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1 FILOGENIA | FILOGEOGRAFIA

La filogénia i la filogeografia molecular sén dues disciplines que, malgrat compartir
moltes eines analitiques i aproximacions metodologiques, tenen objectius diferents. Mentre
que I'analisi filogenética té com a objectiu principal la reconstruccio de la historia evolutiva
d’un grup d’organismes aixi com determinar els temps de divergeéncia, la filogeografia esta
més interessada en entendre els processos evolutius, demografics i biogeografics que han
generatladistribucié de lavariacié genetica, dinsientre poblacions d’'una mateixa espécie. No
obstant aix0, ambdues disciplines fan servir les molécules, principalment d’/ADN i proteines,
com a font d’informacid i per tant és fonamental el coneixement dels seus patrons i taxes de
canvi. A més, per reconstruir la historia evolutiva d’espécies relativament properes és molt
important coneixer com és i com s’ha originat la distribucié de les genealogies dels gens
que observem dins de les especies. En tot cas, tant I'analisi filogenetica com filogeografica
requereixen la identificacid i interpretacid dels canvis que els diferents processos evolutius
han deixat en el material geneétic, es a dir 'empremta molecular de I'evolucié (Li i Graur,
1991).

1.1 Filogenia i dades moleculars

1.1.1 Taxonomia i filogénia

La taxonomia és la disciplina que s’encarrega de descriure, donar nom i classificar
la diversitat biologica, i inclou les bases, principis, procediments i regles per dur a terme
tots aquests processos. La classificacié zoologica és el resultat de I'aplicacié d’aquests
procediments, donant lloc a I'ordenacié dels animals en grups en base a les seves relacions
d’associacio, de proximitat, similitud o totes tres alhora. Fa uns 150 anys Darwin publica
I"”"Origen de les espécies” en qué proposava que aquestes no havien estat immutables
des del seu origen, siné que es déna una transformacié en els éssers vius a través de les
generacions mitjancant la seleccié natural: és I'evolucié. Per tant hi ha una unica historia
natural de les espécies que descriu els [ligams entre avantpassats i descendents. Aquesta
nova visié de la historia natural va canviar I'enfocament de les classificacions, que han
d’intentar ser naturals i objectives: si I'evolucié ha produit els grups naturals de la vida,
la classificacié ha de reflectir 'evolucid. Les classificacions biologiques deixen de ser
Unicament un sistema d’emmagatzemar informacid i es fa necessari coneixer les relacions
evolutives entre els grups. La filogénia és la disciplina que intenta esbrinar les relacions
evolutives existents entre els organismes actuals i també els extingits coneguts. Lordenacio
dels organismes en grups i en taxons, atenent a la seva filogénia, es coneix amb el nom de
taxonomia filogeneética.
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Lafilogénia, a més de servir per conéixer els grups naturals, permet establir la correlacié
entre la historia evolutiva d’'un grup d’organismes i altres aspectes, com la preséncia
o abséncia de determinats caracters (metabolics, morfologics, del desenvolupament,
etc.), tipus de sexualitat, distribucié geografica, etc. Aquesta correlacié és imprescindible
per entendre com aquests caracters poden haver aparegut i canviat al llarg del temps i,
finalment, poder comprendre la diversitat en tots els aspectes biologics que observem.

Les primeres filogénies es basaven en l'anatomia comparada i usaven caracters
morfologics que denotessin semblances o diferéncies entre taxons. Aquestes classificacions
tenien forca limitacions, especialment degut a que la interpretacid i definicié dels estats
dels caracters i la deduccié de les relacions filogenetiques a partir d’aquests eren molt
subjectius. L'aparicié de la metodologia Cladistica, introduida per Willi Hennig al 1952, va
representar un gran avang per la inferéncia filogenética, ja que estableix per primera vegada
una metodologia rigorosa i objectiva. La metodologia cladista es basa en I'existencia d’estats
de caracter compartits entre organismes per definir aquells grups que deriven d’un mateix
ancestre, i aixi successivament establir les relacions entre grups fins a reconstruir tota la
filogenia. En el Cladisme només els caracters homolegs (aquells que han sigut heretats de
I'ancestre comu de les espécies comparades) aporten informacié evolutiva.

A I'hora de reconstruir filogénies, els estats derivats d’un caracter presents en un grup
d’espécies perd no compartits amb altres espeécies (les sinapomorfies) permeten definir
grups monofilétics. En aquests grups tots els organismes comparteixen un ancestre comu
(aquell individu del qual tots els organismes del grup sén descendents directes i que va
presentar per primer cop l'estat derivat del caracter). Un dels perills als que s’enfronta el
cladisme és I'homoplasia, on I'estat derivat observat en dos grups diferents no és degut a la
presencia del mateix en un ancestre comu, sind a I'evolucié paral-lela o convergent.

Les relacions filogenétiques es representen en forma d’arbre filogeneétic, que és un
grafic composat per nodes (que representen les unitats taxondmiques operacionals-OTUs,
que poden ser espécies 0 gens) i branques (que defineixen les relacions entre les OTUs).
Només una branca connecta qualsevol parell de nodes adjacents. En alguns casos I'arbre
representa tan sols la topologia de les relacions entre OTUs (cladogrames), en d’altres la
longitud de les branques es proporcional al nombre de canvis que s’han donat entre els dos
nodes que uneixen (filogrames).

1.1.2 Filogénies amb dades moleculars

Zuckerlandl & Pauling (1962) en comparar les seqliéncies proteiques de |'a-globina
de diferents organismes, van constatar que el nombre de diferéncies entre ells era
aproximadament proporcional al temps transcorregut des de que havien compartit el
darrer ancestre comu, es a dir, les molécules podrien utilitzar-se com un rellotge (rellotge
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molecular). Aquest rellotge molecular es podria fer servir per esbrinar les relacions
evolutives dels éssers vius a partir de les seves diferéncies genétiques. El desenvolupament
de la biologia molecular, iniciat fa més de 40 anys, va aportar metodologies que permeten
obtenir de forma rapida i senzilla les seqliencies de proteines i acids nucleics, el que va
accelerar la implementacio de la filogénia molecular. Un avantatge d’aquesta metodologia
és que permet quantificar el grau de suport estadistic de les diferents hipotesis. Com que els
caracters son les posicions de la seqléncia i els estats tan sols poden ser els 4 nucleotids o
els 20 aminoacids, la filogénia molecular no presenta la subjectivitat de la interpretacié dels
estats dels caracters. En I'actualitat existeixen diversos metodes d’inferéncia filogenética
aplicables a dades moleculars (Annex ). Un punt clau de la filogénia molecular és establir
els caracters homolegs (en aquest cas les posicions nucleotidiques), tasca que es du a terme
mitjangant I'alineament de les seqliencies. Aquest procés és senzill quan les sequencies
sén molt similars, pero es va fent més complex a mesura que aquestes son més variables,
especialment en longitud. A més, donat que les dades moleculars no permeten saber la
direccionalitat dels canvis, és necessari disposar d’'un grup extern per obtenir aquesta
informacio (arrelar els arbres).

1.1.2.1Gens informatius en filogénia

No tots els gens sén utils per inferir qualsevol relacié filogenética, les sequéncies dels
gens que s’usen han de complir una série de condicions:

*
"

Han d’estar presents a tots els organismes objecte d’estudi (universalitat).

L7
"

Han de ser homologues (en cas de gens duplicats, ortdlogues i no paralogues).

»
”»

Han d’acumular mutacions a una taxa apropiada pel tipus d’analisi que vulguem fer i per
evitar el problema de 'homoplasia.
“* Han de ser prou llargues per a donar informacié valida estadisticament.

Gens nuclears

Els gens que codifiquen pels RNAs ribosomals (rRNAs) han estat molt utilitzats per inferir
les relacions filogenétiques a diferents nivells taxonomics (Fox i col. 1980; Halanych i col.
1995; Ruiz-Trillo i col. 1999; Mateos i Giribet, 2008). En els eucariotes, els rRNAs nuclears
son codificats per quatre gens, tres d’ells units en un clister (18S, 5,8S i 28S) i el quart en
una ubicacié independent (5S). Existeixen dues regions espaiadores separant els tres gens,
que per la seva elevada variabilitat genética també s’han utilitzat en treballs filogenétics,
especialment a nivell de poblacions, sobretot I'ITS-1. El gen més emprat en la resolucié de
filogénies fins ara ha estat el 18S, que correspon a la subunitat petita del ribosoma, i que té
una seérie de caracteristiques que el fan molt apte pels estudis filogenetics:
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¢ La taxa d’evolucié no és constant al llarg de la molécula: hi ha zones molt conservades,
bones per a dissenyar encebadors universals i inferir relacions filogenétiques entre
taxons molt distants. Les regions més variables sén bones per a inferir relacions
filogenétiques entre taxons propers.

+» Degut a que els gens ribosomals formen part de la maquinaria de transcripci6, tant de
la cél-lula eucariota com de la cél-lula procariota, aquests estan presents en tots els

taxons.

