wenom on skeletal musche (C2C12) cells. Toxicon 59, 338-343.

Calvete, |J., Escolano, |, Sanz, L, 2007. Snake venomics of Bitis species
reveals large INtragents venam toxin compesition vanation: appli-
catien to taxenomy of congeneric taxa, [ Proteome Res. 6, 2732-2745.

Casewell, NR, Wiister, W, Vonk, FJ, Harrison, RA, Fry, BG., 2013,
Complex cockiails: the evolutienary novelty of venoms. Trends Ecol.
Evol. 28, 219-229,

Cirme, G., Peers, SH., Wallace, | L, Flower, RJ., 1989, A study of phospho-
lipase Az-induced edema in rat paw. Eur. |. Fharmacel 166, 505-510.

Cege, 1.C, Lilla, 5, Souza, G.H., Hyslop, 5. de Nucci, G, 2006. Punficaticn,
sequencing and structural analysis of two acidic phosphelipases Ay
from the venem of Bothrops insularis (jararaca ilhoa). Biochimie 12,
1947-1959.

Daniele, JJ. Biance, 1D, Fidelio, G.D. 1995, Kinetic and pharmacologic
characterization of phospholipases Az from Bothrops neuwiedii
wenom. Arch. Bochem. Biophys. 318, 65-70.

de Albugquerque Modesto, |.C, Spencer, PJ. Fritzen, M \-'alen(.a. R.C
Ofiva, ML, da Silva, M.B., Chudzinski-Tavassi, AM., Gual
2006, BE-1-PLA;, a novel acidic phospholipase a\z from Hﬁlhmpﬁ
erythromelas venom: iselation, cloning and characterization as petent
anti-platelet and inductor of prostaglandin 1; velease by endothelial
cells. Biochem. Pharmacol. 72, 377-384.

de Araijo, AL, Rad . F, 1987, De jon of phospholi
activity by a mlrvrlmmnr assay using a pH indicator. Toxicon 25,
1181-1188.

de Araijo, AL, Radvamy, F. Bon, O, 19944, Purificanion of an acidic
phospholipase A from Bothrops lanceolatus (fer de lance) venom:
melecular ard enzymatic properties, Toxicon 32, 1069-1081.

de Assis, BB, Estevao-Costa, M., do Carmo Valentim, A, Silva-Neta, A,
Agostini Cotta, G, Mudado, M.A., Richardsen, M., Fortes-Dias, CI,
2008, Purification and complete primary structure of the first PLA;
from Lachesis stenaphrys (the Central American Bushmaster) snake
venom. Protein J. 27, 327-333,

Durban, |, Juirez, B, Angulo, ¥., Lomonte, B, Flores-Diaz, M., Alape-
Girdn, A, Sasa, M., Sanz, L, fullém_.c jM Dopazo, |, Conesa, A,
Calvere, |, 2011, Prefiling the venem gland transeniptomes of Costa
Rican snakes by 454 pyrosequencing. BMC Genomies 12, 259,

Felsenstein, |, 1985, Confidence limits on phylogenies: an approach using
the bootstrap. Evolution 39, 783-791.

Fernandez, J. G ez, JM. Angulo, Y., Sanz, L, Judres, P, Calvete, JJ.,
Lomente, B., 2010a. Isolaton of an acidic phospholipase Az from the
venom of the snake Bothrops asper of Costa Rica: biechemical and
toxicolegical characterization. Biochimie 92, 273-283.

Ferndndez, |, Lomonte, B, Sanz, L, Angulo, Y., Gutiérrez, | M., Calvere, 1),
20000 Snake venomics of Bothiriechis nigroviridis reveals extreme
variability among palm viper venems: different evolutionary solu-
wons for the same trophic purpese. |. Proteome Kes, 9, 4234-4241.

Fiy, B.G., Wuster, W., 2004, Assembling an arsenal: onigin and evolution ef
the snake venom proteome inferred from phylogenetic analysis of
texin sequences. Mol. Biol. Evel. 21, 870-883,

Fujisawa, D, Yamazaki, Y., lomonte, B, Morita, T, 2008, Cawalytically
inactive phospholipase Az homologue binds to vascular endothehal
growth facter receptor-2 via C-terminal loop region. Biochem. [ 411,
515-522.

Fuly, AL, de Miranda, AL, Zingali, BB, Guimaraes, J.A, 2002, Purification
and characterization of a phespholipase Ay isoenzyme isolated from
Lachesis muta snake venon. Biochem. Phanmacol. 63, 1589-1597.

Garcia Denegri, ME, Acosta, 0.0, Huancahuire-Vega, 5., Martins-de-
Souza, I, Marangoni, 5., Marunak, 5.1, Teibler, G.P, Leiva, LC, Ponce-
Sote, LA, 20000 Isolation and functional characterization of a new
acidic PLAz Ba Spil KP4 of the Bothrops alternatus snake venom from
Argentina. Toxicon 56, 64-74,

Gay, C.C, Leiva, 1.C, Marunak, Q Teibler, P, Acosta de Perez, O, 2005,
Protealytic, edematogenic and myotoxic activities of a Iu:mulr]ug:c
metalloproteinase solated from Bothrops altematus venom. Texicon
46, 546-554.

Gutiérres, JM., Lomonte, B, 2013, Phospholipases Az unveiling the se-
crets of a functionally versatile group of snake venom toxins. Texicon
62, 27-39.

115



Publicacions

80 M. Ven der Laat et al. / Toxicon 73 (2013) 71-80

Gutifrrez, JM., Lomonte, B, Chaves, F, Moreno, E, Cerdas, L, 1986,
Pharmacolegical activities of a woxic phospholipase A isolated Trom
the venom of the snake Bothrops asper. Comp. Biochem, Physiol. 84C,
159-164.

Gutiérrez, |M. Rucavado, A, Chaves, F. Diaz, C, Escalante, T, 2008,
Experimental pathology of local tissue damage induced by Botfirops
asper venom. Toxicon 54, 458-975.

Kaiser, L1, Gutiérrez, [M., Plummer, D.. Aird, 5.0, Odell, GV, 1990 The
amino acid sequence of a myatexic phosphaolipase from the venem of
Bathraps asper. Arch. Blochem. Bophys, 278, 319-325.

Ketelhut, D.F, de Mello, MH., Vercnese, EL, Esmeraldino, LE.,
Murakami, M.T, Armi, RK, Giglio, ].R., Cintra, AC, Sampaio, QV 200’3

il

Ogawa, T., Kitakima, M., Nakashima, K. Sakaka, Y., Ohno, M., 1995, Molecular
evolution of group Il phospholipases Az . Mol, Evol, 41, 867-877,
Petan, T, Prijatelj. P, Pungercar, [, 2012, Protein engincening in structure-
function studies of viper's venom secreted phospholipases Az, In:
Figurski, D. (Ed.), Genetic Manipulation of DNA and Protein. Examples

from Current Research. InTech, New York, pp. 107-132.

Roberte, PG, Kashima, 5, Marcussi, 5, Pereira, [0, Astolfi-Filho, 5,
MNomizo, A, Giglio, [.R., Fontes, MR, Scares. AM, Franga, 5.C, 2004,
Cloning and identification of a complete cDNA coding for a bacteri-
cidal and il | acidic phosphali Az from Bathrops farar-
acussi venom. Protein |, 23, 273-285.

Rndngum RQ. 17sdnm. LF., Teixeira, 55., Silveira, LB, Hamaguchi, A..

Tsolation, cluldnenxauun and buufamal activity ef aci
lipase Az 1soforms from Bothrops jararocussir snake venem. Biechimie
10, 983-991.

Kini, R.M., 1997. Phespholipase Az - a complex multifunctional protein

ML Selistre-de Aradjo, HS. Giglio, JR.
Fuly, .!\I. Soares, AM., Rodrigues, V.M., 2007, Isolation and functienal
characterization of a new myotoxsc acidic phospholipase Az frem
Fhllrmp-r p«lr!oemfs snake vencm, Toxicon 50, 153-165,
1990,

puzzle. In: Kini, RM. (Ed.), Venom P
Structure, Function and Mechanism. John Wiley & Sons Flu;lanrj.
pp. 1-28,

Kini, R.M., 2003, Excitement ahead: structure, function and mechanism of
snake venom phospholipase Ay enzymes. Toxicon 42, 827-540.

Kini, RM., Chan, Y.M., 1999, Accelerated evelution and molecular surface
af venom phospholipase A; enzymes. |. Mel. Eval. 48, 125-132.

Lambeau, G, Lazdunski, M. 1959, Receptors for a growing Ramily of
secreted phespholipases Az TIPS 20, 162-170

Lomonte, B, Gutiérrez, | M., 2011. Phospholi Az from
snake venoms: how de they induce “skeletal musclt_ ddmagz? Acta
Chim. Slov. 58, 647-659.

I.omonlc B Rangel J. 2012, Snake venom Lym Tyelexins: from

Az L0 non-en: tic Toxicon

60, 520-530.
Lomonte, B., Tarkewski, A, Hansen, LA, 1993, Host response to Bathrops

asper snake venom: analysis of edema formation, inflammatory cells,

and cytokine release in a mouse model. Inflammation 17, 93-105.

L te. K., Escol ). F dez, |, Sanz, L, Angule, ¥, Gutidrrez, M.,
Calvete, |]., 2008. Snake venomics and antivencimics of the arboreal
neotropical pitvipers Bothriechis lateralis and Bothriechis schilegelii, |.
Proteome Res, 7, 2445-2457.

Lomonte, B, Tsai, W.C., Bonilla, F, Soldrzano, A. Solano, G, Angulo, Y,
Gutiérrez, |M., Calvete, JJ., 2012, Snake venomics and toxicological
profiling of the arboreal pitviper Bothriechis suproaliaris from Costa
Rica. Toxicon 59, 592-599.

McCue, M.IL, 2006. Cost of producing venom in three North American
pitviper species. Copeia 2006, 818-825.

Mentecucco, €, Gutiérrez, [M., Lomonte, B, 2008. Cellular pathology
induced by snake venom phospholipase Az myotexins and neuro-
texins: commen aspects of their mechanisms of action. Cell. Mol. Life
5c1. 63, 2897-2912

Mergenstern, D, King, G.F, 2013, The venom aptimization hypathesis
revisited. Toxicen 63, 120-128.

Med, M., Kumar, 5., 2000, Melecular Evolution and Phylogenetics. Oxford
University Press, New York.

116

In: Shicr, WT, Mebs, Db [(Eds.).
Handbuul: of Tuxmulug)t Marcel Dekker, New York, pp. 67-277.

Rucavado, A, Sowo, M., Kamiguti, A, Theak RING., Fox, ] M., Escal T.
Gutiérrez, | M., 2001 Characterization of aspercetin, a platelet aggye-
gAating component from the venam of the snake Rothraps asper which
induces thrombocytopenia and potentiates metalloproteinase-induced
hemorrhage. Thremb, Hemese. 85, 710-715.

Saitou, N., Nei, M., 1987. The neighber-jeining method: a new method for
reconstructing phylogenetic Lrees, Mol. Biel. Evol. 4, 406-425.

Santos-Filhe, NA., Silveira, LB, Oliveira, CZ, Bernardes, CP,
Menaldo, DL, Fuly, AL, Arantes, EC, Sampaio, SV, Mamede, C.C.
Beletu, M.E, de Oliveira, F, Soares, AM. 2008, Anew acidic myolesic,
ant-plaelet and taglandin 13 inductor ph i Az isolated
from Betliraps meajeni snake venom, Toxicon 52, 908-917.

Serrano, SM., Reichl, AP, Mentele, R, Auverswald, EAA., Santoro, ML,
Sampaio, CA, Camargo, AC, Assakura, MT, 1999, A novel phos-
pholipase Ay, BJ-PLAz, ram the venom of the snake Botfirops jararaca:
purification, primary structure analysis, and its characterization as a
platelet-aggregation-inhibiting factor. Arch. Kinchem, Biophys. 367,
26-32.

Silvewra, LB, Marchi-Salvador, DP, Santos-Filho, NA., Siva Jr. EF.
Marcussi, 5, Fuly, AL, Nomizo, A., da Silva, 51, Suibeli, RG. Arantes, EC.
Soares, AM., 2013, Isolation and expression of a hypotensive and anti-
platelet acidic phospholipase A2 from Bothrops mogfeni snake venom.
J. Pharm. Biomed. Anal. 73, 35-43.

SoMirzano, A, 2004, Serpientes de Costa Rica. Editorial INBie, San José,
Costa Rica.

Sribav, |, Krizaj, 1, 2011. Secreted phospholipases Az - not just enzymes.
Mcta Chinw Slov. 58, 675-638.

Tamura, K, Peterson, D, Peterson, N, Stecher, G., Net, M., Kumar, 5., 2011
MECAS: malecular evolutionary genetics analysis wsing maxinmum
likelihood, evolutionary distance, and maximum parsimony methods.
Mol. Biol. Evol, 28, 2731-2739.

Texeira, CEF, Landucci, E.CT., Antunes, E., Chacur, M., Cury, ¥, 2003. In-
flammatory cffects of snake venom myotoxic phospholipases Ag.
Toxicon 42, 947-962.




RESULTATS







Resultats

Capitol 1

J. Durban, P. Juéarez, Y. Angulo, B. Lomonte, M. Flores-Diaz, A.
Alape-Giron, M. Sasa, L. Sanz, J. M. Gutiérrez, J. Dopazo, A. Conesa,
i J. J. Calvete, «Profiling the venom gland transcriptomes of Costa
Rican snakes by 454 pyrosequencing», BMC Genomics, vol. 12, p.
259, 2011.

Aquest treball ha abordat la caracteritzaci6 de [I’activitat
transcripcional amb tecniques NGS de 8 transcriptomes de 7 especies
de serp costa-riquenyes medicament rellevants, per tal d’aprofundir en
el coneixement de les adaptacions i processos biologics que governen
la formulacid del veri. L’estudi dels mecanismes moleculars i de les
forces d’evolucioé implicades en la produccié de les toxines esdevé, tal
i com hem explicat a la Introducci6, de vital importancia per a
millorar I’actual terapia usada amb els antiverins i per al descobriment
de potencials nous farmacs. L’extensa caracteritzacio del proteoma de
nombroses serps es veu aixi complementada, en absencia d’un
genoma de referéncia, d’unes valuoses dades transcriptomiques
donant lloc al que hem anomenat “proteotranscriptomica” i que ens
permetra tratar d’esbrinar potencials mecanismes de regulacié entre la
transcripcio i la traduccio.

Sequenciacio i ensamblatge

El procés de sequenciacio es va produir simultaniament per al conjunt
dels 8 transcriptomes en un Genome Sequencer FLX (454 Roche)
seguint una estrategia multiplex, cosa que va donar lloc a un total de
334,540 lectures (de [I’anglés, read) per al conjunt dels 8
transcriptomes, cadascuna d’elles tedricament identificada mitjancant
una etiqueta de 10 nucleotids especifica de mostra. Les 62 Mbases
resultants d’aquest procés de sequienciacid han estat incloses en el
repositori  SRA de I’NCBI amb [I’identificador de [I’analisi
SRP003780. La longitud mitjana de les lectures va ser de 186.6
nucleotids, amb un maxim de 645 nucleotids en una Unica lectura i
nomeés el 3.27% d’elles va ser inferior a una longitud de 50 nucledtids.
Tal i com esta detallat a [147], el processament de les lectures pel que
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fa la seva qualitat de seqlienciacid, separaci6 segons I’etiqueta
identificadora i la identificacio i substitucid per caracters neutres (N)
d’elements repetitius, va donar lloc, finalment, a un total de 330,010
lectures dtils. En abséncia d’un genoma de referencia sobre el qual
localitzar cadascuna d’aquestes lectures, I’estratégia habitual és
ensamblar (de I’anglés assembly) aquestes mateixes lectures per
superposicié amb la finalitat d’intentar reconstruir la sequéncia
original, en el que s’ha anomenat ensamblatge ‘de novo’. Aixi,
I’ensamblatge ‘de novo’ és un procés bioinformatic que dona lloc a
fragments més llargs (contigs) producte de I’ensamblatge de multiples
lectures solapants, i a lectures Uniques no ensamblades (singletons).
Tal i com sera discutit més endavant, el nombre de contigs i la seva
longitud, aixi com el nombre de singletons i determinats parametres
especifics, son utilitzats per avaluar la qualitat d’un ensamblatge,
procés altament condicionat pel tipus de plataforma usada i el metode
de construcci6 de la llibreria de DNA.

En el present treball es wvan utilitzar diferents algoritmes
d’ensamblatge, el millor resultat dels quals va ser, finalment,
I’obtingut amb el programa proveit per la plataforma amb la qual es va
dur a terme la sequenciacié (Newbler v1.1, Roche). Tot i aixo, els
resultats van estar lluny de ser optims, amb només el 58.4% de les
lectures ensamblades en 31,025 contigs, la longitud mitjana dels quals
va ser de 208.2 nucleotids. A més, el 43% d’aquests contigs eren
resultat de I’ensamblatge de només dues lectures. D’altra banda, el
procés d’ensamblatge ‘de novo’ va donar lloc també a 103,357
singletons, la longitud mitjana dels quals va ser de 174.4 nucleotids.
En conjunt, el resultat del procés d’ensamblatge no va suposar un
guany pel que fa la compressio de les dades com ho demostra la petita
diferéncia entre la longitud mitjana dels contigs i de les lectures
resultants del procés de seqlienciacio, amb la qual cosa la
caracteritzacio dels transcriptomes en termes d’anotacié funcional i
quantificacio va tenir lloc considerant les lectures individuals i no el
resultat de I’ensamblatge.
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Anotacié funcional

El conjunt de les 330,010 lectures (tils va ser comparat per homologia
de seqliencia amb la base de dades no redundant del NCBI mitjancant
blast [148], obtenint un total de 100,394 homologies segons un
determinat llindar de significacié. Aquesta baixa proporcio de
resultats positius resultava similar a la obtinguda en la caracteritzacié
d’altres organismes no model dutes a terme mitjancant tecnologies
NGS, tal i com es discutira més endavant.

Aproximadament el 80% dels resultats positius obtinguts per al global
dels 8 organismes van donar lloc a coincidencies pertanyents al
subordre Serpentes (Taula 5b), de les quals aproximadament el 78%
van poder ser classificades com a proteines pertanyents al veri d’acord
a la nostra acurada llista de paraules clau, i van poder ser assignades a
una de les families de proteines del veri.

a
: Especie de serp Lectures totals Longitud mitjana (nt)
C.simus 22,389 193.6
B.asper (Car) 123,485 185.6
B.asper (Pac) 16,076 184.8
C.sasai 44,843 182.1
A.picadoi 31,027 188.8
A.mexicanus 27,080 192.1
B.schlegelii 33,276 191.5
B.lateralis 31,833 186.1
TOTAL 330,010 187.3
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b)
Espeécie de serp Blast Serpentes Veri
Lectures % Lectures % Lectures %
total blast Serpentes
C.simus 3,608 16.1 2,320 64.3 1,327 57.2
B.asper (Car) 43,818 35.5 35,655 814 28,220 79.1
B.asper (Pac) 2,848 17.7 2,078 72.9 1,378 66.3
C.sasai 13,743 30.7 11,252 81.9 9,824 87.3
A,picadoi 13,295 42.8 11,350 85.4 9,951 87.7
A.mexicanus 6,418 23.7 4,070 63.4 3,109 76.4
B,schlegelii 6,826 20.5 4,525 66.2 2,893 63.8
B.lateralis 9,838 30.9 7,970 81 5,731 71.9
TOTAL 100,394 | 304 | 79,991 | 79.7 | 62,443 78

Taula 5. Resum de les estadistiques obtingudes en els processos de seqiienciacié
i anotacié dels 8 transcriptomes. Per a cada organisme, es mostren: a) Les
estadistiques del procés de sequenciacié pel que fa al nombre total de lectures
obtingudes i la seva longitud mitjana, i b) Estadistiques del procés d’anotaci6 pel
que fa lectures amb un resultat blast positiu, un resultat vinculat al subordre
Serpentes i un resultat vinculat a una proteina pertanyent al veri.

Segons aquests resultats, es va calcular I’abundancia relativa de
cadascuna d’aquestes families en cada organisme, normalitzant pel
nombre total de lectures obtingudes en el procés de sequenciacié per
cada organisme i per la longitud estimada del transcrit, amb la qual
cosa es van poder obtenir uns perfils d’expressio caracteristics de cada
organisme (Figura 12). Aquests perfils transcriptomics van mostrar
que unes determinades families de toxines eren abundants i
relativament expressades de forma constant al llarg de la majoria de
les especies en estudi, mentre que altres van mostrar una major
variabilitat.
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Figura 12. Perfils d’expressio de toxines. EI nombre de lectures normalitzat per
nombre de lectures totals i per la longitud estimada del transcrit va donar lloc a uns
patrons d’expressid proteica per a cada organisme.

Per tal d’investigar les relacions en la composicid del veri entre les
espécies, les dades transcriptomiques van ser sotmeses a una Analisi
de Components Principals (PCA). EI PCA va revelar que les 8 serps
en estudi es podien classificar en 4 grups principals d’acord a
I’expressid relativa d’SVMP, SP i PLA2 (Figura 5 de [147], veure
pagina 76).
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Estimacio del nombre de copies géniques

Finalment, en un intent per estimar el nombre minim de gens per a
cada toxina, les lectures pertanyents a la mateixa familia proteica van
poder ser classificades segons si es localitzaven en un marc obert de
lectura (ORF, de I’anglés Open Reading Frame) o no, mitjancant un
alineament madltiple d’aquestes lectures sobre la seqliencia de
referencia més semblant segons una extensa recerca bibliografica.
Amb aix0 es van aconseguir dues coses: i) Obtenir aquelles lectures
que realment no corresponien a ORFs sinG a regions no traduides
(5’UTR, 3’UTR i microsatél-lits), i ii) Obtenir totes aquelles lectures
pertanyents a ORFs I’ensamblatge de les quals (tal i s’ha descrit
anteriorment el cas d’ensamblatges ‘de novo’) va donar lloc a una
estimacio del nombre de gens per a cada familia de toxines (Taula 3
de [147], veure pagina 73).

Comparativa transcriptoma - proteoma

Pocs estudis han intentat estudiar els factors que governen la
transcripcio dels gens de les toxines secretades al veri. Tot i que
determinats estudis han detectat concordancia entre el transcriptoma i
el proteoma de determinades especies de serp [149, 150], en el nostre
estudi es van trobar fortes discrepancies entre les dades
transcriptomiques i la composicié final del veri. Tal i com podem
veure a la Figura 4 de [147] (veure pagina 75), la comparativa entre el
proteoma i les dades obtingudes del transcriptoma no mostrava una
clara tendencia intra o interespecifica, i les raons d’aquestes
discrepancies son dificils de trobar, pero, tal i com sera discutit més
endavant, determinats factors que afecten I’estabilitat del mRNA i la
seva traduccio podrien estar darrera de les diferencies observades
entre el transcriptoma i el proteoma.

Clarament, els nostes resultats recolzen la importancia de combinar
amplis estudis protedmics i transcriptomics per a una caracteritzacio
profunda del repertori de toxines del veri i dels factors que regulen la
transcripcio i la traduccio.
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Capitol 2

J. Durban, A. Pérez, L. Sanz, A. Gomez, F. Bonilla, S. Rodriguez, D.
Chacén, M. Sasa, Y. Angulo, J.M. Gutiérrez, i J.J. Calvete.
«Integrated “omics” profiling indicates that miRNAs are
modulators of the ontogenetic venom composition shift in the
Central American rattlesnake, Crotalus simus simus», BMC
Genomics, vol. 14, p. 234, 2013.

Seguenciacio i ensamblatge

Es van sequenciar els transcriptomes d’un individu adult i d’un
individu juvenil del crotal centreamerica Crotalus simus simus.
Estudis protedmics previs d’aquest organisme van revelar un patrd
d’expressid de toxines depenent de I’estadi de desenvolupament [151].
En concret, els individus juvenils mostren una elevada expressio d’una
PLA2 amb activitat neurotoxica mentre que els individus adults
mostren una elevada expressi6 d’una SVMPs, amb activitat
hemorragica. El present treball va voler investigar la transicié d’un
tipus de veri a I’altre i els seus mecanismes de regulacio.

Els processos de sequienciacié d’aquests transcriptomes van tenir lloc
en una plataforma 454 GS FLX amb quimica Titanium i van donar
Iloc a 408,505 lectures per a I’individu adult i a 349,170 lectures per a
I’individu juvenil. Les dades resultants d’aquests processos de
sequenciacid han estat incloses en el repositori SRA del NCBI amb
I’identificador de I’analisi SRP012408.

En una estratégia similar a la definida a [147] (veure Capitol 1), les
lectures van ser processades segons un determinats valors de qualitat
donant lloc a 355,140 lectures utils per a I’individu adult i a 320,907
per a I’individu juvenil. Tal i com ja hem detallat al capitol anterior,
en absencia d’un genoma de referéncia, I’ensamblatge ‘de novo’ és
I’estratégia habitual per tal d’intentar reconstruir potencials transcrits.
Aixi, I’ensamblatge ‘de novo’ d’aquestes lectures amb el programa
recomanat per lI’empresa responsable del sequenciador (Newbler,
v2.6, Roche) va donar lloc a 6,484 contigs i 33,408 singletons per
I’individu adult, i 6,047 contigs i 24,136 singletons per I’individu
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juvenil. Les estadistiques d’ambdds processos de seqlienciacié estan
detallades a la Taula 1 de [152] (veure pagina 89). Cal destacar que,
tal i com sera discutit més endavant, aquest ensamblatge va posar de
manifest la rapida evolucié de les eines bioinformatiques, ja que,
comparat amb I’ensamblatge de [147], en aquest cas I’ensamblatge ‘de
novo’ si va donar lloc a uns bons resultats de compressid, on entre el
86% i el 83% de les lectures van ser ensamblades i només un 1.43%
dels contigs de I’individu adult i un 10.74% dels contigs de I’individu
juvenil estaven formats només per dues lectures.

D’altra banda, la regulacié sobre els transcrits ha estat proposat com
un possible mecanisme de generacié de diversitat fenotipica. La
regulacié6 amb miRNAs podria ser un d’aquests mecanismes. Per tal
d’esbrinar el paper dels miRNAs en la variacio ontogenética
observada en Crotalus simus simus, dues llibreries de RNA total
enriquides en RNAs de mida inferior a 200 nucleotids (una per a
I’individu adult i una per a I’individu juvenil) van ser sequenciades
amb la plataforma lon Torrent Personal Genome Machine. Els
resultats d’aquest procés de sequenciacio i del seu processament estan
detallats a la Taula 4A de [152] (veure pagina 93) i han estat
depositats a la base de dades SRA del NCBI amb d’identificador
SRP012408. Aixi, es van obtenir 220,548 lectures de longitud mitjana
de 24.58 nucleotids per a I’individu juvenil i 389,064 lectures de
longitud mitjana 23.68 nucledtids per a I’individu adult, que van poder
ser agrupades per homologia de seqiiéncia en 283 i 419 grups amb
més de 100 lectures respectivament. Tal i com sera discutit, el mode
d’acci6 additiu en la inhibici6 dels miRNA va ser la ra6 principal per
considerar aquest Ilindar.

Anotacio funcional

La Taula 6 mostra els resultats pel que fa la recerca d’homologies
mitjancant blast en la base de dades no redundant del NCBI dels
contigs i singletons resultants del procés d’ensamblatge, tant per
I”individu juvenil com per I’individu adult.
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C.simus Juvenil C.simus Adult
Contigs blast 3,022 4,141
%contigs totals 49.97 63.86
Contigs Serpentes 946 902
% blast 313 21.78
Proteines veri 658 431
% Serpentes 69.55 47.78
Singleton blast 15,052 21,460
% totals 62.36 64.23
Singletons Serpentes 2,306 3,272
% blast 15.3 15.24
Singletons veri 526 431
% Serpentes 22.8 13.17

Taula 6. Resum de les estadistiques d’anotaci6 per als contigs i singletons dels
transcriptomes dels individus juvenil i adult. Estadistiques del procés d’anotacié
pel que fa lectures amb un resultat blast positiu, un resultat vinculat al subordre
Serpentes i un resultat vinculat a una proteina pertanyent al veri.