Un aspecte important dels gens ribosomals és que presenten un gran nombre de copies
per genoma eucariota. Aquestes copies normalment es mantenen més semblants dins
d’una mateixa especie que entre espécies (Hillis i Dixon, 1991). La longitud del 18S rDNA
(1.800 nucleotids aproximadament) fa que la majoria d’investigadors I'hagin seqiienciat
de forma completa, i per aixd hi ha un gran nombre de seqiiéncies senceres de 18S rDNA
disponibles al GenBank.

EI 28S rDNA, que correspon a la subunitat gran del ribosoma, té més de 4.000 nucleotids
de longitud i presenta les mateixes caracteristiques esmentades pel 18S. A diferéncia
d’aquest pero, la variacié en les taxes evolutives entre els seus dominis és molt més
acusada (Hillis i Dixon, 1991). Aquest gen s’ha usat per estudiar fets evolutius del Paleozoic
o Mesozoic (Guadet i col. 1989; Hillis i Dixon 1989), i també per intentar resoldre l'origen i
radiacid dels bilaterals (Christen i col. 1991; Adoutte i Philippe, 1993).

Malgrat ser bons marcadors, els gens ribosomals no tenen prou resolucié a tots els
nivells taxondmics. Per aix0 es va comengar a incloure sequiéncies de gens codificants per
proteines a les cerques filogenétiques. Entre ells, el factor d’elongacié 1-alpha (EFla) és
una proteina que es troba en tots els llinatges d’eucariotes. Es molt abundant al citosol,
on participa en la unié dels tRNAsaminoacil al lloc A dels ribosomes (depenent de GTP), al
segon pas des de la traduccié d’'mRNA a proteina. S’han fet estudis amb aquest gen amb
anelids (Halanych i col. 2002) i també a nivell de familia i génere, principalment en insectes
(Holston i col. 2007; Kutty i col. 2008) i fongs (Kiyuna i col. 2008) demostrant que I'EFla és
un bon candidat per inferir la filogénia a aquests nivells en altres grups d’organismes.

Els gens mitocondrials

El DNA mitocondrial als metazous té una mida d’uns 16.000 pb, sol ser circular i
esta format per: 2 rRNAs (16S (d’uns 1.200 pb) i 12S (d’'uns 800 a 900 pb)); 22 tRNAs; i
13 gens (que codifiquen per proteines de transport d’electrons, en general). No presenta
fenomens de recombinacié i tampoc té introns, i a més té heréncia uniparental (de la
mare). La taxa d’acumulacié de canvis és de 4 a 10 vegades més gran que al DNA nuclear,
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de manera que permet fer comparacions entre organismes molt més propers (per aix0
els gens mitocondrials sén els més emprats a nivell poblacional). Dels gens mitocondrials,
el que codifica per la Citocrom Oxidasa | (COl o també anomenat cox1) és un dels més
emprats en la inferéncia filogenética. El COI té un paper molt important a la cadena de
transport d’electrons de la respiracié mitocondrial. El fet de codificar per una proteina clau,
converteix el COl en un gen ideal per fer estudis filogenétics. La taxa de variacid i la mida de
la seqliéncia ofereixen bones condicions per aquests estudis, sumat al fet que és present a
la majoria dels éssers vius del planeta.

Supermatrius i I’evidencia “total” (combinacio de diferents tipus de dades)

L'Gs d’un sol gen per inferir filogénies cada cop és menys freqiient degut a que no
tenen informacié suficient per a obtenir la resolucio desitjada. La millor opcié per inferir
filogenies és la combinacié de gens amb diferents procedencies, com els mitocondrials i
els nuclears, per tal de sumar la informacié present en aquests i crear les anomenades
supermatrius. D'aquesta manera és possible donar suport a les agrupacions obtingudes a
tots els nivells (des del nivell poblacional fins a les categories superiors, com les families o
subfamilies). Cal que aquests gens siguin prou informatius per poder detectar la variabilitat
geneética existent, i que a més estiguin prou ben conservats per a poder fer un alineament
amb ells. Sia més és possible I'adicié de dades morfologiques (“total evidence”), la resolucié
sera millor.

1.1.2.2 Alguns problemes de la inferéncia filogenética amb dades moleculars

Malgrat els seus avantatges sobre les dades morfologiques, les dades moleculars
presenten problemes que cal tenir present en les analisis.

La duplicacio genica

Una de les problematiques que poden presentar les dades moleculars és la preséncia
de paralegs, o copies multiples d’un gen que s’han originat per un procés de duplicacid i
evolucionen independentment dins del genoma d’una mateixa espécie. Aixi, a I'hora d’inferir
filogénies, és important distingir entre els homolegs paralegs (aquells que deriven d’un
ancestre comu degut a un procés de duplicacié genica) i els ortolegs (aquells que deriven
d’un ancestre comt degut a un procés d’especiacié (Fitch, 1970)). Només les seqliéncies
ortologues es poden usar per inferir correctament la filogénia de les espécies. La utilitzacié
inadvertida de seqiiéncies paralogues podria conduir a la inferéncia de filogénies erronies.

Les taxes de substitucio i la saturacio

A la Natura no tots els canvis nucleotidics sén igual de probables; aixi, per exemple,
és més freqlient trobar transicions (canvis de purina a purina o de pirimidina a pirimidina)
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que transversions (entre purina i pirimidina). Les diferents posicions d’'una molécula també
poden canviar a ritmes diferents. En els gens que codifiquen per proteina els canvis sén
més freqlients a la tercera base dels codons, ja que en molts casos no suposen un canvi
d’aminoacid. La posicid que evoluciona més lentament del codd és la segona. A més, les
taxes de substitucié també poden variar per a una molécula determinada al llarg del temps
(heterotaquia). Cal tenir en compte aquestes caracteristiques a I’hora d’aplicar els métodes
d’inferencia.

Quan comparem seqiéncies en un estudi filogenétic amb cobertura per un periode
de temps molt ampli, moltes de les posicions hauran acumulat tants canvis que en les
comparacions entre els organismes més allunyats, la preséncia d’'un mateix aminoacid o
nucledtid en una determinada posicié no es deura a que hagi estat heretat d’un ancestre
comu. Aquest podria correspondre a un canvi convergent, per tant aquestes posicions no
tenen informacié filogeneética. Diem que un alineament de seqliencies esta saturat quan a
la major part de les seves posicions s’ha produit més d’un canvi i per tant, I'alineament deixa
de ser informatiu (degut a I'’homoplasia). Ocorre el mateix amb les filogénies més properes
perd amb seqliéncies que presenten taxes de canvi molt elevades (com per exemple les
terceres posicions dels codons o els gens mitocondrials). Incloure seqliéncies saturades a
les nostres analisis pot conduir a una filogénia erronia.

Una manera facil de determinar I'impacte de la saturacié és mitjangant una grafica
on es representin el nombre de canvis observats entre un parell de seqiéncies i el nombre
de canvis “reals” que s’han donat en el procés evolutiu. Aquest nombre “real” es pot
calcular a través de les distancies genetiques, aplicant algun tipus de correccié per a canvis
multiples o calculant les distancies patristiques (suma del nombre de canvis produits a les
branques en un cami entre un parell de taxons) a partir de I'arbre filogenétic. Tot i calcular-
lo, sempre estarem subestimant el nombre real de substitucions.

Quan la molecula que utilitzem mostra signes d’estar saturada, el més adequat
és analitzar si tots els tipus de substitucié (les transicions i les transversions) presenten
els mateixos nivells de saturacid. En el cas de gens codificants, podem analitzar quines
posicions del codé estan saturades. Finalment, treballarem només amb el tipus de
substitucio (transversio o transicié) o amb les posicions del codé que no estiguin saturades.
Tanmateix, si la molécula no esta gaire saturada, els models evolutius que tenen en compte
les substitucions multiples podran extreure la informacio filogenética malgrat la saturacié
d’algunes posicions. Leleccié d’aquest model és clau per obtenir la millor filogénia a partir
de les nostres dades.

Els organismes fast-clock

Les taxes d’evolucié també poden variar entre llinatges. Els organismes fast-clock
sén aquells que presenten una taxa evolutiva molt més elevada que els altres i acumulen
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substitucions més rapid que la resta. En les filogenies moleculars, els organismes fast-
clock presenten branques més llargues que la resta de taxons analitzats. Quan s’infereixen
filogenies molecularsincloent aquest tipus d’organismes es produeix un artefacte filogenétic
anomenat long branch attraction (LBA): els organismes amb branques llargues “s’atrauen”
entre ells i queden agrupats en clades artificials (Felsenstein, 1978). A més, aquests grups
solen situar-se a prop del grup extern de referéncia (outgroup), en una posicio filogenética
erronia (Olsen, 1987), ja que la seva seqliéncia ha variat tant que és més semblant al grup
extern que als taxons germans.

Hi ha diferents sistemes per reduir la influéncia d’aquests organismes en les
analisis, com per exemple incloure el maxim nombre de taxons possible (Hillis, 1996). Aixi
s’escurcen les branques llargues que separen els grups i es disminueix la probabilitat de
que l'organisme fast-clock es situi en una branca que no li correspon. Una altra opcid és
seleccionar d’entre tots els taxons aquells que tinguin una taxa evolutiva menor i fer I'arbre
només amb ells (Aguinaldo i col., 1997). Aixd no sempre és possible, ja que hi ha ocasions en
queé els organismes fast-clock s6n importants per la nostra analisi i no els podem eliminar.
També hi ha la possibilitat de fer servir métodes menys sensibles a aquest problema (com
la maxima versemblanga, per exemple). Un métode per detectar organismes fast-clock és
el Relative Rate Test (RRT; Sarich i Wilson, 1973; Wu i Li, 1985; Li i Tanimura, 1987), que és
un test estadistic que s’aplica a I'alineament i denota si hi ha espécies que evolucionen més
rapid que la resta.

Representacio taxonomica insuficient

En molts casos la inferéncia filogenética amb un baix nombre de representants
dels taxons estudiats déna lloc a filogénies poc resoltes o inclus incorrectes (Hillis, 1996;
Bergsten, 2005). Amb un mostreig ampli, molts dels problemes descrits anteriorment es
poden resoldre, com per exemple el de I'atraccié de branques llargues. Es per tant important
assegurar-se el disposar d’una alta densitat de mostreig taxonomic del grup d’estudi.

1.2 Fonaments de filogeografia

1.2.1 Conceptes basics

La filogeografia és una disciplina que combina informacio de diferents camps (biologia,
genética de poblacions, filogénia, evolucid molecular, paleontologia, geoclimatologia i
biogeografia) per estudiar els principis i els processos evolutius, demografics i biogeografics
que determinen la distribucié geografica de la variacié genética, dins i entre poblacions
d’'una mateixa espécie i a especies properes. Aquesta analisi, a nivell molecular, es fa
normalment mitjangant la comparacié de la seqiiencia de DNA d’una regié determinada
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del genoma (moltes vegades del DNA mitocondrial) a diversos individus.

Aquesta disciplina pot ajudar a comprendre els processos historics que han donat
forma a l'actual distribucié geografica de la variacié geneética, incloent els esdeveniments
ambientals i ecologics, i els processos poblacionals, com ara episodis d'aillament i els colls
d’ampolla (Avise, 1998; Zink, 2002). Es poden obtenir, a més, estimes quantitatives de
grandaria poblacional historica (Hugall i col. 2002).

La filogeografia comparada estudia aquests principis i processos analitzant els patrons
de distribucié de la variacié genética i els patrons genealogics d’espécies que coexisteixen
en una mateixa regid geografica (espécies simpatriques; Arbogast i Kenagy, 2001; Zink,
2002). Aquesta comparacié pot aportar informacié per deduir si els incidents com ara
els esdeveniments de vicarianca, les fluctuacions climatiques, les barreres geografiques i
les catastrofes ambientals han afectat als diversos taxons de la mateixa regié de manera
similar (Arbogast i Kenagy, 2001). Patrons semblants en diferents espécies poden revelar la
influéncia de factors ecologics i evolutius a la seva area de distribucid, i fins i tot determinar
si la regid d’estudi s’ha mantingut climaticament estable. Patrons incongruents entre taxons
de la mateixa regié també poden ser informatius, ja que poden reflectir diferéncies en
la historia natural, en aspectes de la conducta o la fisiologia com a resposta a diferents
pressions selectives (Avise, 1998).

La filogeografia fa servir una gran varietat de metodologies genético-poblacionals i
d’estadistics per a l'analisi i la interpretacio de les dades moleculars: la reconstruccié de
filogenies i genealogies, la construccié de xarxes d’haplotips, I'Us d’estadistics descriptius
del grau de variacié genética, contrastos d’hipotesis estadistics, etc. Lavaluacié formal i
estadistica entre diferents prediccions i escenaris evolutius es realitza fent servir, entre altres,
els metodes de |a teoria de la coalescéncia. Aquesta teoria, que es fonamenta en el model
neutral de genética de poblacions de Wright-Fisher (Hudson, 1983), descriu les propietats
estadistiques de les relacions genealogiques d’una mostra d’al-lels (a nivell intraespecific).
A més, proporciona metodes estadistics molt potents per estimar parametres poblacionals
(com el flux genic, la seleccié natural, la mutacid, etc.) i per realitzar inferéncies evolutives.
Un aspecte molt rellevant per I'analisi filogeografica és que la variancia estocastica (per
efecte de I'atzar) a diferents loci pot ser molt important; i a més, en moltes ocasions, els
temps de coalescéncia poden ser molt superiors als temps de separacidé de les espécies
(problematica de l‘arbre de gens vs l‘arbre d’espécies). Aquests fendmens, obviament,
es tenen en compte a les analisis estadistiques basades en la teoria de la coalescéncia.
Aixi doncs, els metodes actuals de la filogeografia sén eines molt potents per investigar
la historia recent de les espécies, incloent 'estructura poblacional, la divergéncia entre
especies i I'especiacio.

10
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1.2.2 Variabilitat genética i seleccié natural

La genética evolutiva i de poblacions estudien la magnitud i direccié del canvi evolutiu,
és a dir, els canvis que ocorren en les poblacions al llarg del temps. Un objectiu important
és conéixer com es manté i com evoluciona la variabilitat genética a les poblacions naturals,
i quins son els factors que més influeixen en la seva freqiiéncia. El principal mecanisme
molecular que déna lloc a la variabilitat genética és la mutacié. El concepte de polimorfisme
esrefereix ales mutacions o variants que es troben segregant (a una determinada freqiiéncia)
dins les poblacions. Parlem de divergéncia, en canvi, quan estudiem substitucions entre
dues espécies diferents.

Darwin (1859) ja va fer referéncia al concepte de polimorfisme i a les mutacions
avantatjoses (aquelles que incrementen l'eficacia bioldgica de 'organisme) i les mutacions
deletéries (les que redueixen aquesta eficacia). Va proposar la seleccié natural com el motor
que promou I'increment de freqiiéncia de les mutacions avantatjoses (seleccié adaptativa)
i eliminacié de les deleteries (seleccié purificadora), i que per tant redueix la variabilitat.
Existeix un tercer tipus de mutacions, les neutres, que son aquelles que no tenen cap efecte
en l'eficacia biologica dels organismes; el desti evolutiu d’aquestes no esta marcat per la
seleccid natural, sin6 per la deriva genética.

Al 1968 Kimura va desenvolupar la teoria neutralista de I'evolucié molecular. Aquesta
considera que la majoria de les mutacions que estan segregant en les poblacions naturals
i que arriben a fixar-se entre espécies sén selectivament neutres. La deriva genetica és
el principal mecanisme responsable de la variabilitat observada (a nivell molecular) tant
als nivells intra- com interespecifics. Obviament no totes les mutacions sén neutres, siné
que una gran part de les mutacions produides sén deletéries (eliminades per I'accid de la
seleccid purificadora o negativa). Aquesta teoria considera que només una petita part de
les mutacions serien beneficioses i, en conseqiiéncia, fixades rapidament per la seleccid
adaptativa (positiva). La teoria neutral de I'evolucié molecular proporciona els fonaments
teorics que expliquen per queé certs canvis nucleotidics s’han acumulat a un ritme semblant
al llarg de I'evolucié. Si la taxa de mutacié no canvia amb el temps, aleshores el nombre
de diferéncies moleculars (neutres) entre dos taxons ha de ser un indicador del temps de
divergencia des del seu avantpassat comu més recent.

La deriva genética és un mecanisme que pot produir canvis en la freqiéncia dels
al-lels d’una poblacié degut a I'atzar, independentment de I'accié de la seleccié natural.
Aquestes fluctuacions en les freqiiencies al-leliques es donen per I'eleccié aleatoria de
gametes durant el procés reproductiu. Lefecte de la deriva pot fer que determinats al-lels
desapareguin completament de la poblacié, o que arribin a fixar-se per atzar, eliminant
variabilitat genética en qualsevol cas. Degut a l'estocasticitat de la deriva, els seus efectes
son majors en poblacions petites. Un aspecte important d’aquesta teoria és que prediu
una correlacié positiva entre el polimorfisme i la divergéncia. A més, mentre la deriva
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genética va eliminant i fixant al-lels, la mutacié va introduint-ne de nous, fins que arriba
un moment teodric en el qué es podria arribar a I'equilibri. Un aspecte molt rellevant de
la teoria neutralista és que és a la base dels anomenats tests del neutralisme (Annex I),
que ens poden permetre identificar els diferents factors que han afectat les genealogies de
gens (seleccid natural, successos demografics, desviacions de 'aparellament aleatori, etc.),
a partir del patrd i nivell dels canvis nucleotidics.