Aproximadament el 50% dels contigs obtinguts per a I’individu
juvenil i el 63.86% de I’individu adult van donar alguna homologia
significativa a la base de dades. També van donar resultats positius el
62.36% dels singletons per a I’individu juvenil i el 64.23% per a
I’individu adult. Aquests resultats positius van ser classificats segons
pertanyien al subordre Serpentes i a alguna de les families de
proteines del veri en una segona ronda de filtratge segons un llistat de
paraules clau producte d’una extensa recerca bibliografica. La Taula 2
de [152] (veure pagina 90) mostra I’abundancia relativa de les
diferents families de proteines que van ser identificades en ambdds
transcriptomes. Per a cadascuna d’elles es va estudiar la seva
expressio diferencial, trobant que 4 toxines del veri estaven
expressades de forma diferent entre I’organisme adult i el juvenil. A
més, en un intent per determinar el grau de similitud de seqiencia
entre aquests transcrits, es va obtenir el nombre de sequéncies
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compartides entre ambdos transcriptomes i aquelles expressades de
forma Gnica per cada organisme. Aquests resultats apareixen a la
Taula 3 i la Figura 3 de [152] (veure pagines 91 i 92 respectivament).

Els miRNA

Es va dur a terme la seqienciacio de dues llibreries de RNA de
molécules de mida inferior a 200 nucleotids amb un lon Torrent PGM,
una per a I’individu adult i una per a I’individu juvenil. Agquest procés
va donar lloc a 515,040 lectures (aproximadament 12 Mbases) i
314,592 (aproximadament 7.5 Mbases) respectivament, que van ser
processades per valors de qualitat de la seqlenciacié i eliminant
possibles adaptadors. Adquestes lectures van ser agrupades per
homologia de seqliencia, i aquell conjunt de sequiéncies amb un minim
de 100 lectures cadascun (veure Taula 4b [152], veure pagina 93) va
ser classificat segons si estava expressat de forma Unica en un dels dos
transcriptomes o de forma compartida per ambdds. En aquest darrer
cas es van obtenir 151 grups de sequencies, I’analisi dels quals va
mostrar una distribucio desigual entre les dades de I’individu juvenil i
I’adult. Es a dir, d’entre els miRNA amb una freqiiéncia de 1000
copies o superior, els miRNA més expressats a I’individu juvenil
mostraven una baixa abundancia a I’individu adult i viceversa (Figura
5 de [152], veure pagina 94). Aquesta distribucié desigual suggeria un
mecanisme de regulacié pel qual un transcriptoma pot donar lloc a
diferents composicions del veri.

La caracteritzacié d’aquest potencial mecanisme de regulaci6 va
implicar I’Us de les eines bioinformatiques adients per a determinar: i)
Prediccio de potencials dianes dels miRNA en els fragments 3’-UTR
dels transcrits identificats com a PLA2 i SVMP dels transcriptomes
adult i juvenil, mitjancant miRanda [153] i ii) Prediccio de sequéncies
codificants de miRNA per criteris de conservacié de seqiencia i
d’alineament amb seqiiencies miRNA descrites, mitjancant MapMi
[154]. En el primer cas miRanda va predir 10 miRNAs
complementaris a la regié 3’-UTR de transcrits de Crotalus simus
simus identificats com a SVMP (5 compartits entre I’adult i el juvenil i
5 exclusius de I’individu juvenil) i 3 miRNAs provinents de I’individu
adult amb complementarietat a seqtiéncies de les PLA2 (Figura 6 de
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[152], veure pagina 95). L’Us de MapMi per a discernir potencials
gens ortolegs de miRNA sobre aquests resultats, va donar lloc,
finalment, a 3 miRNA provinents de I’individu adult inhibidors de
transcrits codificants de PLA2 i a 2 miRNA provinents de I’individu
juvenil inhibidors de sequiencies SVMP. Cal destacar, tal i com
apareix a la Figura 6 de [152], que 590 copies del miRNA 2166,
inhibidor de la subunitat B de la crotoxina (PLA2), va ser trobat
exclusivament al transcriptoma de I’individu adult, mentre que 1,185
copies del miRNA 2578, complementari al mRNA d’una SVMP tipus
PIII, va ser trobat de forma exclusiva al transcriptoma de I’individu
juvenil.

Comparativa transcriptoma - proteoma

La Figura 4 de [152] (veure pagina 92) mostra la comparativa de la
composicio relativa de families proteiques del transcriptoma de
I’individu adult i juvenil. Tal i com sera discutit més endavant, de
forma similar a com succeia a [147], la composicié general dels
transcriptomes de I’individu adult i juvenil sén molt més similars entre
ells que els respectius proteomes, indicant que el veri podria estar
sotmés a un control ontogenétic post-transcripcional pel qual
transcriptomes similars donen lloc a fenotips del veri diferents en el
qual podrien intervenir els miRNA tal i com hem vist anteriorment.
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Capitol 3

M. Van der Laat, J. Fernandez, J. Durban, E. Villalobos, E. Camacho,
J.J. Calvete, i B. Lomonte, «/Amino acid sequence and biological
characterization of BlatPLA2, a non-toxic acidic phospholipase
A2 from the venom of the arboreal snake Bothriechis lateralis
from Costa Rica», Toxicon, vol. 73, p. 71-80, 2013

En aquest estudi es va aillar i caracteritzar una nova PLA2 Il acidica
(BlatPLA2, UniProt COHJC1) del veri de Bothriechis lateralis que
mostra diferencies significatives amb les PLA2 préviament descrites,
cosa que pot aportar un marc comparatiu important per tal de
determinar aquelles bases moleculars responsables de [I’elevada
toxicitat observada en les PLA2 basiques, una toxicitat moderada en
les PLA2 acides descrites fins ara. Aixi, el paper que juguen en el veri
aquestes PLA2 acides mancades d’activitat farmacologica és quelcom
desconegut, i determinades hipotesis apunten a un paper digestiu de la
presa en un caracter ancestral retingut, més que no pas
d’immobilitzacio o toxic.

Aquesta proteina, que pot arribar a representar el 9% del proteoma de
Bothriechis lateralis, va ser caracteritzada per técniques de biologia
molecular per valorar la seva activitat letal, el reconeixement
immunologic, la formacié d’edema i I’activitat anticoagulant entre
altres. La determinacid de la seva sequiencia d’aminoacids va permetre
un alineament maultiple entre aquesta PLA2 i les 26 seqlencies de
PLA2 que van mostrar major homologia de seqiiencia en una recerca a
la base de dades del NCBI usant blast, obtenint el percentatge més
elevat de similitud amb una PLA2 aillada del veri de Lachesis
stenophrys (78%) i conservant les 14 cisteines que conformen el patrd
que defineix aquest grup de proteines (Figura 4 de [155], veure pagina
112). Aquest alineament maultiple va permetre una estimacié de la
relacio filogenética entre aquestes proteines (Figura 5 de [155], veure
pagina 113). Aquesta estimacio va ser capac de separar clarament els
enzims acids dels basics, i va situar la BlatPLA2 en una posici6 basal
dins del grup dels enzims acids dels vipérids del Vell i del Nou Mén,
com a una branca germana de totes les PLA2 acides analitzades amb
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excepcié de dos enzims pertanyents a Agkistrodon halys que van
donar lloc a un clade independent.
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Capitols 11 2

Sequenciacio i ensamblatge

En el moment de redaccié d’aquest treball, les tecniques NGS han
servit per caracteritzar els transcriptomes de 11 espécies de crotals
(Bothrops asper, Cerrophidion sasai, Atropoides mexicanus,
Atropoides picadoi, Bothriechis lateralis, Bothriechis schlegelii,
Crotalus simus, Crotalus horridus, Crotalus adamanteus, Ovophis
okinavensis i Protobothrops flavoviridis) dos collbrids (Atractaspis
aterrima i Thamnophis elegans) i un elapid (Micrurus fulvius) en 9
estudis diferents [146, 147, 152, 156-161]. En aquests estudis s’han
empleat dos tipus diferents de tecnologia NGS: per a 5 d’ells es van
utilitzar les lectures més llargues obtingudes amb 454, mentre que per
a 4 estudis es va usar Illumina, 3 d’ells realitzats al llarg de 2013, en
una clara tendéncia de I’evolucié del mercat de la tecnologia de
sequenciacié d’alt rendiment tal i com ja ha sigut explicat
anteriorment (veure Introduccid). Aixi, segons Rokyta i col-laboradors
[156], la diferéncia en longitud de lectura entre 454 i lllumina era
compensada per I’augment, en dos ordres de magnitud, del nombre
total de lectures resultants del procés de sequenciacié d’aquest ultim.
D’aquesta manera, mentre el nombre de lectures obtingudes amb 454
no va superar en cap cas les 800.000 lectures per procés de
seqlienciacio, el nombre de lectures totals per als treballs realitzats
amb Illumina va oscil-lar des dels aproximadament 13 milions de
lectures per a la caracteritzacié dels crotals originaris de Japd
(Ovophis okinavensis i Protobothrops flavoviridis), fins a les més de
96 milions de lectures usades per a la caracteritzaci6 de Crotalus
adamanteus. La quantitat de nucledtids sequenciats en el nostre cas va
ser de 62 Mbases per al total del 8 transcriptomes caracteritzats a
[147] i de 190 Mbases per a I’estudi de Crotalus simus on es va usar
454 amb quimica Titanium. En conjunt, els treballs realitzats amb 454
van assolir un maxim de 249 Mbases en la caracteritzacié d’
Atractaspis aterrima mentre que aquest mateix valor en els estudis on
es va usar Illumina va arribar a les més de 19 Gbases seqiienciades de
Crotalus adamanteus.
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En tots els casos excepte [147], les lectures obtingudes van ser
ensamblades mitjancant diferents algoritmes bioinformatics. Diversos
factors ens van empényer a ometre el procés d’ensamblatge en els
transcriptomes caracteritzats a [147]: en primer lloc, només el 58.4%
de les lectures van ensamblar per donar lloc a contigs, dels quals
aproximadament el 43% estava format per només dues lectures. En
aquest punt cal destacar que els estudis realitzats amb 454 sobre els
transcriptomes de Crotalus simus a [152], Thamnophis elegans i
Crotalus adamanteus van donar lloc a un nombre de lectures
ensamblades superior al 80% i el nombre de contigs amb dues lectures
en la caracteritzacio del primer anava des de 1’1.43% fins al 10% per a
I’individu adult i juvenil respectivament, mentre que més de 24,000
contigs d’un total 24,773 estaven formats per dues 0 més lectures en
[157]; i en segon lloc, I’ensamblatge no suposava una millora de la
longitud dels transcrits, obtenint una diferéncia molt petita entre la
longitud mitjana de les lectures i dels contigs (186.6 i 208.2
respectivament). En els ensamblatges realitzats per als transcriptomes
de Crotalus adamanteus i Thamnophis elegans el guany en la longitud
mitjana dels transcrits va ser de 213 i 215 nucleotids respectivament.
En conjunt, el mal resultat del nostre millor ensamblatge ens va
conduir a la decisié d’anotar les lectures de forma individual a [147],
cosa que va estar recolcada pel fet que estudis transcriptomics previs
en organismes no model mitjangant NGS incloien I’anotacio dels
singletons que, juntament amb els contigs, eren tractats com a
potencials unigens [162].

Aixi, en el nostre cas, el percentatge de lectures ensamblades i la
longitud mitjana dels contigs obtinguts van resultar parametres
determinants per a la decisié d’anotar les lectures de forma individual
d’una manera tan eficient com la tradicional seqiienciacié Sanger
[163]. En aquest sentit, en abséncia d’un genoma de referéncia,
I’avaluacié de la validessa i utilitat d’un ensamblatge ha fet Us de
diferents tipus de parametres com son el nombre de contigs obtinguts,
la seva longitud maxima i longitud mitjana, el nombre de lectures
sense ensamblar i I’estadistic N50 (la longitud dels contigs per la qual
usant contigs d’aquest valor o superior obtenim el 50% de les bases
ensamblades), entre d’altres. Fins a la data, perd, no esta clar quins
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parametres poden realment valorar la qualitat d’un ensamblatge d’una
forma acurada [164].

Anotacié funcional

Una vegada obtingudes les lectures i contigs dels diferents processos
de sequenciacid que van ser duts a terme durant el desenvolupament
d’aquest treball, [I’estrategia definida implicava la recerca
d’homologies en diferents bases de dades. En concret, tal i com ja s’ha
detallat en els Resultats, es van anotar 10 transcriptomes pertanyents a
7 especies diferents. D’aquesta manera, tal i com podem veure a les
Taules 5 i 6 (pagines 121 i 127 respectivament), Crotalus simus va ser
sequenciat en el conjunt dels 8 transcriptomes amb 454 donant lloc a
un 16,1% de les lectures amb un resultat blast positiu (un 30,4% per al
conjunt dels 8 transcriptomes), mentre que el transcriptoma d’un
individu juvenil i d’un individu adult sequenciats amb 454 Titanium
van donar lloc al 63,86% i 49.97% dels contigs amb resultat positiu
respectivament. A la llum d’aquests resultats, tant el guany en
longitud de transcrit que va suposar I’ensamblatge (193.6 nucleotids
per a les lectures individuals anotades a [147], 1 777.8 i 560.87 per als
contigs obtinguts per a I’individu adult i juvenil respectivament a
[152]) com la possible millora en la tecnologia de sequenciacié en la
quimica Titanium, podrien ser la causa de la millora de resultats blast
obtinguts. Tanmateix, I’alt percentatge de lectures sense una
homologia significativa a una sequéncia coneguda obtingut a [147] no
s’allunya dels resultats obtinguts en altres estudis similars. Aixi, el
87% de lectures ensamblades en 96,379 contigs a [146] va donar lloc
a un 34% d’homologies. De la mateixa manera, només el 45.6% dels
2,855 contigs obtinguts a [107] van mostrar una homologia a una
sequeéncia del GenBank. Finalment, el nostre percentatge de resultats
positius per al conjunt dels 8 transcriptomes va ser molt superior a
I’obtingut a [165], estudi en el qual es va obtindre el 15.5 %.