1.2.3 Quantificacié de la variabilitat genética i tests de neutralisme

1.2.3.1 Variabilitat intra- i interpoblacional

El primer pas per conéixer els mecanismes evolutius subjacents als canvis observats
és la seva quantificacié a nivell intrapoblacional. En la comparacié de seqiiéncies de DNA
podem trobar canvis nucleotidics de diferents tipus, des de substitucions que afecten un
o pocs nucledtids (SNPs) fins a canvis de longitud de seqléncia (indels), reordenacions
cromosdOmiques, seqiiéncies repetitives (com els microsatél-lits) o duplicacions
géniques. Quan comparem seqiiéncies a nivell intrapoblacional la majoria de posicions
s6n monomorfiques, és a dir, que la majoria d’individus presenten la mateixa variant a
una posicié determinada. Les posicions amb variants nucleotidiques diferents sén les
anomenades polimorfiques o segregants. La quantificacié de la variabilitat a nivell del DNA
es fa mitjangant diversos estadistics sumaris. Un primer pas, i molt important, en els estudis
filogeografics és el de quantificar el nivell i el patré de variabilitat genética existent entre
diferents poblacions d’una mateixa espécie. Els estadistics més importants es detallen a
'Annex .

1.2.3.2 Tests de neutralisme

Elsanomenats tests del neutralisme permeten detectar I'impacte de la seleccié natural
i els factors demografics mitjancant I'analisi del nivell i patré de variabilitat nucleotidica. En
aquests tests tipicament la hipotesi nul-la assumeix un equilibri mutacié-deriva. A més,
pressuposen un aparellament a I'atzar (panmixi) i una grandaria poblacional constant. Quan
una o més de les premisses del model no es compleixen, i obtenim desviacions significatives
dels tests, no podem saber (a priori) quin ha estat el principal responsable d’aquesta
desviacio (la seleccié natural, factors demografics, etc). Un dels objectius fonamentals de la
geneética evolutiva és determinar les forces que en el passat han influit en la variacié genética
observada en el present. A partir de I'analisi del nivell i patré de canvi nucleotidic es poden
inferir teoricament tant els processos demografics (com les expansions poblacionals,
o els colls d’ampolla, on la grandaria poblacional es redueix considerablement i després
es recupera), com els selectius responsables d’aquesta variacié. Per discriminar entre els
mecanismes demografics i els selectius es poden estudiar diferents parts del genoma, ja
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que els efectes demografics tendirien a afectar tots els gens de manera semblant, mentre
que la seleccio afectaria parts particulars del cromosoma. Els tests del neutralisme més
utilitzats estan descrits a 'Annex .

1.2.4 Noves tendéncies en estudis filogeografics

Els metodes de la filogeografia s’han desenvolupat de forma molt significativa
en els ultims anys. Actualment no només fem servir les filogénies, les genealogies i la
distribucié dels haplotips per inferir la historia evolutiva de les poblacions i espécies, sind
que també podem aplicar nous métodes estadistics molt més potents (com per exemple
la Computacid Bayesiana Aproximada, ABC). També és necessaria I'aplicacié i millora dels
models paleoclimatics per inferir la historia biogeografica d’una area concreta. La integracio
d’informacié de camps com l'ecologia, la paleobotanica o la geologia amb la de la genética
és de gran ajut a I'hora d’interpretar les dades filogeografiques (Avise, 1998). Aquesta
informacié pot servir per formular una hipotesi de partida més acurada, i a més servira per
interpretar millor els resultats (per exemple, la informacié de plaques tectdniques ajuda a la
interpretacio dels esdeveniments de vicarianga; els registres fossils serveixen per tenir una
idea de la distribucié dels taxons en el passat; o la prediccié de refugis es pot fer servir per
dissenyar models paleoclimatics (Hugall i col. 2002)).

1.2.4.1 Analisi filogeografica mitjancant meétodes d’inferéncia bayesiana

El patré de variabilitat nucleotidica és el resultat d’una complexa interaccié de molts
processos. Avui en dia s’han desenvolupat métodes molt sofisticats per poder inferir
acuradament els processos demografics o selectius que han modelat aquestes dades. La
inferéncia bayesiana, que permet estimar la distribucié de la probabilitat posterior dels
parametres donades unes dades, ha esdevingut en els ultims anys una eina important per
a l'analisi de processos demografics complexos. Fins fa ben poc, els metodes bayesians
eren poc utilitzats degut a la seva complexitat i a la incapacitat de calcular la versemblanga
analiticament. La Computacié Bayesiana Aproximada (Approximate Bayesian Computation,
ABC; Tavaré i col. 1997; Pritchard i col. 1999; Beaumont i col. 2002) permet aquesta analisi
mitjancant I's de simulacions i resumint les dades a un conjunt determinat d’estadistics. Es
tracta de contrastar els models que competeixen per explicar diferents escenaris evolutius,
amb l'objectiu de determinar el model que millor s’ajusti a les dades.

La metodologia d’ABC es basa en un algoritme de rebuig simple, i s’ha fet servir
en l'estima de parametres demografics a través de models per a diferents organismes
(Beaumont i Rannala, 2004). El principi basic del métode és la generacié d’unes dades
per simulacié (D’) donat un escenari evolutiu concret i fixant la grandaria mostral (n) i el
nombre de loci utilitzats per obtenir les dades observades (D). El valor dels parametres
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per les simulacions s’obté a partir de les seves distribucions a priori (priors). Es desaran
els valors dels parametres de les simulacions on D’ sigui igual a D, i després seran utilitzats
per aproximar la distribucié de la probabilitat posterior. Com que és molt dificil que D sigui
igual a D’ en escenaris molt complexes, Pritchard i col. (1999) van proposar la substitucié
de les dades per un conjunt d’estadistics (s), de manera que es guardarien els parametres
de les simulacions (s’) només quan s’ fos prou semblant a s. Més recentment, Beaumont
i col. (2002) van proposar que es tindria en compte la diferéncia entre s i s’ mitjangant
una regressio lineal, que s’utilitzara a I’"hora de calcular la distribucié posterior (ABC-REG).
Malgrat tots aquests canvis i millores en la metodologia ABC, aquesta seguia sent massa
costosa computacionalment. El problema s’ha intentat solventar amb la incorporacié de
Markov Chain Monte Carlo (ABC-MCMC; Marjoram i col. 2003). Més recentment s’ha anat
millorant el métode (Wegmann i col. 2009), principalment reduint-ne el cost computacional.
Una de les propostes per optimitzar la tria d’estadistics que siguin informatius és I'ds del
métode PLS (un métode de regressié de minims quadrats; Boulesteix i Strimmer, 2007), que
funciona de manera semblant a les analisis de components principals, i que basicament
tria els components (dels estadistics descriptius) que millor expliquen la variabilitat de les
dades reduint molt, per tant, el nombre d’estadistics. Gracies a aquests métodes, avui en
dia és possible contrastar diferents escenaris evolutius complexos i estimar els valors dels
parametres més rellevants de manera relativament eficient.

1.2.4.2Els estudis amb models paleoclimatics

Una de les multiples aplicacions de l'analisi filogeografica és la interpretacié de
les respostes biotiques davant dels canvis paleoclimatics. Aquestes interpretacions
biogeografiques poden tenir un valor predictiu davant dels canvis globals que ens afecten
avui en dia. La modelitzacié de la paleodistribucid pot ajudar a proposar hipotesis espacials
explicites sobre les distribucions historiques dels taxons per als quals no hi ha fossils
disponibles. Els models bioclimatics prediuen les distribucions potencials de les espécies
segons la projeccié de punts de distribucié coneguts i en una capa de clima d’una area en
concret i per a una eépoca determinada. Aquest métode assumeix que les espécies tenen
limitacions fisiologiques constants durant el periode de temps estudiat, cosa que no és
certa en alguns casos (Davis i Shaw, 2001; Hugall i col. 2002). Els models paleoclimatics
s’han utilitzat molt en els Gltims estudis filogeografics, ja que donen una visié més amplia de
quina pot haver estat la historia evolutiva de les poblacions en una area determinada. Han
servit també com ajuda per predir quines han estat les arees d’'endemisme més importants,
combinant-los amb les dades d’abséncia/preséncia d’espécies en una area determinada.
Malgrat aix0, aquests models tenen algunes mancances, ja que només tenen en compte
algunes variables ambientals, com la temperatura o el régim de pluges, i és possible que
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aquestes no siguin les més importants en el manteniment de I’habitat d’algunes espécies,
de manera que la prediccié no afectaria alguns taxons i ens estaria donant informacié
incompleta o erronia. Una altra de les limitacions que presenten aquests models és I'escala
temporal que cobreixen, ja que permeten fer hipotesis d’esdeveniments ocorreguts fins fa
uns 30.000 anys enrere, perd no permeten predir fets més antics.