Una vegada obtingudes homologies de les nostres sequéncies amb
sequeéncies depositades en bases de dades, es van identificar aquelles
pertanyents al subordre Serpentes i aquelles que formaven part de les
proteines de veri. ElI 67% de les lectures identificades com a
pertanyents al subordre Serpentes a [147] i el 47.78% i el 69.55% dels
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contigs obtinguts per a I’individu adult i juvenil respectivament a
[152], van poder ser identificades mitjancant una acurada llista de
paraules clau. Aixi, els resultats obtinguts podrien reflectir la pobresa
de sequiencies de membres del subordre Serpentes no pertanyents al
veri en les diferents bases de dades o respondre a una alta
especialitzacié del tipus cel-lular existent a les glandules per a la
produccié de proteines especifiques del veri. En aquesta darrera
hipotesi cal destacar els resultats obtinguts per Rokyta i col-laboradors
en la sequienciaci6 del transcriptoma de Crotalus adamanteus amb 454
[157]. En I’anotacié de toxines I’estudi va identificar un 11% dels
contigs i un 46% de les lectures individuals, un motiu indicador més,
segons els autors, de la sobreexpressid de toxines en la glandula del
veri. En el mateix sentit, la caracteritzacio del transcriptoma de
Micrurus fulvius [160] va donar lloc a un 45.8% de lectures
pertanyents a toxines.

Composicio del transcriptoma

L’anotaci6 funcional dels trancriptomes ens va permetre la
caracteritzacio d’aquests pel que fa les principals proteines del veri de
les serps, descrites a la Introduccid. A més, també es van trobar altres
proteines com les hialuronidases, els inhibidors de proteases tipus
Kazal, les disulfit isomerases i determinats elements mobils com
SINEs (de I’angles Short Interspersed repetitive Element) i LINEs (de
I’anglés Long Interspersed repetitive Element).

L’existéncia de les primeres en el veri de les serps esta mes
relacionada amb I’expansio de les toxines a la sang i als teixits que
amb una activitat toxica propiament dita. Es considerada, aixi, un
component no toxic del veri. Tanmateix, la degradacié de I’acid
hialuronic de la matriu extracel-lular per part de la hialuronidasa
esdevé un element essencial per a I’expansio sistemica de les toxines
d’una manera molt més rapida a com ho farien per simple difusié
[166].

Respecte als inhibidors de proteases tipus Kazal, aquestes proteines
havien estat préviament identificades només en el proteoma de
Bothriechis schlegelii [167], amb dubtes sobre el seu origen glandular.
En la caracteritzacio dels transcriptomes feta a [147], es van trobar
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lectures codificants per a aquesta proteina en les dues serps
pertanyents al génere Bothriechis, recolcant la idea d’un reclutament
especific de genere [168].

La majoria de proteines del veri estan caracteritzades per un elevat
nombre de residus de cisteines que donen lloc a ponts disulfur intra- i
intermoleculars. Aixi, no va resultar sorprenent observar que
aproximadament un 5% les lectures dels transcriptomes caracteritzats
a [147] van donar una homologia de sequéncia amb una disulfit
isomerasa, un enzim involucrat en la formacié de ponts disulfur al
reticle endoplasmatic [169].

Cal destacar també la presencia de toxines de tres dits (3FTX, de
I’anglés “Three finger toxins™) i d’Ohanina en tots els transcriptomes
caracteritzats a [147] i en el transcriptoma adult i juvenil caracteritzats
a [152]. Les 3FTXs sbn proteines no enzimatiques del veri que
contenen entre 60 i 74 aminoacids amb una estructura de 3 fulles f3
que s’extenen des d’un nucli central conservat, globular i hidrofobic
[170]. Han estat Ilargament descrites en els verins dels elapids, i la
seva preséncia en membres de la subfamilia Crotalinae només s’ha
pogut comprovar en el veri d’Atropoides mexicanus [171]. La
Ohanina, per la seva banda, és una proteina de 107 aminoacids, amb
un Gnic residu de cisteina. Com les 3FTX, €s una proteina
caracteristica en membres de la familia Elapidae, i en vipérids només
s’ha descrit un transcrit similar a Lachesis muta [109] i en els treballs
desenvolupats per Rokyta i col-laboradors sobre Crotalus
adamanteus, on tant 454 com Illumina van poder detectar un transcrit
que codificava per aquesta proteina, causant de dolor i hipolocomoci6
en ratolins segons els estudis realitzats per Pung i col.-laboradors
[172].

En el nostre cas, perd, ambdds tipus de proteines no semblaven donar
lloc a productes geénics funcionals, ja que les lectures i contigs
identificats no van poder ser localitzats en un ORF, amb excepci6 de
dues lectures en les dues especies del genere Atropoides
caracteritzades a [147] (Taula 3 de [147], veure pagina 73). En cap cas
la seqlienciacié del transcriptoma de Crotalus simus va donar lloc a
lectures dins del CDS (de I’angles, “Coding sequences”). Aixi, la
presencia de mRNA corresponents a fragments UTR podria respondre
a transcrits seqienciats de forma incompleta, a un esbiaix causat pel
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métode de sintesi del cDNA (que produeix llibreries de cDNA
enriquides en fragments 3’-UTR) o a la preséncia de pseudogens.

Es rellevant també la preséncia d’elements mobils en les nostres
caracteritzacions, que, d’altra banda, també va ser observada en
I’estudi amb NGS del collbrid Atractaspis aterrima i en altres estudis
previs a partir dels EST resultants de la seqlenciacié de determinats
crotals com Bothrops insularis, Lachesis muta, del colubrid
Philodryas olfersii i en els gens de les PLA2 de Vipera ammodytes i
Protobothrops flavoviridis. Tot i que la seva rellevancia funcional a
les glandules continua sent desconeguda, aquests elements apareixen
sobreexpressats en gens d’evolucid rapida, suggerint la seva possible
implicaci6 en la diversificacio i expansio d’aquestes families
geniques.

Finalment, els nostres estudis dels transcriptomes de Crotalus simus
van coincidir amb els de Rokyta i col-laboradors en I’anotacio de les
toxines més representades en els transcriptomes del génere Crotalus.
Aixi, les serines proteases semblen ser la familia més abundant de
toxines, indicant que la disrupci6 del sistema hemostatic de la presa és
un mecanisme primari d’incapacitacié d’aquest génere.

Regulaci6 post-transcripcional

Un dels objectius del treball proposat en aquesta tesi doctoral va ser
intentar esbrinar I’existéncia de mecanismes de regulacié per tal
d’explicar la varibilitat observada en la composici6 final del veri.

Per aix0, es van seqlienciar individus de la costa atlantica i de la costa
pacifica de Bothrops asper (veure Annex I, pagina 151) i es va
seqiienciar un individu adult i un individu juvenil de Crotalus simus.
En ambdos casos, la composicio del transcriptoma va resultar ser molt
més similar entre els individus de la mateixa espécie que la
composicio final del veri (Figura 4 de [147] i Figura 4 de [152],
pagines 75 i 92 respectivament), suggerint un mecanisme de regulacio
post-transcripcional.

Tal i com ja havia estat descrit anteriorment [173], diferéncies
observades en la concentracié de proteines sén nomes atribuibles en
un 20 - 40% a la diferencia de concentracié de mRNA, posant de
manifest la importancia de la regulacié post-transcripcional. La
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caracteritzacié computacional dels miRNAs de Crotalus simus, com a
complement de les classiques aproximacions genetiques, va voler
donar un pas més en aquesta direccid Els miRNA son una classe
d’RNA petit (aproximadament 22 nucleotids), de cadena Unica, no
codificants, que han estat descrits com a reguladors negatius de
I’expressid génica en organismes eucariotes [122]. Adquestes
sequiéncies, conservades entre diferents organismes [174], presenten
caracteristiques especifiqgues com son la multiplicitat (un miRNA
inhibeix I’expressié de diferents gens) i la cooperativitat (un gen és
inhibit per diferents miRNASs) [153], caracteristiques que van ser
considerades en el nostre treball per tal de reduir al maxim el resultat
de falsos positius.

L’estudi de la potencial participacié dels miRNA en I’expressio
diferencial ontogenética observada en Crotalus simus va ser dut a
terme mitjangant dues aproximacions: a nivell de la propia seqiéncia
del miRNA i de la seva conservacio en altres organismes, i a nivell de
la seqliencia diana en les regions UTR dels transcrits de les SVMP i
les PLA2 identificats en la caracteritzacidé dels transcriptomes de
I’individu adult i de I’individu juvenil. D’aquesta manera, en abséncia
d’un genoma de referencia, I’estrategia basada en la recerca
d’homologies és I’aproximacié mes adient per a la identificacio de
gens codificants de miRNA [175, 176]. Aixi, el nostre treball va
implicar la recerca d’homologies a la miRBase [177], un repositori de
precurssors i sequencies madures de mIiRNA principalment
d’organismes model, que, a data de redaccidé d’aquesta tesi, compta
amb 28,645 sequencies diferents (http://www.mirbase.org, versio 21).
Els resultats positius d’aquesta recerca d’homologia ens va permetre
un analisi comparatiu de conservacid de sequéncies entre organismes,
com un tret distintiu dels miRNA tal i com ja s’ha comentat.

Per altra banda, les prediccions computacionals de dianes dels
miRNAs han estat usades en la identificaci6 de seqiéncies en
diferents organismes [153, 178]. La majoria d’aquestes aproximacions
computacionals estan basades en determinades caracteristiques
empiriques [179]: i) Un patr6 d’aparellament de bases entre el miRNA
i el mRNA, ii) Determinades propietats termodinamiques d’aquest
aparellament de bases, i iii) Multiples dianes per un mateix miRNA,
segons la multiplicitat comentada anteriorment.
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Paral-lelament, la variabilitat geografica i ontogenetica de Bothrops
asper ha estat descrita previament a partir d’aproximacions
proteomiques [180]. El grau de similitud en la composicio del veri
entre les poblacions del Pacific i del Carib (Figura 13) semblava estar
proper al 52%. Tanmateix, tal i com discutirem a I’Annex |, aquestes
diferencies poden respondre, 0 bé a una regulacié post-transcripcional
que doni lloc a una expressio diferencial de gens similars, o bé que
I’aillament de les dues poblacions fa 5-8 milions d’anys ha augmentat
la complexitat gendmica d’aquests organismes en un fendmen
normalment associat amb el reclutament de noves funcions o
fenomens d’especiacio. Dos resultats més del nostre treball exposats, a
I’Annex |, apunten a aquesta regulacié post-transcripcional: per un
cantd, I’existencia de mRNA codificant en la poblaci6 atlantica de
Bothrops asper per a peptids trobats de forma exclusiva mitjancant
teécniques proteomiques en el veri de la poblaci6 pacifica de Bothrops
asper, recolca a nivell de sequencia la similitud de perfils
transcriptomics observats entre ambdues poblacions (veure Figura 4
[147]). En segon lloc, la majoria (9 sobre 12) de fragments peptidics
d’una SVMP trobats de forma exclusiva en la variant atlantica tenien
una seqiencia nucleotidica codificant en la variant del Pacific sense
observar el corresponent péptid en el seu proteoma.

Cal fer esment, pero, que la menor quantitat de dades de seqlenciacid
del transcriptoma obtingudes per a la variant del Pacific, podria
explicar el fet que determinats péptids observats en ambdos proteomes
només van poder ser trobats en lectures codificants de la variant del
Carib.

Sigui com sigui, la prediccié computacional de seqtiencies de miRNA
i de les seves dianes suposa un repte per a la comunitat cientifica que
necessitara ser validada per metodes experimentals com, per exemple,
Northern Blot.
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Figura 13. Distribucio de les poblacions de Bothrops asper a Costa Rica. Mapa
fisic de Costa Rica mostrant la distribucié geografica de Bothrops asper (area
ratllada). (Imatge obtinguda de [180])

Capitol 3

Les bases moleculars de la toxicitat de les PLA2 només son
parcialment conegudes i la correlacié de I’estructura tridimensional
amb determinades funcions toxiques és una area intensa de recerca
[181]. De forma general, pero, les PLA2 basiques semblen ser meés
toxiques que les seves parents acides, descrites com a mancades de
qualsevol activitat toxica [182] o causants d’una moderada
miotoxicitat [183]. L’existéncia d’una PLA2 acida monomerica a
Bothriechis lateralis (el veri de la qual, d’altra banda, no conté cap
PLAZ2 basica), podria respondre a diferents motius. En primer lloc,
aquesta PLA2 podria resultar toxica per a determinats organismes i no
a d’altres. Tanmateix, el principal component de la dieta de
Bothriechis lateralis son els ratolins, que no manifesten simptomes
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d’activitat toxica després de la injeccié de la proteina. En segon lloc,
I’existencia de possibles sinergismes entre diferents toxines tal i com
ja s’ha demostrat a Bothrops alternatus [184] podrien atribuir a la
BlatPLA2 un paper potenciador de I’efecte toxic d’altres proteines del
veri com les metaloproteases. Finalment, i en consonancia amb la
nostra estimacié filogenética, la BlatPLA2 podria suposar un
remanent evolutiu en el procés que va transformar les PLA2
fisiologiques en toxines, adquirint una funcié pre-digestiva, retenint
carcteristiques d’una PLA2 ancestral sense evolucionar cap a la seva
potent toxicitat.
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Conclusions

1. L’analisi dels transcriptomes de diferents espécies de serp
costa-riquenyes mitjancant NGS, ha revelat tendéncies
especifiques per a cada taxon que governen la formulacié del
veri.

2. La caracteritzaci6 de I’activitat transcripcional de les glandules
del veri d’un individu adult i d’un individu juvenil de Crotalus
simus ha revelat uns perfils transcriptomics molt similars entre
ells, suggerint que el mecanisme pel qual es genera la
divergéncia ontogenetica observada en la composicio final del
veri podria actuar de manera post-transcripcional, de tal forma
que el silenciament de I’expressié d’mRNA podria explicar la
composicio del veri observada en ambdoés individus.

3. La predicci6 computacional de miRNA va donar lloc a 3
seqliencies provinents de I’individu adult inhibidors de
transcrits codificants de PLA2 i a 2 miRNA provinents de
I’individu juvenil inhibidors de seqiiencies SVMP.