1.2.4.3 Combinacio de diversos marcadors moleculars

De forma similar al que succeeix amb els estudis filogeneétics, els estudis actuals en
filogeografia cada cop fan servir més marcadors moleculars ja que d’aquesta manera
s'incrementa molt la potencia de les analisis. Fins ara els gens mitocondrials eren els
marcadors més comuns per a estudis filogeografics, donat que mostren certs avantatges
respecteals nuclears, com perexemple una herénciamonoparental, unavariacié nucleotidica
inter- i intraespecifica més elevada i que no presenten recombinacid. Malgrat aixo, els gens
mitocondrials tenen mancances, com per exemple la incapacitat de reconstruir la historia
completa dels llinatges sexuals i de detectar certs esdeveniments entre poblacions, com ara
la dispersio esbiaixada pel sexe, la hibridacid i la preséncia/abséncia d’encreuament (Avise,
1998). La cerca de nous marcadors nuclears, que cal que presentin una variabilitat genética
adequada a nivell intrapoblacional, s’ha de centrar principalment en regions intergéniques
i introns.

1.2.5 Aplicacié de la filogeografia a la conservacié

La biologia de la conservacié té com a objectiu prioritari conservar la biodiversitat, i
amb ella el potencial d’adaptacié i evolucié dels organismes (Avise, 2000). En aquest sentit,
la filogeografia pot donar informacid sobre quins sén els processos critics en I'evolucié dels
taxons i en la generacié de diversitat. A més a més, gracies a la filogeografia és possible
entendre quins sén o poden ser els efectes i conseqiiéncies de I'accié antropogénica
en lalteracié dels patrons naturals que s’han generat durant milions d’anys. Aixd és
especialment rellevant en conservacid, ja que la pérdua i la fragmentacié de I'habitat, que
majoritariament sén conseqiiéncia de I'accié de I'home, sén les dues majors amenaces per
la biodiversitat. Els esforgos de conservacioé amb les eines de la filogeografia comparada, per
exemple, poden anar dirigits a detectar estructuracié genética per sota del nivell d’espécie,
que no és detectable amb la morfologia. La deteccié d’arees on es troben els organismes
amb la diversitat genética més elevada ha de ser prioritaria per a I'aplicacié de les mesures
de conservacio. Aixi doncs, la filogeografia pot fer una contribucié a la tasca prioritaria de
localitzar quins sén els fragments de la natura que tenen alts nivells o aspectes Unics de
biodiversitat (Eeley i col. 2001; Hughes i col. 2005).
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2 EL BOSC ATLANTIC DE BRASIL

El bioma del Bosc Atlantic (denominat en portugués Mata Atlantica) s’estén al llarg de la
costa de Brasil entre les latituds 3 i 30° sud, ocupant una franja de 100 a 200 km d’amplada
alllarg de la costa. Correspon, més o menys, al 15% del territori Brasiler, on el clima és humit
gairebé tot I'any, amb una estacié seca molt curta o inexistent. Es extremadament ric en
biodiversitat i presenta alts nivells d’'endemisme. La variacio és originada principalment per
I'ampli rang latitudinal i d’elevacié (des del nivell del mar fins als 1800 metres) de la zona,
donant lloc a una gran variacié en el nombre d’ambients. El Bosc Atlantic es caracteritza
per presentar una marcada estacionalitat, amb gradients ambientals forts deguts a la seva
complexa topografia i orografia. La temperatura mitjana anual va des dels 18 fins als 24°C i
la precipitacié mitjana anual es troba entre els 1.250 i els 2.000 mm (més de 3.000 mm en
alta muntanya), impulsada pels vents de l'est de I’Atlantic tropical (Behling i Lichte, 1997;
Carnaval i Moritz, 2008).

La cobertura vegetal original del Bosc Atlantic era aproximadament d’1,4 milions
de km? quan van arribar-hi els navegants europeus fa 500 anys. Actualment només se’n
conserva entre un 11 i un 16% (Fig.1), principalment als vessants de les muntanyes
i als cims, per ser zones de menor accessibilitat (Riberio i col. 2009). El Bosc Atlantic ha
experimentat una dramatica modificacio i fragmentacio de I’habitat i encara avui esta sota
una pressié antropogenica severa, que és significativament major a les terres de més al nord.
Aproximadament el 70% del total de la poblacié de Brasil (uns 130 milions de persones) viu
en una area que antigament era totalment coberta per bosc (Nimer, 1989). La degradacié del
bosc ve donada per activitats com la construccio d’infraestructures (carreteres i autopistes),

Figura 1. Contrast de |a cobertura original
del Bosc Atlantic fa aproximadament uns
500 anys (verd) i la cobertura de bosc
natural al 2005 (vermell) i al 2010 (groc).
Dades obtingudes de la

) Fundacié SOS Mata Atléntica.
Cobertura al 2010
- Cobertura al 2005

- Cobertura original

la tala d’arbres descontrolada, les plantacions (sobretot de canya de sucre) i finalment
també la practica de la ramaderia. La major biodiversitat es troba als boscos plujosos de les
latituds més baixes, perd aquests estan sent rapidament desforestats i es troben en perill
de desapareixer abans que se’n pugui estudiar la riquesa i el comportament que podrien
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presentar davant dels canvis climatics. Aixi doncs, a més de ser un dels “hotspots” (punts
calents) de biodiversitat més importants del planeta (és el segon bioma Neotropical en
riquesa i un dels 5 biomes amb més prioritat per la conservacid), el Bosc Atlantic també és
una de les zones més amenacgades amb altes taxes de pérdua d’habitats (Myers i col, 2000).

2.1 Els corredors biologics

Per tal de frenar la pérdua de biodiversitat, les autoritats brasileres han establert
una série d’unitats de conservacioé (parcs i altres arees protegides per la llei). Aquestes
s6n molt petites i estan molt distanciades les unes de les altres (degut a la fragmentacié
del bosc). El fraccionament del terreny no és només degut a I'accié directa de I'home, siné
que també hi ha causes naturals que el provoquen, com els incendis forestals o les riades i
inundacions descontrolades, tot i que I'efecte d’aquestes és major per causa antropogeénica.
Es de vital importancia determinar a quines regions han de ser assignats estratégicament
els recursos humans i financers per tal de garantir la conservacié de la biodiversitat d’una
manera efectiva. En aquest context, els corredors de biodiversitat o corredors ecologics
son molt importants. Es tracta de vies que tenen com a objectiu final afavorir el flux d’éssers
vius entre les parts d’un ecosistema fragmentat, mitjanc¢ant la recreacié d’ambients naturals
entre aquests fragments. D’aquesta manera augmenten la probabilitat de supervivéncia de
les comunitats biologiques a llarg termini i ajuden a mantenir els processos dels ecosistemes
necessaris per mantenir |a biodiversitat en el futur. Pel disseny dels corredors cal informacié
de I'estat actual de conservacié dels diferents fragments i la seva historia biogeografica.
El primer pas és diferenciar les barreres naturals de les antropogéniques. La conversié
de terres cobertes de boscos en camps de conreu, per exemple, crea barreres de tipus
antropogenic; pero també una zona es pot haver mantingut aillada durant milions d’anys,
molt abans de l'arribada de ’home, per causa d’una barrera inexistent avui dia. En aquest
cas, la reconstruccio d’un cinturd forestal per connectar les arees de bosc adjacents podria
ser discutible. La filogeografia proporciona eines per inferir I'existéncia d’aquestes barreres
mitjangcant I'analisi de la diversitat genética dels organismes actuals.

El Govern de Brasil des de I'any 2000 esta introduint corredors biologics per tal de
protegir i recuperar la zona, dissenyats geograficament en base a inventaris de flora i fauna,
sense considerar la biologia i dinamica de les poblacions. Aixi s’han creat, entre daltres, el
corredor de Serra do Mar (objecte d’aquesta tesi), el corredor Central i el corredor del Nord
Est (Fig. 2).
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B8 Serra do Mar
B Central
I Nord

Figura 2. Corredors biologics dissenyats al Bosc Atlantic de Brasil ombrejats amb diferents tonalitats de marrao.
NAF: Nord del Bosc Atlantic; CAF: Centre; SAF: Sud.

El corredor de Serra do Mar s’estén entre els estats de Rio de Janeiro (RJ) i Parana
(PR), delimitat al nord per una franja de bosc atlantic semi caducifoli i pel sud amb el bosc
plujés de Santa Catarina (SC). Hi ha diversos treballs sobre la biodiversitat de la zona, la
majoria basats en especies d’alta capacitat de dispersid. Aquests treballs, pero, donen poca
informacié de la preséncia de barreres ecologiques i sobre les zones que han pogut mantenir
millor les condicions ancestrals del bosc, donat que el patré de distribucié geografica de la
seva variabilitat genética és molt uniforme dins del corredor. Resultats amb ocells (Harris i
col. 2005) identifiquen parts del corredor de Serra do Mar, particularment a les costes dels
estats de S3o Paulo (SP) i RJ, com a hot spots de diversitat d’espécies.