4. La divergéncia en els fenotips de les variants geografiques del
Pacific i del Carib de Bothrops asper podria tindre el seu
origen en aquesta regulacié post-transcripcional. Aixi, el
nostre treball va localitzar transcrits codificants per a
determinats peptids exclusius d’una poblacio en I’altra, en una
clara indicacio6 d’una regulacio post-transcripcional.

5. S’ha caracteritzat la relacié filogenética entre una PLA2 no
toxica no descrita fins ara al veri de Bothriechis lateralis i les
26 sequéncies de PLA2 gue van mostrar una major homologia
de sequiéncia.
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Estudi de la divergéncia molecular entre diferents
poblacions de Bothrops asper

Introduccié

Els resultats previs publicats a [147] ens van mostrar que els diferents
MRNAs estan controlats d’una forma depenent d’espécie i que les
diferencies observades entre el transcriptoma i el proteoma podrien ser
explicades per la diferent estabilitat i el diferent grau de traduccio
d’aquests missatgers.

Per altra banda, diferencies geografiques i ontogenétiques de la
composicio final del veri han estat demostrades entre les poblacions
costa-riquenyes del Pacific i del Carib de Bothrops asper [180, 185].
Aquestes dues poblacions, separades per diferents cadenes
muntanyoses exteses diagonalment al llarg de tot el pais, representen
comunitats reproductivament aillades [186]. D’aquesta manera,
I’existencia de variabilitat intraespecifica, deixa entreveure el
concepte que les espéecies deurien ser considerades com un grup de
metapoblacions.

A partir de la feina realitzada en el nostre laboratori en la
caracteritzacio dels transcriptomes de glandules de veri de serps costa-
riquenyes, es va intentar estudiar la historia molecular de les
principals toxines amb activitat enzimatica de les poblacions del Carib
i del Pacific de Bothrops asper. L’analisi en detall de forma conjunta
de les sequéncies nucleotidiques deduides a partir del procés de
seqlienciacié explicat anteriorment i els péptids obtinguts en la seva
caracteritzacio protedmica, ens podria ajudar a explicar potencials
mecanismes de regulacié que governen la manera per la qual les dues
poblacions mostren uns transcriptomes molt similars perd difereixen
en la composicio relativa de les toxines en els seus proteomes.
Aquests potencials mecanismes de regulacidé podrien correspondre a
fenomens de tipus post-transcripcional o traduccional, donant lloc a
una expressio especifica d’unes mateixes seqliencies geéniques o,
d’altra banda, I’aillament d’ambdues poblacions per diferents cadenes
muntanyoses fa 5-8 milions d’anys podria haver augmentat la
complexitat genomica d’aquestes seqléncies, donant lloc a gens
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especifics de cada poblacié, en un fenomen normalment associat al
reclutament de noves funcions o fenomens d’especiacio.

Meétodes

A partir del treball desenvolupat anteriorment i explicat al Capitol 1,
es va deduir computacionalment la seqliencia d’aminoacids de les
principals toxines amb activitat enzimatica (segons la seva
abundancia) per a cadascuna de les dues poblacions de Bothrops
asper.

En un intent d’estudiar la correlacié entre el transcriptoma i el
proteoma, aquestes sequéncies d’aminoacids, obtingudes a partir de la
traduccio de les seqliencies nucleotidiques obtingudes mitjancant la
seqlienciacié del transcriptoma, i les sequéncies d’aminoacids
obtingudes préviament mitjancant técniques proteomiques [180], van
ser usades en un alineament multiple en el que anteriorment hem
anomenat “proteotranscriptomica” (veure Introduccio,
Transcriptomica i protedmica).

Donat que la majoria d’errors de la tecnologia de seqlienciacio 454
han estat localitzats en regions d’homopolimers, els alineaments
maultiples obtinguts van ser inspeccionats de forma visual, i alla on va
ser possible, es van corregir canvis de pauta de lectura. Aixo va donar
lloc a un conjunt de sequéncies aminoacidiques i nucleotidiques
[liures d’error adients per determinades analisis posteriors.

Resultats i discussio

Pocs treballs han usat la tecnologia 454 amb finalitats filogeografiques
donat que les lectures resultants del procés de sequienciacié sén més
curtes que els productes resultants de la classica seqlienciacié Sanger,
el nombre d’errors és més elevat i la tecnologia, tal i com hem
comentat, és sensible a regions d’homopolimers. A més, I’Us
d’aquestes lectures curtes en estudis filogenétics pot donar lloc a
regions sense cobertura en I’alineament mdultiple previ a qualsevol
consideracié filogenética. Tanmateix, segons John J. Wiens, més que
la manca de dades, sembla que els caracters existents coincidents entre
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diferents taxons soén critics per a resoldre determinades relacions
filogenétiques [187].

Tot i els incovenients esmentats, des que la tecnologia NGS ha
esdevingut una eina ordinaria en molts laboratoris, s’han dut a terme
diferents intents per tal d’usar les lectures resultants en la inferéncia
de determinades relacions filogenétiques. Aixi, Roeding i
col-laboradors van dur a terme uns estudis filogenétics usant un
conjunt de sequeéncies de cDNA d’hemocianines de I’escorpi
Pandinus imperator [162] obtingudes mitjancant 454. Més
recentment, John E. McCormack va concloure que sequlencies
obtingudes mitjancant 454 podrien ser Utils per a estudis filogenétics,
genetica de poblacions o amb objectius filogeografics, especialment
per a espécies properes [188]. Aixi, tot i ser incompletes, la majoria de
sequeéncies obtingudes mitjancant 454 resulten d’utilitat per a
identificar quina toxina ha estat identificada en la caracteritzacio del
transcriptoma, i més concretament en el nostre cas, del transcriptoma
de les glandules del veri de les serps.

D’altra banda, cal esmentar que la majoria d’estudis s’han limitat a
seqliencies géniques sintetiques mitocondrials, i pocs estudis han usat
gens nuclears. Les seqliencies mitocondrials, amb una més elevada
taxa de canvi que les seqliencies geniques nuclears, podrien amagar
I’estimacio filogenetica d’especies més allunyades, i pel que fa les
toxines trobades al veri de les serps, només dos estudis s’han dut a
terme mitjancant seqliencies géeniques de serines proteases [189] i de
disintegrines [190].

LAAO

La sequenciacio del transcriptoma descrita al Capitol 1 i I’analisi
posterior de les dades obtingudes, va donar lloc a dues sequencies
nucleotidiques codificants per a una L-aminoacid oxidasa per a cada
variant de Bothrops asper, I’analisi de les quals no va mostrar cap
expressio diferencial entre les poblacions ja que cadascuna d’elles va
trobar una homologia igual o superior al 98% a una seqiiencia de
I’altra poblacio.
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Per la seva banda, els estudis protedmics previs havien descrit 9
fragments peptidics comuns a ambdues poblacions [180]. Aquests
péptids van poder ser localitzats inequivocament en la traducci6 dels
transcrits. Tanmateix, les seqliencies obtingudes del transcriptoma de
la variant del Pacific de Bothrops asper estaven localitzades a
I’extrem N-terminal de la proteina, la traduccié de les quals va donar
lloc a un fragment de 89 aminoacids de longitud. La manca de dades
provinents del procés de seqlienciacié per a la poblacié del Pacific
podria ser la causa per la que només 4 péptids d’un total de 9 van ser
trobats realment en ambdues poblacions tal i com podem veure a la
Taula 7.

Fragment peptidic Pablacio Traduccio Traduccio
Péptid Carib Pacific
NPLEECFR Ambdues NPLEECFR NPLEECFR
DPGVLEYPVKPSEVGK Ambdues DPGVLEYPVKPSEVGK
FWEDDGIHGGK Ambdues FWEDDGIHGGK FWEDDGIHGGK
EGWYANLPGMR Ambdues EGWYANLGPMR
SAGQLYEESLQK Ambdues SAGQLYEESLQK
IYFAGEYTAQAHGWIDSTIK Ambdues IYFAGEYTAQAHGWIDSTIK
ETDYEEFLEIAK Ambdues ETDYEEFLEIAR ETDYEEFLEIAK
ETLSVTADYVIVCTTSR Ambdues ETLSVTADYVIVCTTSR
ADDRNPLEECFRETD Ambdues ADDRNPLEECFRETD ADDRNPLEECFRETD

Taula 7. Fragments peptidics corresponents a L-aminoacid oxidases localitzats
a dades transcriptomiques. Fragments peptidics de LAAQOs de les poblacions del
Pacific i del Carib de Bothrops asper obtinguts mitjangant I’aproximacié venomics
(veure Introduccid) per Alape-Girén i col-laboradors, van ser trobats de forma
majoritaria a la traducci6 de les seqiiencies nucleotidiques obtingudes per
seqlienciacid del transcriptoma d’ambdues poblacions.

SVSPs

Pel que fa les serines proteases, I’estudi de les dades
transcriptomiques va donar lloc a 15 sequéncies nucleotidiques per a
la poblaci6 del Carib de Bothrops asper, mentre que nomeés una Unica
seqliencia es va obtindre de la variant del Pacific. La distribucio
desigual de lectures en el procés de sequenciacid entre ambdues
poblacions, ja esmentada en el cas de les LAAOSs, va donar lloc a un
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conjunt incomplet de sequéncies nucleotidiques, especialment en la
poblacié del Pacific. Aquesta podria ser la rad per la qual, tal i com
veurem a continuacio, cap fragment peptidic va trobar una homologia
significativa en la traducci6 de les dades transcriptomiques obtingudes
de la variant del Pacific.

Tanmateix, cal destacar que l'alineament mdltiple d'aquestes
seqliencies nucleotidiques ens va permetre la visualitzacié de la triada
catalitica caracteristica del lloc actiu de les serines proteases [191] aixi
com de les 12 cisteines conservades que participen en la formacio6 de 6
ponts disulfur, ja descrites en la caracteritzacié mitjancant técniques
crital-lografiques de la TSV-PA [192].

L’ analisi en profunditat de les seqlencies del transcriptoma d'ambdues
poblacions, ens va mostrar una homologia del 100% entre els 31
aminoacids obtinguts de la traduccio de la sequiéncia de la variant del
Pacific i una sequiéncia de la poblacio del Carib.

Pel que fa la correlacié entre el transcriptoma i el proteoma, tal i com
hem esmentat, no es va trobar cap homologia significativa entre
fragments peptidics obtinguts mitjancant técniques proteomiques i la
traduccid de la seqliéncia nucleotidica obtinguda per a la poblacio del
Pacific. D’altra banda, els 6 péptids descrits en ambdds proteomes, els
6 péptids exclusius de la poblacié del Carib i un parell de péptids
exclusius de la poblacié del Pacific van poder ser trobats en la
traduccid de dades transcriptomiques de la poblacié del Carib.

A la llum d’aquests resultats, les diferencies en I’expressio de les
serines proteases no semblaven poder ser explicades només per un
fenomen d’especiacio, ja que la degradacié / inhibicio6 de mRNA
podria estar jugant un paper important. A més, el fet que una proteina
restringida a la poblacio6 del Pacific mitjancant tecniques protedmiques
aparegui en el transcriptoma de la poblacié del Carib podria apuntar a
una regulacié post-transcripcional que deuria ser comprovada en
d’altres proteines.

SVMPs

L’estudi de les dades provinents dels transcriptomes de la poblacié del
Carib i del Pacific de Bothrops asper va donar lloc a 29 i a 5

155



Annex

sequiéncies codificants de SVMPs respectivament. Malgrat la
distribuci6 desigual de lectures en ambdues poblacions, ja comentada
en el cas de les LAAOs i de les SVSPs, la majoria de lectures en
ambdos casos semblaven poder ser agrupades en una Unica seqlencia.
D’aquesta manera, a partir dels treballs desenvolupats al Capitol 1,
3,590 lectures d’un total de 6,746 podien ser agupades en una Unica
seqliencia d’una SVMPs per a la poblacié del Carib, mentre que 218
lectures d’un total de 276 van poder ser agrupades també en una Unica
seqliencia codificant per a una SVMPs en la variant del Pacific.

Per altra banda, es van obtindre 12 fragments peptidics Unics per a la
poblaci6 del Carib, 7 fragments peptidics Gnics per a la poblaci6 del
Pacific, i 20 péptids semblaven ser compartits entre ambdues
poblacions.

Tal i com ja hem descrit per a les SVSPs, determinades
caracteristiques estructurals de les seqiiencies de les SVMPs com els
residus de cisteina, el domini peptidasa, el domini disintegrina (amb el
loop RGD caracteristic) i el domini semblant a disintegrina (de
I’angles, disintegrin-like) amb els residus SECD, entre d’altres motius
caracteristics de les SVMPs detallats a la Introduccio, van poder ser
descrits amb la intencié de trobar diferéncies significatives en
I’expressio de les SVMPs entre les poblacions del Carib i del Pacific
de Bothrops asper. La Taula 8 mostra la naturalessa de les SVMPs
més representades en ambdds transcriptomes. Tal i com es pot veure,
tant el transcriptoma de la variant del Pacific com de la poblacié del
Carib semblaven mostrar una Unica sequéncia de SVMPs tipus Pl i
diferents sequéncies tipus PIIl, recolzant la teoria descrita
anteriorment al nostre laboratori sobre el model evolutiu que
explicaria la diversitat de les disintegrines [193]. Cal destacar que en
cap cas es van trobar sequéncies codificants de SVMPs tipus Pllb,
Pllc, Plld, Plle ni Pllla.

Pel que fa la correlaci6 entre el transcriptoma i el proteoma segons la
nostra aproximacio, 5 péptids d’un total de 20 trobats al proteoma
d’ambdues poblacions no van poder ser localitzats a la traduccié de
les dades transcriptomiques de la variant del Pacific. D’altra banda, 12
péptids semblaven ser exclusius de la poblacié del Carib per
aproximacions proteomiques. Tanmateix, només 3 d’ells no van poder
ser trobats en les dades resultants de la traduccié del transcriptoma de

156



Annex

la poblacio del Pacific. Finalment, tots els péptids obtinguts de forma
exclusiva en la poblacié del Pacific van poder ser trobats en el
transcriptoma de la poblaci6 del Carib. De fet, 2 d’aquests péptids no
van poder ser realment trobats en el transcriptoma del Pacific, una
indicaci6 de la manca de cobertura de la llibreria de cDNA
sequenciada, tal i com ja hem comentat anteriorment.