2.2 Origen de la biodiversitat al Bosc Atlantic

Degut al perill en qué es troba la biodiversitat dels Neotropics, ens els darrers anys
molts estudis filogeografics i de conservacié s’han focalitzat en aquesta regidé amb I'objectiu
comu d’entendre com s’hi ha originat la biodiversitat present. Durant molt de temps, la
hipotesi més acceptada per explicar la diversitat Neotropical era la dels refugis, segons la
qual, les glaciacions del Quaternari van fragmentar el terreny, donant lloc a una elevada taxa
d’especiaciod al-lopatrica en petites zones aillades (Haffer, 1969; Whitmore i Prance, 1987;
Rull, 2008). Actualment, pero, s’ha descartat aquesta hipotesi com a Unica responsable
dels esdeveniments d’especiacié en llinatges Neotropicals (Colinvaux i col. 2000; Bush i
de Oliveira, 2006), ja que els temps de divergencia dels taxons sén majoritariament pre-
Plistocénics (Costa, 2003; Rull, 2008). Aixo0 ha donat lloc a que altres autors defensin la
hipotesi d’un origen per la biodiversitat molt més antic, remuntant-se al Terciari (Simpson,
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1979; Colinvaux i de Oliveira, 2001), quan van ocdrrer alguns esdeveniments geologics que

podrien haver generat |a biodiversitat, com la formacio dels Andes, el tancament de I'lstme

de Panama o la formacié de les conques de I'Amazones i I'Orinoco (Nores, 2004), entre

d’altres (Rull, 2008).

La majoria dels treballs centrats en el Bosc Atlantic brasiler basen les seves hipotesis
en estudis d’'endemisme i filogeografia comparada, i utilitzen taxons d’alta mobilitat com els
de Cabanne i col. (2007) i Pessoa (2007) ambdds amb ocells, o la publicacié de Grazziotin
i col. (2006), basada en reptils. Recentment s’han aplicat noves técniques per estudiar la
biogeografia de la zona, com la modelitzacié paleoclimatica. Un exemple és el treball de
Carnaval i Moritz del 2008, on mitjantcant models paleoclimatics dedueixen la distribucié
del bosc durant el Quaternari, validant els resultats amb les dades dels registres de pol-len
fossil. Aquest estudi coincideix amb estudis geologics i palinologics (Behling i Negrelle,
2001; Behling, 2002; Ledru i col. 2005), que divideixen el Bosc Atlantic en tres regions (Fig.
2), descrites per Cabanne i col. al 2008:

% El Nord (NAF), amb una elevada estabilitat forestal (el bosc ha estat present a I'area de
manera continuada) a la costa est i curts periodes d’expansié del bosc humit (Veloso,
1991),

++ el Centre (CAF), estable a I'est i amb curts periodes d’inestabilitat a I'oest,

% ielSud (SAF), amb forta inestabilitat (regressid i fragmentacid, i expansié durant I'Holoce
mitja i tarda).

Aixi, actualment molts treballs coincideixen en la prediccid de la preséncia de bosc
antic al nord del Bosc Atlantic (Pellegrino i col. 2005; Grazziotin i col. 2006; Cabanne i col.
2007), mentre que els territoris del centre i sud han creat més controveérsia i discussid. Coma
conseqiiéncia de la inestabilitat predita per les regions centre i sud, s'esperaria que la fauna
i flora que trobem en 'actualitat en aquests territoris fos d’origen molt recent (posterior a
les glaciacions) fruit d’una expansio des del nord, presentant patrons de poca estructuracié i
variabilitat genética. Alguns estudis perd troben al sud del Bosc Atlantic llinatges divergents
i patrons genétics no compatibles amb una colonitzacié recent (Grazziotin i col. 2006;
Cabanne i col. 2007) i d’altres, com el de Cabanne i col-laboradors de 2008, afirmen que el
model de Carnaval i Moritz (2008) fallaria en la prediccié d’arees de bosc antic i estable al
sud del Bosc Atlantic, ja que la inestabilitat predita no explica I'alta incidéncia d’endemisme
als boscos del sud (Costa i col. 2000; da Silva i col. 2004; Pinto-da-Rocha i col. 2005).

Per altra banda, I'origen de la diversitat que es troba al bosc no es pot explicar per un
sol model de vicarianga o de canvi climatic (Costa, 2003), sind que es tracta d’una historia
molt més complexa. Donada la gran extensio de I'habitat, hi ha diversos factors que han
contribuit a la diversificacié del bioma del Bosc Atlantic. Segons el model de diversificacié
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per barreres (Marroig i Cerqueira, 1997; Moritz i col. 2000), alguns rius representen barreres
al flux geneétic (Cabanne i col. 2008). Pellegrino i col. (2005), Carnaval i Moritz (2008) i
Sigrist i Carvalho (2008) descrivien barreres referint-se als rius Doce i Sdo Francisco (Fig. 2),
situats al limit de les zones que van ser predites com a refugis pels models climatics. Daltra
banda, alguns estudis moleculars (Cabanne i col. 2007) han demostrat que les histories
biogeografiques d’algunes espeécies s’han vist afectades per l'aillament i la persisténcia
d’organismes a refugis forestals durant les fluctuacions del Quaternari, resultats que
s’ajusten a la teoria dels refugis de Haffer (1969).
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3 LES PLANARIES TERRESTRES

3.1 Caracteristiques anatomiques generals

Les planaries terrestres pertanyen al grup dels tricladides, (del grec treis: tres +
klados: branques) inclosos en el filum dels platihelmints. Son animals de vida lliure amb
el cos recobert per una capa de moc, que els déna un aspecte brillant. La seva superficie
ventral, que esta en contacte amb el substrat (sola ventral), presenta unes adaptacions
especials. No tenen aparell circulatori ni respiratori (Ball i Reynoldson, 1981), per tant
efectuen l'intercanvi gasos a través de la superficie corporal. Tampoc tenen estructures
esquelétiques, cosa que condiciona la forma del seu cos, essent cilindric en individus petits,
i aplanat i allargat en individus més grans, per tal d’afavorir I'intercanvi de gasos. En general,
les planaries terrestres poden mesurar entre 5 mm i prop d’un metre (com B.nobile).

A I'hora d’identificar les planaries terrestres, els trets morfologics externs son
importants per a fer una primera classificacio. Els caracters més utilitzats son: la mida i
forma general del cos; el color, les marques i patrons; la mida, nombre i distribucid dels
ulls; forma de I'extrem anterior; la posicio relativa dels orificis del cos i 'amplada de la sola
ventral. Una identificacié més acurada s’aconsegueix gracies a I'estudi de 'anatomia interna,
sobretot de |'aparell copulador, estudiant trets com la posicid i el nombre de testicles i
ovaris, organitzacié de la musculatura, tipus de faringe, fosses sensorials, etc. (Winsor,
1998). AI’Annex Il hi ha detallades les caracteristiques més importants de I'anatomia interna
i externa d’aquests organismes.

3.2 Identificacio d’espécies

l'assignacio d’individus a una espécie en concret en organismes tan senzills i amb
pocs caracters morfologics com les planaries terrestres, no és una tasca facil. En planaries
d’aigua dolga s’han utilitzat dades moleculars per identificacié d’espécies del génere Dugesia

de manera exitosa (Lazaro i col. 2009). Concretament s’ha fet servir un fragment del gen COI

Poblacions Codis de barres de DNA Filogénies =

Figura 3. Esquema modificat a partir de
Hajibabaei i col. (2007) on es mostra la
posicié de les dades de DNA respecte
les filogénies i les dades de genética de
poblacions. Les espécies corresponen als
diferents colors, i dins de cada color, les
tonalitats representen |a variabilitat. Cada
quadre petit és un individu.

proposat com a eina d’identificacié d’individus (codi de barres del DNA) pel Consortium for
the Barcode of Life (Hebert i col. 2003). Els nivells de variabilitat d’aquesta regié del DNA
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entre individus de la mateixa espécie normalment son més baixos que els existents entre
espeécies diferents, el que fa possible I'assignacio d’individus a espécies conegudes (Fig. 3).

Les seqliéncies de DNA de la regié COl permeten a no especialistes en taxonomia
I'assignacié d’individus a espécies conegudes. Aquesta assignacio se sol fer en base a
I'obtencié d’una filogénia en la qual la ubicacié de la seqiiéncia problema ens permetra
fer la identificacié. El grau de certesa d’aquesta dependra de si a les bases de dades
existeixen o no organismes de la mateixa espécie o propers i de si al propi estudi s"analitza
tota la diversitat del grup en qiestié. A més, com l'obtencié de la seqiiéncia es pot fer
a partir de quantitats molt petites de material, es poden identificar les espéecies a partir
d’ous, d'individus immadurs, d’animals fragmentats, o fins i tot processats (formant part
d‘aliments). En el cas de les planaries terrestres és una eina molt interessant, ja que moltes
especies son criptiques (Fig. 4), presenten pocs trets morfologics definitoris d’espécie o, en
moltes ocasions, els organismes trobats sén immadurs, de manera que no tenen aparell

copulador que es pugui analitzar morfologicament.

Figurad4.Duesimatgesdeplanaries
terrestres molt semblants pel
que fa a la morfologia externa. A
I'esquerra una especie del génere
Cephaloflexa i a la dreta un
especimen de Geoplana ladislavii,
Fotografies: F. Carbayo.

Aquesta metodologia és un avang que pot accelerar molt la descripcié d’espécies, ja
que permet identificar rapidament aquells individus que no es corresponen -a priori- amb
especies conegudes, facilitant per tant, el treball del taxonom que es pot centrar en els

estudis morfologics en els casos més problematics o singulars.

3.3 Sistematica

Les planaries terrestres pertanyen a I’Ordre dels Tricladides (Ph Platyhelminthes, Cl
Turbellaria). La posicio dels Platyhelminthes dins dels Metazoa no és gaire clara, malgrat que
les dades moleculars més recents plantegen la possibilitat d’'una posicié com a grup germa
dels Spiralia dins dels Lophotrochozoa (Fig. 5A). Els Tricladides dins dels Platyhelminthes
tenen una posicié molt derivada, malgrat haver-hi pocs estudis. moleculars els més recents
els situen com a grup germa dels Prolecithophora (Fig. 5B), i junt als Rhabdocels i un petit
grup de géneres de vida parasita o comensal, constitueixen un clade monofilétic amb alt
suport.
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Els Tricladides foren dividits per Hallez al 1890 en tres infraordres segons els seus
requeriments ecologics: Maricola (les planaries marines), Terricola (planaries terrestres)
i Paludicola (planaries d'aigua dolga). Ball (1977; 1981) seguint la divisié proposada per
Steinbock (1925), va considerar que els Terricola (definits pel seu complex sistema nervids
diploneure) constituien el grup germa del clade constituit per maricoles i paludicoles
(Haploneure). Aquest clade no presentava cap sinapomorfia.
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Figura 5. A: Esquema filogenétic de la posicio dels Platyhelminthes dins dels Metazoa, segons Paps i col.
2009a. B: Posicio filogenética dels Tricladides dins dels Platyhelminthes, segons un consens de dades de
diferents estudis basats en gens ribosomals, modificat de Riutort i col. (2012).

Sluys (1989a) en una nova analisi dels caracters morfologics va trobar que aquests
donaven suport a la monofilia dels tres grups (Maricola, Paludicola i Terricola), presentant
les planaries terrestres tres sinapomorfies morfologiques: la preséncia de la sola ventral, un
sistema nerviés diploneural i un tipus complex de musculatura a la faringe. A més aquesta
revisié dels caracters morfologics suggeria una relaci6 més propera entre Paludicola i
Terricola, canviant 'esquema evolutiu presentat per Ball.

Carranzaicol. (19983, b) van proposar I'existéncia d’un ancestre comu per Dugesiidae
i Terricola basant-se en la presencia en ambdds grups d’una duplicacio del clister ribosomal
(Carranza i col. 1996). A Carranza i col. (1998b; Fig. 6) es proposa I'eliminacié del subordre
Paludicola (que ara seria parafilétic) i la creacié del nou subordre Continenticola, format
per les planaries d’aigua dolca i les planaries terrestres. Un treball posterior de Bagufia i col.
(2001) confirma la hipotesi sobre la posicié de les planaries terrestres com a grup germa
de Dugesiidae, perd no aconsegueix demostrar molecularment la monofilia de Terricola.
A nivell morfologic, no hi ha cap treball que aprofundeixi en la filogénia interna de les
planaries terrestres, de manera que és un camp totalment desconegut.
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S.0. Tricladida

“CONTINENTICOLA”
! ] l

1.0. Maricola F. Planariidae F. Dendrocoelidae F. Dugesiidae (I.0. Terricola)
- "

Figura 6. Relacions filogenétiques dels tricladides basades en trets morfologics i moleculars. Modificat de
Carranza i col. 1998b. Els nimeros en negre corresponen a caracters morfologics proposats per Ball (1981) i
Sluys (1989a), mentre que els vermells representen els caracters proposats per Carranza i col-laboradors com
a sinapomorfies de I'agrupacioé de Dugesiidae i Terricola, essent el 19 un caracter molecular (la duplicacié del
cluster ribosomal). Les linies discontinues indiquen els grups que no tenien suport a la filogénia molecular

presentada a l'article.

Pel que fa a la taxonomia dins del grup dels Terricola (Taula lll-1 de I'Annex Ill),
actualment només se’n reconeixen tres families: Bipaliidae (Graff, 1896), Rhynchodemidae
(Graff, 1896) i Geoplanidae (Stimpson, 1857)(Fig. 7). Dins dels Bipaliidae (individus amb el
cos allargat i aplanat i amb el cap en forma de mitja lluna, amb nombrosos ulls marginals
petits) Graff (1899) va reconeixer quatre grups en funcié de la musculatura longitudinal
(Winsor, 1983).

La familia Rhynchodemidae és formada per dues subfamilies (Rhynchodeminae
i Microplaninae). Rhynchodeminae es caracteritza per presentar organismes de cos
allargat i forma aplanada, amb I'extrem anterior sovint conic i allargat, amb ulls conspicus i
papil-lapeniana absent o molt reduida. Els components de la subfamilia Microplaninae sén
petits, amb el cos arrodonit, sovint amb I'extrem anterior rom i els ulls petits. Es freqiient
que presentin papil-les penianes ben desenvolupades, amb o sense bossa seminal. Pel
que fa a Geoplanidae, aquesta familia (integrada per les subfamilies Caenoplaninae,
Geoplaninae i Pelmatoplaninae) és formada per individus amb el cos relativament pla, que
es fa progressivament més estret cap a la part anterior de I'animal. La sola ventral pot
ocupar el 50% o més de I'amplada del cos. Tenen nombrosos ulls disposats als marges del
cos de I'animal, sense auricules ni tentacles. De vegades el cap té formes diferents: pot
presentar-se aixecat o embolicat cap al dors (Choeradoplana, Xerapoa, Enterosyringa), o en
forma de cullera invertida (/ssoca). També poden tenir papil-les laterals com si fossin dits
(Xerapoa).

24



Introduccio

Figura 7. Representacio de les tres
families de planaries terrestres.
Rhynchodemidae (A: subfamilia
Rhynchodeminae; B: subfamilia
Microplaninae); Bipaliidae (C) i
Geoplanidae (D: Caenoplaninae;

E: Geoplaninae). Imatges de
Fernando Carbayo i Marta Alvarez.

3.4 Distribucio, ecologia i comportament

En l'estudi de Carbayo i Froehlich (2008) sobre |'estat de coneixement dels
macroturbel-laris, s’'indica que el nombre d’espécies de planaries terrestres descrites és
de 830, de les quals quasi un 20% es troben a Brasil. Aquests valors poden estar esbiaixats
pel fet que els pocs taxonoms especialistes en aquest grup es troben a zones Neotropicals,
quedant amplies regions del planeta on ni tan sols s’"ha mostrejat per conéixer I'existéncia
d’aquests animals. El nombre real d’especies probablement és molt més gran. Winsor (1997)
va estimar que només s’havia descrit el 25% del nombre total d’espécies australianes. Es
per aixo que cal considerar-ne la distribucié actual com un esquema i no com una senténcia.
Les planaries terrestres tenen una distribucié cosmopolita, principalment pantropical i en
trobem una major biodiversitat a I'Hemisferi Sud (Winsor i col. 1998). La distribucié de
Geoplanidae és molt homogénia, trobant-se tGnicament a Ameérica Central i del Sud i al
Sud Est dels Estats Units; els membres de la familia Bipaliidae es distribueixen basicament
pel Sud-est asiatic i es troben a Madagascar i I’Asia oriental; finalment, Rhynchodemidae
té distribucié més amplia que la resta, trobant-se a Europa, Africa, America, Asia Oriental i
Australia (Carbayo, 2003)(Fig. 8).

Les planaries terrestres formen part de la fauna criptozoica definida per Dendy (1889)
com aquella constituida per animals que viuen sota dels troncs i les pedres o a I'escorca
dels arbres morts, incloent ’lhumus dels sols forestals. Les planaries van colonitzar el medi
terrestre fa un centenar de milions d’anys, perd no han desenvolupat cap mecanisme
especial per conservar 'aigua (Kawaguti, 1932), son estenohidres (només suporten un rang
estret d’humitat (Froehlich, CG, 1955a)) i sensibles també a la temperatura del seu habitat
(Froehlich, 1956; Winsor i col. 1998; Sluys, 1999; Carbayo i col. 2002). Hi ha algunes espécies
que estiven o entren en letargia (diapausa) en condicions adverses (Carbayo, 2003). Durant
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les hores principals del dia, degut a qué la temperatura augmenta i la humitat disminueix,
aquests organismes solen ocupar capes del sol més profundes. La majoria d’espécies no
fan nius, pero fan servir els porus, esquerdes i buits per migrar entre les capes intersticials
del sol i sovint aprofiten els amagatalls d’altres animals. Malgrat alguna excepcié, com
Rhynchodemus vejdowskyi o alguna espécie de Geoplana (Graff, 1899), que sén actius de dia,
les planaries terrestres tenen activitat nocturna. Les planaries terrestres son depredadors
que es troben al cim de la xarxa trofica i salimenten d’altres invertebrats. Hi ha algunes
especies necrofiles (Winsor, 1977) i és possible que es donin casos de canibalisme (Winsor,
1998). La competencia intraespecifica pel menjar és probablement el factor més rellevant
que restringeix la mida poblacional de les planaries terrestres (Boag i col. 1998), constituint
un factor important que afecta la dispersié i I'establiment d’aquests animals.