Amb tot, la regulacié de la transcripcié podria estar al darrere del
fenotip del veri expressat per les poblacions de Bothrops asper. El fet
que tots els fragments peptidics van poder ser localitzats mitjancant la
nostra aproximacié “proteotranscriptomica” a dades provinents del
transcriptoma de la vessant del Carib, juntament amb el fet que es
trobessin sequiéncies de nucleotids en el transcriptoma de la poblacié
del Pacific per a 9 péptids Unicament trobats al veri de la variant del
Carib, podria apuntar a una regulacié post-transcripcional
intraespecifica més que no pas a una diferencia d’arrel génica.

Poblaci6 del Carib:

Tipus de SVMPs Dis / Dis-like Residus cisteina
Pl 6
Pl SECD 6
Plla RGD 6
Pl DDCD 6
Plllb SECD 7
Poblacio del Pacific:
Tipus de SVMPs Dis / Dis-like Residus cisteina
Pl 6
Pl DDCD 5*
Plla 4*
Pl *
Pl SECD *

Taula 8. Estudi estructural de les SVMPs trobades al transcriptoma de
Bothrops asper del Carib i del Pacific. La nostra aproximacié va permetre la
classificacio de les seqliencies nucleotidiques codificants de SVMPs trobades en els
transcriptomes de les poblacions del Carib i del Pacific. Es mostren els residus
localitzats a les regions disintegrina o semblants a disintegrina aixi com el nombre
de residus de cisteina que donen lloc a ponts disulfur caracteristics.

*, la sequiencia del transcriptoma no va cobrir la totalitat del domini peptidasa.
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PLA2

A partir de les dades transcriptomiques es van obtindre 9 seqiiéncies
d’aminoacids per a la poblacié del Carib i 4 per a la poblacié del
Pacific. D’aquestes, només dues seqliencies (una per a cada poblacio)
van mostrar homologia significativa. Per contra, 8 sequéncies
semblaven ser exclusives de la poblaci6 del Carib mentre que 3 ho
semblaven ser de la poblacié del Pacific.

Per altra banda, les técniques proteomiques van donar lloc a 12
fragments peptidics compartits per ambdues variants mentre que 8 i 6
péptids van resultar exclusius per a les vessants del Carib i del Pacific
respectivament. Tal i com s’ha descrit per altres toxines, la totalitat
dels peptids identificats van poder ser localitzats en el transcriptoma
de I’individu del Carib. Aixi, tot i que determinades sequéncies
peptidiques semblaven restringides a la poblacié del Pacific, el nostre
treball va poder trobar els respectius transcrits codificants en el
transcriptoma de la poblaci6 del Carib. En el mateix sentit, només 2
dels 8 peptids obtinguts en el proteoma de la variant del Carib
semblaven ser exclusius d’aquesta poblacid, ja que per a la resta es va
poder localitzar un transcrit codificant en el transcriptoma de la
poblaci6 del Pacific. De fet, tal i com ja s’ha explicat en les toxines
anteriors, la manca de sequencies del transcriptoma de la poblacio del
Pacific sembla ser la causa per la que péptids descrits com a exclusius
d’aquesta poblacié no van ser trobats en el seu transcriptoma i si, en
canvi, en el transcriptoma de la poblacié del Carib, posant de
manifest, novament, la probable regulacié post-transcripcional.
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Abstract

Over the last three decades, transcriptomic studies of venom gland cells have
continuously evolved, opening up new possibilities for exploring the molecular
diversity of animal venoms, a prerequisite for the discovery of new drug candidates
and molecular phylogenetics. The molecular complexity of animal venoms is much
greater than initially thought. In this review, we describe the different technologies
available for transcriptomic studies of venom, from the original individual cloning
approaches to the more recent global Next Generation Sequencing strategies. Our
understanding of animal venoms is evolving, with the discovery of complex and
diverse bio-optimized cocktails of compounds, including mostly peptides and proteins,
which are now beginning to be studied by academic and industrial researchers.

Defined key terms

Biogenic
amines

Isoforms

Biogenic amines consist of naturally biologically active enzymatic products that contain one or
more primary amine groups, such as norepinephrine, histamine and serotonin. They act
primarily as neurotransmitters.

An isoform is a natural mutant/variant of a peptide/protein of reference, which differs from that
‘reference’ sequence by a minimum of one amino acid. All these mutants/variants/isoforms
belong to the same structural and functional family.

Next Generation Sequencing technologies do not use the classical Sanger's strategy of DNA

163



Annex

NGS sequencing. To date they correspond mainly to 454-pyrosequencing (Roche), to paired-end
(Illumina-Solexa) or to semiconductor (lon-Torrent™) sequencing strategies.

Complementary DNA is generated by the reverse transcription of messenger RNAs (mRNAs)
extracted from a tissue or pool of cells of interest. Messengers RNAs correspond to copies of
genes that are translated via the ribosome machinery into polymers of amino acids: peptides or
proteins. As such mRENAs are also named “precursors’.

cDNA

Synonymous vs A synonymous substitution corresponds to a silent mutation of a codon that results in an

nonsynonymous unchanged amino acid. On the other hand, a nonsynonymous substitution is an amino change

substitutions within a given sequence that results from a nonsilent mutation of the corresponding codon.
Pscudogenes are genomic ubiquitous and abundant nonfunctional DNA sequences similar to
normal and active genes. They are identified during genome annotation process and contain

Pseudogenes  different type of modifications (mutations/insertions/deletions, etc) that result in their
nonfunctionality. It is recognized that some of them play essential role in gene regulation of
their parent and functional genes.

What is the natural venom resource?

Animal venoms are complex cocktails of several hundreds of components, most of which (~ 90%) are proteins or peptides
[1]. Venom compounds are characterized by their capacity to recognize various targets, such as enzymes, ion channels and
receptors. Their interaction with these targets results in direct or indirect effects on cell integrity, the central and/or peripheral
nervous system, muscles and blood flow. This potential for biological activity is seen as a consequence of their continual
refinement by natural evolution. Venoms are thus natural reservoirs containing many bioactive molecules that have been

selected and recruited for their secretion, structural stability, functional plasticity and capacity to engage in precise

interactions with their targets (affinity, specificity and selectivity). The remaining 10% of venom components include various
organic components, such as sugars, salts, amino acids, biogenic amines, nucleotides, nucleosides and nucleic acids
(mRNAs, DNAs).

Recent technological developments in mass spectrometry for venom-based explorations (proteomic studies) and venom-
gland gene expression profiling (transeriptomic studies) have revolutionized our perception of the nature of animal venoms.
Indeed, the use of these approaches, either separately or together, has led to the discovery of hundreds of peptides and
proteins in the venom of single venomous species, with cone snails and spiders appearing to possess the most diverse
cocktails or “arsenals’ of compounds [2].

The global animal venom resource can therefore be seen as a collection of more than 40,000,000 compounds, mainly
peptides and proteins, of which only ~ 3000 are known and have been studied to any extent. Additional levels of venom
diversity have also been observed, due to intraspecific variations of the venom components [3-5]. Such variation may oceur
between specimens of a defined species as a result of changes in biotope, diet, age, development, sex, season or geographic

location. Differences have also been observed between dissected and milked (injected) venoms. Finally, one intriguing

observation from proteomic studies is the co-existence (within a single venom) of ‘related-seq es’ of the same
compound, of different lengths and concentrations. It remains unclear whether these longer and shorter venom molecule
‘isoforms’ have any biological significance. It has become clear that venom composition varies considerably during the life
cycle of venomous animals and that these changes may affect the pharmacology and toxicity of the venom.

These findings have greatly modified the toxinologist's view of venom gland systems, which now appear to be

sophisticated, efficient and highly dynamic structures containing the venom itself, the venom-gland cells and associated
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tissues (i.e., the salivary glands in cone snails). Together with increases in our capacity to synthesize peptides and
recombinant proteins, these changes have opened up new perspectives for the study and use of this huge natural resource by

academic researchers and industry.

Venoms: natural medicinal chemistry libraries & therapeutic potential

The amazing potential of for drug dis y renders them of particular interest to the pharmaceutical industry, which
is in dire need of innovation. In recent years, the successful release onto the market of therapeutic antibodies, proteins and
peptides has increased interest in ‘biologics™ as potential novel drugs. There are currently 51 therapeutic peptides on the
market and more than 100 natural (and a similar number of modified) therapeutic proteins have been approved for clinical
use in the European Union and the USA [6]. In the domains of clinical and biotechnological applications, venom compounds
in general, and peptides/toxins in particular, are naturally bio-optimized molecular tools that can be used for studies of their
targets, potentially leading to the identification and development of novel candidate therapeutic molecules, Indeed, many
toxin targets are involved in various human diseases, such as pain, cancer, neurodegenerative and cardiovascular diseases,
diabetes, obesity and depression. Venoms contain stable bioactive molecules of high affinity, target subtype selectivity and
large pharmacological spectra, yielding many promising candidates for innovative drug leads. Venom compounds constitute
one of the most promising families of compounds for use in the diagnosis and treatment of human disease, due to their
functional activities, small size, low immunogenicity and high stability, and the development of powerful strategies for their

hemical synthesis or recombi

production. Furthermore, venom peptides and proteins bind to their targets through a large

number of interactions, resulting in a decrease in the ‘capacity” of the targeted system to escape and to “resist” these ligands,
through mutations affecting contact areas, for example (as observed in antibiotic resistance). Finally, the scaffold can be
engineered for the design of compounds with modified biochemical, functional or biophysical properties, the adaptation of
molecules for particular uses and for their labeling for in vive imaging, for vectorization, or for the functionalization of
nanoparticles [7-9].

Few peptide drugs of venom origin are currently available, but significant developments are oceurring in the fields of
pain, infection and cancer [10-12]. The analgesic ziconotide (Priali™) is a peptide from marine snail (Conus magus) that was
approved by the US FDA in 2004 and used as the last resort in the treatment of severe pain in patients refractory to morphine.
Other drugs derived from snake-venom proteins are used in the control of hypertension and blood hemostasis. These drugs
include the antihypertensive drug captopril (L'aputl:rlatl, which mimics the action of the angiotensin-converting enzyme
inhibitor peptide from a viper venom. On the other hand, eptifibatide [Integri]in“} and tirofiban (Aggrasla!'k} are used in the

treatment and prevention of acute coronary syndrome when iodinated chlorotoxin from scorpion venom (TM-601%) has
successfully undergone Phase 11 trials for the targeted treatment of glioma, a diffuse form of brain cancer. XEN2174 is an
analgesic peptide derived from y-conotoxin MrlA, which has successfully completed Phase lla clinical trials for cancer-
related pain and is currently undergoing testing in Phase Ilb trials for postoperative pain. Many other venom peptides may
one day lead to new drugs and more than 400 patents relating to venom peptides have been filed. Several peptides, mostly
conotoxins, have reached preclinical or clinical trial stages. This field of research is very active, with rapid advances driven
in particular by Australian groups in particular (University of Queensland and Xenome Ltd). A seminal development has

recently occurred with the demonstration of oral activity in a rodent pain model for a-conotoxin Vel. 1, a nicotinic receptor
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antagonist.
Venom proteins are also used for therapeutic applications. Several snake-venom proteins with pro-, anti-coagulant or

fibrinolytic activities have found uses in medical applications. For instance, ancrod (Viprinex™), from the Malayan pit viper
Calloselasma rhodostoma, is a defibrinogenating molecule currently under investigation as a possible treatment for stroke.
Batroxobin (Pefakit™ Reptilase™Time) from Bothraps atrox is used for investigations of the final phase of blood coagulation.
Due to its heparin insensitivity, batroxabin can detect fibrinogen polymerization disorders even in the presence of heparin.
Tirobifan is an antiplatelet drug derived from an Echis carinatus venom compound. Other proteins with anticoagulant
properties from the venoms of the snakes Bothrops atrox, Echis carinatus, Oxyuramus scutellatus and Daboia russelii are
used to diagnose coagulation disorders and to monitor anticoagulant treatment. Botrocetin is a strong platelet-aggregating
protein found in Bothrops atrox venom. It is used for the diagnosis of several hemorrhagic vascular diseases of genetic

origin, such as von Willebrand disease.

General strategies for venom profiling

Given the tremendous diversity and potential for application of venom compounds, major efforts are required to characterize
the molecular and structural diversities of this natural repertoire of bioactive molecules [13]. Traditionally, such
characterization has been based on the fractionation of venoms coupled with bioassay screening, followed by the purification
and characterization of bioactive compounds. This process is time-consuming, limiting the extent of exploration possible and
leading to a focus on the most abundant molecules. In addition, ‘bicassay-guided” drug exploration is hampered by the
availability of material, sample size (most venomous animals are small or very small) and the complexity and variability of
venoms.

Sequence-driven approaches, based on mass spectrometry analyses with or without the cloning and sequencing of
precursors [ 14-22], have recently been developed. These approaches were initially based on the transcriptomic exploration of
venom glands with expressed sequence tag (EST) technology, but several groups have since successfully applied Next
Generation Sequencing (NGS) strategies [23]. These highly sensitive and powerful strategies for precursor sequencing have
facilitated more global and accurate transcriptomic explorations, paving the way for improvements in our understanding of
the true molecular and structural diversity of the cocktails of molecules comprising animal venoms. NGS strategies, in

addition to providing information about previously known families of venom compounds, are also, for the first time,

a

providing access to the seq) of low abt precursors. More importantly, exhaustive transcriptomics combined with
annotation tools for bioinformatics is providing researchers with access to the unexplored ‘Eldorado” of ‘unknown’ precursor
sequences (encoding compounds with no equivalent in the available databases), which may account for as many as 20-40%
of all venom compounds! These pools of precursors will undoubtedly include new sequences with original folding patterns

associated with novel biological activities and target specificities.

Venom-gland cell transcriptomics: from individual cloning to global view
Individual cloning of animal toxin precursors
Toru Tamiya ef al. was the first group to clone and sequence a precursor (mRNA) encoding an animal toxin, in 1985 [24].

This mRNA encoded a short-chain neurotoxin, 65 amino acids in length, stabilized by four disulfide bridges. This peptide,
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erabutoxin a, is synthesized by a sea snake, Laticanda semifusciata (Figure 1). The next precursor to be studied was that of a
phospholipase A; (PLA;) from the venom of the sea snake Laticanda laticaudata [25]. Since these pioneering works, many
animal toxin precursors have been cloned and sequenced, revealing both common and distinctive structural elements leading
to different precursor organizations (Figure 2). Most animal toxin precursors are encoded by monocistronic sequences, with a
single venom molecule encoded by a single mRNA. However, a few precursor sequences display a polycistronic
organization, with long open reading frames encoding several toxins [26-30]. The proteins encoded may be isoforms of the
same family, as for sarafotoxins [26], when precursors from Bothrops jararaca and Lachesis nmuta muta, revealed the
presence of seven bradykinin-potentiating peptides, together with one sequence encoding a C-type natriuretic peptide [27,28].
Polycistronic precursors encoding antimicrobial/cytolytic peptides and neurotoxins have also been cloned from the spider

Lachesana tarabaevi [29] and the sea anemone Antheopsis macidata [30], respectively.

TCCGAAAAAGATCGCAAG ATG AAA ACT CTG CTG CTG ACC TTG GTG GTG GIG 51
M K T L L L T L ¥V V V¥
ACA ATC GTG TGC CTG GAC TTA GGA TAC ACC AGG ATA TGT TTT AAC CAT 99
T I ¥ ¢ L Db L G ¥ T R I € F N H
CAG TCA TCG CAR CCG CAA ACC ACT AAA ACT TGT TCA CCT GGG GAG AGC 147
Q S 8 @ P Q T T K T € S8 P G E S
TCT TGC TAT AAC AAG CAA TGG AGC GAT TTC CGT GGA ACT ATA ATT GAA 195
§ C Y N K Q W 8 D F R 6 T I I E
AGG GGA TGT GGT TGC CCC ACA GTG AAG CCC GGT ATT AAR CTC AGT TGT 243
R 6 € 6 ¢ P T V K P 6 I K L S C
TGC GAA TCA GAG GTC TGC AAC AAT TAG CTCTACGAGTGGCTAAATTCCTTGAGT 297
c E 8 E V C N N_stop
rlLLATLALLLL ALTLCLLLLIGLIGLICTLIGALALLICAALAL L LLTLLCLLTTLCICTNGA L __m_
ARRAAAAAARAAAARAAAARR

Figure 1. Precursor encoding erabutatoxin a (Ea) from Laticauda semifasciata. The signal peptide is
underlined. The polyadenylation site is underlined. Taken with permission from [24].
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—= Monocistronic precursors: one mature toxin per precursor molecule |
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Figure 2. Animal toxin precursors. Overall structures and organizations of the different mRMA precursor molecules
encoding animal toxins. The signal peptide sequence at the 5° end of the open reading frame is indicated by 'S.8". The
propeptide sequences, if present, are indicated by ‘pro’ and are shown in light gray. The 5 and 3° untranslated
sequences are represented as thin lines. The polyadenylated tail at the 3' end of the precursors is indicated by

Toward global transcriptomic studies of venom-gland cells: the EST strategy

EST analysis for transcriptomics first appeared toward the end of the 20th century. ESTs are short (10-400 base pairs) single

DNA sequencing reads obtained from g ic DNA or compl y DNA (¢DNA) libraries. They are obtained by the
I | Sanger seq ing method and correspond to one-shot partial sequences of the 5 and/or 3" ends of cloned
precursors. ESTs are useful for more global investigations of the g pression pattemns and overall transcriptomic activity

of tissues or cells (e.g., venom gland cells).

The first EST library for venom gland cells was described in 2001 [31]. In this pioneering work, the authors aimed to

the 1 by which cone snail had evolved. They analyred and compared 170 different conopeptide-

encoding ESTs from five different species of Conus snails. They demonstrated particularly rapid rates of nucleotide
substitution within the seguences encoding the signal peptide, propeptide and mature peptide; a bias, with transversions
favored over transitions in nucleotide substitutions (replacement of purines with pyrimidines or vice versa); the presence of
cysteine codons in specific positions within the hypervariable regions; and a preponderance of nonsynonymous over
synonymous substitutions in the mature peptide.

Many EST-based transcriptomic studies have since been carried out on various venomous animals: jellyfish [32], spiders
[33-38], snakes [39-48], cone snails [49,50], fish [51], wasps [52], scorpions [53], centipedes [54], and more recently, a
venomous ant [35]. Tn all cases, EST annotation led to the identification of several new isoforms of previously known
families of peptide or protein toxins, revealing a predominance of some families of venom components over others.

Interestingly, the EST annotation of nucleic acid and protein sequence databases also revealed the existence of two new

168



Annex

transverse (found in all venomous animal species) categories of venom-gland components. The first corresponds to
sequences that have already been cloned, but the functions of which remain unknown. These sequences account for less than
10% of the annotated ESTs on average and, in many cases, they display similarity to sequences for components found in
other tissues and phyla unrelated to venomous animals or to the venom apparatus. This observation has since been confirmed
by NGS approaches (see below). These sequences probably correspond either to common cellular components or (in the case
of secreted and disulfide-rich sequences) to particular peptide or protein scaffolds preferentially recruited by the venom gland

to increase its molecular diversity [1,2].

Another particularly exciting discovery has been the detection, by EST-based strategies, of venom-apparatus-specific

cellular and molecular actors displaying no sequence matches, for nucleotide or amino-acid seq es, with any seq ¢
present in current databases. These molecules include compounds contributing to the originality and molecular specificity of
the molecular machinery of the cells constituting the venom-gland tissues. Nevertheless, several ESTs are probably
components of precursors encoding new peptides or proteins contributing to the richness of the venom arsenal developed by
venomous animals. Future challenges in this field will include the development of tools and strategies for the exploration and
study of these new sequences. Undoubtedly, these sequences will include some corresponding to new scaffolds and

biological activities of potential relevance for new clinical applications,

H , although EST

q ing constitutes significant progress with respect to the single-precursor cloning approach,
it is subject to several limitations. The exploration of gene expression remains partial, with information gleaned mostly about
the more abundant families of compounds. Such studies remain time-consuming and expensive, due to the sequencing
technology used (Sanger sequencing). Furthermore, for long precursors, such as those encoding venom enzymes, the
coverage of cloned sequences by ESTs is far from total, and classical second-step cloning by PCR amplification is required
to obtain the complete precursor sequence. However, in such cases, the PCR primers are mostly deduced from 5" and 3' EST

SequUences.

Toward global transcriptomic studies of venom-gland cells: NGS approaches

In 2005, an alternative DNA-sequencing technology (pyrosequencing) facilitating rapid, large-scale sequencing at low cost
was described for the first time [56]. Various other approaches have since emerged and are grouped together under the
umbrella term “NGS® [57,58]. NGS uses various strategies to sequence DNA more efficiently than the traditional
dideoxynucleotide method pioneered by Sanger [59]. NGS was initially developed for genomic sequencing projects, but was
rapidly adopted for use in studies of the gene expression profiles (transcriptomics) of various tissues. For this purpose,
mRMNAs are extracted from venom-gland cells, converted into ¢cDNAs, fragmented and sequenced. Whatever be the NGS
technology used, the sequenced fragments or “reads’ (35 to 300-400 bp long) must be assembled into *contigs’, which are

ultimately analyzed and annotated with bicinformatics labels. NGS techniques are high-throughput, with millions of

sequencing reactions carried out in parallel.

Unlike previously described transcriptomic approaches, NGS techniques deliver a much broader view of the cocktail of
compounds present in venom, as demonstrated by the increasing number of recent studies involving these approaches [60-
82]. Over and above the compounds present in venom, these techniques can also be used to study the molecular machinery

specifically used by the venom-gland cells in the production of the venom arsenal and to elucidate the post-transcriptional
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mechanisms at work. In terms of candidate drug di vy, deep-transcriptomics studies based on NGS are likely to
revolutionize this field in terms of the discovery of new isoforms, the identification of toxin-related genes suggesting
convergent recruitment by the venom-gland tissues of compounds from diverse taxa [83], the discovery of totally new
compounds/scaffolds and the identification of a molecular signature specific to products of the venom-gland cell.

NGS was first used to explore the transcriptomic activity of an animal venom apparatus in 2009, This study concerned the
common emperor scorpion, Pandinus imperator [60]. Many other venom transcriptomes have since been determined, in
snakes, cones snails, spiders, two venomous mammals, one venomous crustacean and one ant, Most of these studies involved
pyrosequencing with Roche 454 or 454 GS FLX machines, the [llumina GA/HiSeq System, the Illumina system together
with 454 technology and, very recently, lon-Torrent™ technology (see Table 1). As expected, these studies have resulted in
deeper gene expression (transcriptomic) profiling of venom-gland cells. Researchers now have access to a very large range of
precursor representations, which was not the case with previous technologies. Thanks to these advances, it is now possible to
detect and sequence transcripts present at very low abundance (a few copies only). It has also become possible to generate
exhaustive inventories of the molecular diversity characterizing families of known toxin peptides. For example, for Conus
consors, we were able to show the predominance in the venom of three families of conopeptides: superfamilies A, O and M,
with 132, 40 and 28 different isoforms, respectively [63]. Within the same transeriptome, precursors encoding conolysins,
conantokins, contulakins, conotoxins P, § or T, conodipins and conopressins were detected even when there were fewer than

four copies of the precursor present.

Table 1. Venomous animal species for which venom-gland Next Generation Seq ing t iptomic
analyses have been reported.
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Animal species 454 454 G5 FLX lllumina lon Torrent Reference
Snakes
Crotalus adamanteus X (61}
X X (66)
Erotobothrops flavavinidis X (77}
B Costa Rican snakes X 162)
Atractaspis aterrimg X {63)
Crotalus haridus X (70}
Crotalus simus simus X 172)
Micrurus fluvius X (78)
Cone snails
Conus consors, X (63)
Conus puiicarivs X 154)
Conus gepgraphus X [65)
Conus miles X [71)
Conus marmoreys X [73)
Conus victerae X (82)
Scorpions
Pandinus imperator X (e0)
Centruroides noxius X [67)
5 Australian scorpions X (74)
Spiders
Latrodectus tredecimguttatus X (75)
Selenotypus plumipe. X (B0}
Gasteracantha areugta
Gasteracantha hasselti X (79}
Mammals
Grnithorhynchus angrinus
Tachvglosus aculeatus, X (76)
Crustaceans
Speleanectes tulumensis, X (68)
Ants
Ringponera quadriceps X (B1)
Ticks
Leades ricings X % 2d)
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Clearly, NGS technologies provide a more complete picture of the composition of the cocktail of chemicals in venom. They
have shown that venom-gland cells synthesize an average of 200400 different precursors, encoding peptides and proteins
that are secreted into the lumen of the venom gland. Levels of transcriptomic activity may vary between studies. Intraspecific
and interspecific variations are observed, but gene expression profiles may also differ between specimens of the same defined

species of venomous animal.

As pointed out above, venoms appear to have a much broader molecular content than initially suspected, raising questions
about the origin of this diversity. Deep transcriptomic analyses, particularly for Conus, have suggested a highly dynamic
process of sequence diversification. One interesting study on Conus miles [71] focused on conopeptides and led to the
identification of more than 650 putative conopeptide precursors. Durban er al. [72] studied the process driving venom
evolution in the snake Crotalus simus sinus, revealing the role played by certain populations of miRNAs (microRNAs) as
modulators of the ontogenetic composition of venoms.

NGS technologies are also used to shed some light on animals not considered truly venomous. Thus, several tick species
produce highly paralytic and lethal cocktails of proteinaceous molecules in their salivary glands [84]. Detrimental effects of
tick bites, such as paralysis, allergic reactions and pathogen transmission, have been reported in both animals and humans.

Tick saliva has clearly evolved to contain a complex cocktail of components counteracting the effects of the host immune

system, including anti I pre

o PI antihi ines and prostacyclin and calreticuling
[#5]. Furthermore, fatal cases of human envenomation have been reported in Australia. A transcriptome analysis was recently
carried out with a combination of 454 G5-FLX and Illumina NGS technologies [86], to improve our understanding of tick
saliva, This study established that the saliva-gland transcriptome of the Australian paralysis tick, fvodes ricinus, contained
housekeeping proteins (= 23%), seereted proteins (~ 13%) and unknown compounds (~ 60%). The secreted proteins included
enzymes, protease inhibitors (basic tail and Kunitz domain families), lipocalins, ixostatins, antimicrobial peptides and 14
other different families of compounds. Together, these results confirm the huge diversity of molecules present in tick saliva,
highlighting the importance of studies of this fluid.

Finally, a general feature of these recent NGS transcriptomes is the presence of a large proportion (ranging from 20 10
40%) of reads and contigs corresponding to previously unknown sequences. None of these sequences match any of the
sequences present in currently available databases. This discovery, initially made in studies based on ESTs (see above), is
clearly one of the most exciting results generated by NGS. The challenge now is for researchers to explore these new
‘repertoires’, which undoubtedly contain precursors encoding venom compounds. Given the huge numbers of new sequences
discovered in this way, toxinologists and bioinformaticians need to join forces, combining their expertise, knowledge and

capacities in the development of new, efficient exploration algorithms. One possible strategy for identifying the precursors
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encoding venom compounds would involve making use of the molecular and structural features characteristic of venom-
compound precursors (see above and Figure 2). This approach would involve searching for and identifying signal peptides,

cysteine-rich seq and propeptide-like seq For ple, the i p of cysteine residues and a

signal sequence within a precursor, with or without N- and‘or C-terminal putative propeptide sequences, should be

r

considered as strong indications that the precursor encodes a venom peptide or protein. C ing with p

data will be useful, to confirm this prediction and to identify the start sites of mature sequences more precisely, On the basis
of such results, candidate sequences could then be synthesized chemically or produced by recombinant technology, for
assessments of their toxicity, biological activity and structure. This is the overall philosophy followed in the ongoing

European project ‘' VENOMICS® presented below.

VENOMICS: an ambitious European project (2011-2015)

VENOMICS is a Ewropean FP7-Health project dedicated to the exploration of biodiversity for public health
(http:/iwww. venomics.ew). It aims to explore animal venom compounds, with a view to the identification and development

of novel biotherapeutics.

Bioassay-guided approaches have classically been used for drug discovery in venoms. However, this low-throughput
strategy requires large amounts of venom and focuses principally on compounds abundant in venom. VENOMICS makes use
of an innovative ‘Omics’ workflow involving cutting-edge high-throughput transeriptomics, proteomics and peptide

production technologies to decipher venom diversity (Figure 3).
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Figure 3. General overview of the ‘Omics-based high-throughput lead generation’ process developed in the
European VENOMICS project.

The core objective of VENOMICS is to recreate in vitro collections of venom peptides that can be used as a resource for
high-throughput screening, for the more efficient isolation of novel drug leads. This approach is akin to recreating ‘synthetic
venoms® in the laboratory. VENOMICS aims to reach this goal, by generating venoms and venom-gland biobanks,
corresponding to 200 venomous animal species; sequencing venom peptides by proteomics and transcriptomics (Illumina
technology) approaches, to create a database of 50,000 sequences for mature venom proteins and peptides; high-throughput
in vitro chemical synthesis or the recombinant expression of selected peptides, to generate a bank of several thousand
peptides: and pharmacological screening of the peptide bank against selected molecular targets and drug lead generation.

This strategy represents a new paradigm for venom-based drug discovery, differentiating the VENOMICS approach from
the classical bioassay-guided process. VENOMICS focuses on disulfide bridge-rich venom peptides no longer than about 100
amino acids long. Candidate peptides of less than 40 amino acids in length are generated by chemical synthesis, whereas
larger peptides are produced principally by bacteria, with recombinant technologies.

Venom-derived peptide libraries offer the advantage of containing only highly stable natural bioactive and bio-optimized
molecules of high affinity and target subtype selectivity, They therefore have a much greater potential for drug discovery

than the randomly generated peptide libraries obtained by phage display or combinatorial chemistry techniques. The
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VENOMICS consortium consists of research laboratories and SMEs from Belgium, Denmark, France, Portugal and Spain.

Transcriptomics & molecular phylogenetic studies

Phylogenetics is used to study or trace the evolutionary history underlying biological diversity in groups of organisms. It has
been said that “Nothing in biology makes sense except in the light of evolution™ (Theodosius Grygorovych Dobzhansky)
[87]. Phylogenetics therefore plays a key role in various areas of biology, including population genetics, ecology and animal
behaviour, but also in the clinical and medical contexts, giving rise to what has been called ‘evolutionary medicine’ [88].
Phylogeny has been used to determine the origin and spread of a contagious disease from a molecular epidemiology
standpoint [89,90] and to understand the adaptive evolution of viral pathogens, to facilitate vaccine design [91]. However,
one of the most interesting fields in which phylogenetics is proving increasingly valuable is pharmaceutical research for the

identification of new drugs or natural products. Wang er al. [92] used this approach to identify specific peptides from the

tammar wallaby that effectively killed multidrug-resi bacteria. Phyl ic analysis could also be used to find genes
with a common phylogenetic profile involved in a similar biological pathway or sharing a similar biochemical function.
Komatsu ef al. [93] used this approach to determine which species of Panax were most closely related to other medicinal
species and might therefore have similar medicinal qualities.

In this context, the FP7-Health project VENOMICS aims to explore venoms from non-model organisms, to identify new
therapeutic compounds. As described above, the profiling of those organisms, for which genome sequences are unavailable,
has been based on transcriptomic data in particular, adding fuel to the controversy between morphologists and molecular
biologists in the field of phylogenetic systematics [94,95), since classical phylogenetic approaches used morphological data
to determine taxonomic relationships. Nevertheless, molecular data are becoming a valuable source of information and,
although taxonomy is still based largely on Linnaean principles and morphological characters, information from DNA and
proteins has been used to call into question previous taxonomic classifications based purely on morphological traits.

Studies of the changes in gene expression underlying phenotypic divergence have successfully increased our
understanding of transcriptome evolution in several organisms, including mammals [96], fishes [97], mosquitoes [98].
molluses [99], turtles [100] and plants [101]. In systematics, information of this kind can be used to clarify unexpected
evolutionary relationships, such as those for Colubridae, Viperidae and Elapidae snake families. However, in the context of
the VENOMICS project, drug discovery could benefit from phylogenetic studies of the transcriptomes of venomous species
[69], because venom toxins probably evolved from proteins with normal physiological function, and comparative

phylogenetics might provide clues about disease-related proteins.

Analyses of transcriptome data for non-model organi for phyl ic purp have been driven by the rapid
development of sequencing technology. Several phylogenetic surveys [102-106] have been performed on ESTs. At this point,
it should be pointed out that ESTs obtained from different taxa cannot contain overlapping genes, given the low probability
of finding orthologous sequences in a reduced set of sequences. This makes it more difficult to attain comparative
phylogenetics goals.

Since NGS technologies have become easily affordable due to the drop of per base sequencing costs, RNA-Seq [107], i.e.
the characterization of the complete set of transcripts by massive parallel sequencing processes, is becoming a highly

valuable tool for exploring the complexity of organisms at the genome-wide scale, giving rise to the field of phylogenomics
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[108]). This field, as the intersection of evolution and genomics, involves the inference of the phylogenetic history of certain

organi from g wide data. Chan er al. [109] coined the term ‘next-generation phylogenomics® for such large-scale

phylogenetics sequencing projects, and Lin er al. [110] recently performed a phylogenomic analysis of subterranean
mammals, using four de novo RNA-seq libraries.

Since the first analysis with 454 pyrosequencing methods for phylogenetic purposes performed by Roeding er al. [60],

this technology has been applied for phylc purposes by McCormack ef af. [111] and by Rokyta et al. [112], in

order to describe the positive selection (reflected by nonsynonymous substitutions) imposed on most venom proteins in
Crotalus adamanteus.  Similarly, Dutertre ef al. [113] recently showed that Conus geographus has defence-evoked and
predation-evoked venoms, and that the conotoxins found in these two different types of venoms have evolved rapidly under
positive Darwinian selection. However, improvements in the read length, cost per Mb sequenced, total throughput and speed
of Hlumina technology have made this platform the technology of choice and it has recently been used in several
phylogenetic studies [110,114,115].

Given NGS transcriptomic data from a non-model organism, it would be interesting to identify the specific features to be
taken into account for phylogenetic surveys. Transcriptome sequences generated with high-throughput techniques provide a

rich set of characters for phylogenetic studies in eukaryotes. However, the ali of multiple partial seq es might

result in an alignment with large numbers of gaps, potentially compromising the conclusions of any phylogenetic study [116].
It remains unclear to what extent the reliability of tree reconstruction is increased by maximizing either the number of taxa or
the number of characters studied. McCormack et @l [111] recently concluded that the loci identified from 454
pyrosequencing data could be useful for phylogenetics, population genetics or phylogeographic purposes, particularly for
closely related species. Despite being incomplete, most of the 454 sequences were useful for determining which toxin protein
sequence had been identified in snake-venom-gland transcriptomes. According to Wiens [117], missing data are less critical
than complete characters tied to other taxa in the tree for resolving phylogenctic relationships, and limited taxonomic
sampling could be problematic in the downstream phylogenetic analysis. An increase in the number of taxa sampled could,
therefore, increase confidence levels for the assignment of certain orthologues.

Several features should also be taken into account when carrying out phylogenetic analyses with transcriptome data:

-Downstream bioinformatics analyses of NGS data cannot currently identify potential pseudogene sequences, relics of
the evolution that might lead to incorrect conelusions about phylogenetic relationships.

-Gene trees and species trees are not the same [118]. If there were duplications or polymorphic alleles, then
phylogenies for genes will not match those for organisms. In such cases, the phylogenetic reconstruction of
orthologous sequences could be useful, to generate the species tree.

-Conclusions for nuclear genes may conflict with those for mitochondrial genes. Moreover, it seems that the combined
use of mitochondrial and nuclear sequences yields better results, without artifacts for nodes for which mitochondrial

and nuclear gene datasets used separately generate conflicting topologies [119].

Conclusion & future perspective: venom-apparatus transcriptomics

Our understanding of animal venoms is clearly evolving, with the revelation that venoms are complex and diverse bio-
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optimized cocktails of compounds, mostly peptides and proteins, that we are only just beginning to explore. These changes in
our perception are closely linked to technological advances and one of the current difficulties facing researchers is
establishing ways to analyze, interpret and valorize the huge numbers of sequences being generated.

Efficient data analysis will require the use of bioinformatics knowhow and concepts, together with the development from
scratch of new strategies and scripts for the exploration of “unknown’ fractions in particular. One of the difficulties is
identifying, as precisely as possible, the true N-terminus of the mature compounds encoded by the totally new precursor
sequences emerging from NGS transcriptomic studies. With this goal in mind, the combination of this approach with
proteomic analyses of the corresponding venoms may facilitate identification, but only for compounds present at sufficiently
high concentrations in the venom studied.

Valorization will require high-tl for the sy is or production of compounds of interest in their

native forms. This implies a knowledge of the exact ami id seq of these molecules, the ber and location of the
disulfide bridges, and the nature and position of post-translational modifications, when present. Again, the combination of
these techniques with proteomics appears to be the most appropriate strategy. In the case of a totally new scaffold, one key
issue is the native fold adopted by the molecule of interest. If present in sufficiently large amounts in the venom, the new
compound could be extracted, purified and studied by X-ray diffraction or nuclear magnetic resonance. Compounds present
at too low a concentration for this approach could be produced by recombinant technologies, by following a strategy allowing
the formation of disulfide bridges in vivo before the initiation of 3D structure studies.

The development of more systematic and automated strategies for screening for biological activity is also an important
issue, for the identification of new biotherapeutic hits. In particular, the development of straightforward screening tools
compatible with high-throughput technologies is crucial, to increase the chances of successful exploration. Two principal
approaches appear pertinent: concentrating the screening of compound diversity on one target of interest or presenting the
libraries of molecules to be tested to libraries of targets. The hits identified in this way then enter a phase of exhaustive
exploration of their biochemical, functional, structural and biological activities. These studies will, in many instances, require

the mutation, engineering of labeling of compounds of interest.

In conclusion, although the techniques for exploring the resources provided by venomous animals are maturing, these
analyses remain time-consuming and must be combined with complementary approaches. Nevertheless, the exploration of
large and naturally bio-optimized libraries of compounds, such as those produced by the venom-gland systems, clearly

constitutes a major advance in medicinal biochemistry.

Executive summary

*  Given the existence of several thousand of venomous animal species, the venom resource is huge, opening
tremendous perspectives in the fields of fundamental research and development of therapeutics.

*  Technological developments such as high-throughput proteomics and transcriptomics result in a more complex
molecular vision of venoms that appear to be highly diverse cocktails of peptides and proteins mainly whose
composition is susceptible to vary upon different criteria or stimuli.

*  Resulting from a long process of molecular evolution and selection, venom peptides and proteins are naturally

bic-optimized scaffolds.
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*  Due their functional activities, reduced sizes, low immunogenicity and their high stability, venom peptides

constitute one of the most promising families of comp Is for use in the diagnosis and treatment of human
discases,
+  Venom peptide drugs are d to signifi develop occurring in the fields of pain, infection and

cancer, when venom proteins target mainly the human cardiovascular system.
*  The study of the transeriptomic activity of venom-gland cells has started in 1985 with individual cloning of

toxin precursors, to reach today global descriptions of the high activity of synthesis of venom-gland cells.

+  Expressed sequence tags and then Next Generation Seq i ies are responsible for that

+  Aside previously known families of venom peptides and proteins, these more global approaches have revealed

new groups of compounds among which several display totally new sequences whose activity and structure are
unknown to date! Exploration of these ‘Unknown’ fractions require the development of new bioinformatics

tools to tentatively identify precursors encoding venom components.

= VENOMICS is an ambitious international/European project that aims at applying high-throughput technologies

to explore the molecular diversity of venoms with the objective of reproducing artificially a part of it for drug-

candidate screening.

+  Next Generation Sequencing data require new ies of seq li leading to next-generation
phylogenomics,
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Abreviatures i acronims

Kbases
Mbases
Gbases
Tbases

ORF

UTR
mMiRNA
NHGRI
PCR

NGS

NCBI
SRA
kDa
OMS
FDA
DNA

RNA
EST
ATP
emPCR
CRT

SBL
SBS
SMRT
cDNA
MRNA

CDS
NTD
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Milers de bases

Milions de bases

Milers de milions de bases

Bilions de bases

Marc obert de lectura (de I’angles Open Reading
Frame)

Regi6 no traduida (de I’anglés Untranslated Region)
MicroRNA

National Human Genome Research Institute

Reaccido en cadena de la polimerasa (de I’anglés
Polimerase Chain Reaction)

Seqlienciacio de Nova Generacid (de I’anglés Next
Generation Sequencing)

National Center for Biotechnology Information
Sequence Read Archive

Kilodaltons

Organitzacié Mundial de la Salut

US Food and Drug Administration

Acid desoxiribonucleic (de I’anglés Deoxyribonucleic
Acid)

Acid ribonucleic (de I’anglés Ribonucleic acid)
Expressed Sequence Tag

Adenosin trifosfat

PCR en emulsio

Terminacié ciclica reversible (de I’anglés Cyclic
Reversible Termination)

Sequenciacié per ligacidé (de I’anglés, Sequencing by
ligation)

Sequenciacié per sintesi (de I’anglés Sequencing by
synthesis)

Sequenciacié en temps real d’una molécula Unica (de
I’anglés Single Molecule Real Time Sequencing)

DNA complementari

RNA missatger

Sequencies codificants (de I’anglés Coding sequences)
Malaltia tropical descuidada (de I’angles Neglected
Tropical Diseases)



Abreviatures i acronims

SVMP Metaloproteases del veri de les serps (de I’angles,
Snake Venom Metalloproteases)

SVSP Serines Proteases del veri de les serps (de I’angles,
Snake Venom Serine Proteases)

LAAO L-aminoacid oxidases
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