0 a Ty

< Caenoplaninae
Microlplaninae

«» Geop! 'n‘nlnae

<= Rhynchodeminae
Bipaliidae

Figura 8. Distribucié mundial de les principals subfamilies de planaries terrestres.

Es desplacen gracies a la musculatura corporal i a la intervencid dels cilis de la sola
ventral (Hauser i Marumann, 1959; Jones, 1978). Algunes espécies han perdut aquesta
estructura, com per exemple les del génere Geobia (Graff, 1912-17). Quan s’arrosseguen
en superficies seques (algunes espécies també en les molt humides), la toquen només
en alguns punts, el que resulta en un estalvi de moc (o evita que es mullin en excés;
Froehlich, CG, 1955a). Algunes d’elles tenen comportaments de moviment curiosos, com
el que descriu Froehlich al 1955 per Choeradoplana, que corba el seu extrem posterior
cap endavant fins que toca de nou el substrat, roda cap endavant al llarg del cos, resultant
en una especie de salt mortal. Aquest moviment és causat per la capa muscular dorsal
longitudinal subepidérmica i I'hi serveix a I'animal per fugir.

Hi ha diversos motius pels quals s’ha considerat sempre que les planaries tenen una
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baixa capacitat de dispersid: 'abséncia de parts rigides; no tenir cap part del cicle vital
adaptada a la dispersid o la dependéncia extrema de la humitat ambiental, degut a que
no tenen formes de resisténcia a la dessecacié. Malgrat aquestes caracteristiques, s’han
detectat diversos casos de dispersié a grans distancies majoritariament explicables per
antropocoria (Winsor, 1979; 1986; Sluys, 1995). Concretament, s’han registrat planaries
terrestres a jardins botanics i hivernacles de tot el mon, probablement viatjarien entre
la terra humida de plantes ornamentals. Es el cas per exemple de Bipalium kewense i
Arthurdendyus triangulatus, que en alguns casos s’han convertit en espécies invasores i
auténtiques plagues que afecten la fauna autdctona o granges de cultiu de cucs terrestres,
sobretot als Estats Units i al Regne Unit (Dindal, 1970; Winsor, 1983; Jones i col. 1988;
Ducey i col. 1999; Boag i Yeates, 2001). La preséncia d’aquests animals, perd, no sempre
té un efecte negatiu, sind que hi ha casos on s’ha fet servir les planaries terrestres com a
control de plagues de cargols (Muniappan, 1987; Kawakatsu i col. 1992; Sluys, 1999).

Els depredadors de les planaries terrestres son algunes larves de dipters i carabids
(Gibson i col. 1997; Hickman, 1964). Dendy (1890) va fer experiments amb gallines i va
arribar a la conclusié que el moc del voltant del cos de les planaries té alguna substancia
desagradable per les aus, i per aixd no sén depredades per aquest grup d’animals. Aquesta
suposicié podria servir també com a explicacié de la manca de depredadors pertanyents a
altres grups.

3.5 Les planaries terrestres com a model

Diversos autors han plantejat la utilitat de les planaries terrestres com a indicadors per
estudis de biodiversitat i de I'estat de conservacio dels seus habitats (Sluys, 1998; Carbayo i
col. 2002). Com que sén depredadors, depenen de la preséncia de les seves preses, i poden
ser un bon indicador de la conservacié de la xarxa trofica del bosc i per tant del seu estat.
Fins ara, la majoria d’estudis filogeografics utilitzaven espécies generalistes amb elevada
capacitat de dispersié (majoritariament vertebrats) que proporcionen una informacié molt
ambigua de I'estat del territori. Les espécies amb una baixa capacitat de dispersid, com les
planaries, poden presentar una estructuracié poblacional en regions geografiques petites
(Garrick i col. 2004) cosa que les fa interessants per als estudis filogeografics (Sunnucks i
col. 2006). A més, sén més vulnerables a patir extincions locals i és menys probable que
recolonitzin una area (Graham i col. 2006). El fet que siguin organismes especialistes fa que
no puguin viure en zones on I'ambient hagi estat molt deteriorat. Alguns estudis demostren
que la seva diversitat esta inversament relacionada amb el grau de pertorbacio de I'habitat
(Carbayo i col. 2001; 2002; Leal-Zanchet i col. 2006). Sluys (1999) en vista a la seva biologia i
requeriments ecologics va proposar |'is de les planaries com a indicador d’arees d’alt valor
per al manteniment de la diversitat global.
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3.6 Les planaries terrestres del Bosc Atlantic de Brasil

Sluys al 1999 va identificar el Bosc Atlantic com una de les arees amb major
diversitat de planaries terrestres a escala global. La majoria de les espécies que es troben
a la Mata Atlantica pertanyen a la subfamilia Geoplaninae, tot i que també hi ha alguns
Rhynchodeminae i Bipaliidae introduits. Els estudis que s’han fet amb aquests organismes
sén purament taxonomics i descriptius, tot i que també hi ha treballs sobre |'estat de
les comunitats de planaries terrestres i la seva relacié ecologica amb I'ambient i el tipus
de bosc. Sluys (1999) basant-se en dades taxonomiques de la literatura, va identificar 7
hotspots de diversitat de planaries terrestres, on els llocs més diversos eren Sao Paulo i
Florianépolis (a Brasil). Tanmateix, la fauna de planaries terrestres del Bosc Atlantic és forga
desconeguda, com demostra I'elevat nombre d’espécies noves que s’esta trobant en els
mostrejos realitzats per aquesta tesi.

Alguns estudis sobre I'estructuracié de les comunitats de planaries terrestres al sud
de Brasil mostren indicis de que aquests organismes sén sensibles al reemplacament del
seu habitat natural per plantacions d’espécies exdtiques, presentant una major riquesa
d’espécies en els boscos nadius (Carbayo i col. 2002), tot i que I'abundancia i riquesa de
taxons varia amb el temps. Al 2006, Fonseca i col. van proposar les planaries terrestres com
a millors taxons indicadors de I'estat de conservacié dels boscos d’Araucaria, basant-se en
el tant per cent d’espécies registrades per cada taxon.

El grup dels Geoplaninae ha radiat exitosament per Sud América (regié Neotropical)
després de la separacié de Gondwana de Nova Zelanda i Australia (Froehlich, 1967; Winsor i
col. 1998). La gran majoria dels geoplanids Neotropicals pertanyen al génere Geoplana que,
comaconseqiiéncia d'alguns estudis taxondomics (Carbayo i Leal-Zanchet, 2003; Leal-Zanchet
i Froehlich, 2006; Carbayo, 2010), en els ultims anys s’ha diversificat en altres géneres. Per a
I'estudi filogeografic que ens ocupa s’han utilitzat diverses espécies de planaries terrestres
d’aquest grup: Geoplana goetschi sensu Marcus (1951), Cephaloflexa bergi, Geoplana
ladislavii, Geoplana goetschi sensu Riester (1938), Enterosyringa pseudorhynchodemus,
Choeradoplana iheringi, Geoplana quagga i Issoca sp. nov. de les quals es pot trobar una
descripcié sobre els trets generals de la seva morfologia i distribucié a I'Annex IV.

3.7 Les planaries terrestres de la Peninsula Ibérica

Elconeixementgeneral de les planaries terrestres a Europa és forgca pobre en comparacié
amb el de les planaries d'aigua dolca. Aquesta manca de coneixement segurament és
deguda a la dificultat en la seva localitzacid i a |'existéncia de pocs especialistes en el grup
en el continent europeu. Les dues subfamilies predominants a Europa sén Rhynchodeminae
i Microplaninae, que sén reconegudes com autoctones, mentre que també hi trobem
representants de la subfamilia Caenoplaninae i la familia Bipaliidae en condicié d’espécies
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exotiques introduides per I'home.

A la Peninsula Ibérica, fins al 2004, hi havia cites de planaries terrestres en molt poques
localitats de la Peninsula i només hi havia tres espécies autoctones descrites (Microplana
terrestris a Menorca (Minelli, 1977); Microplana nana a Girona (Mateos i col. 1998) i
Rhynchodemus sylvaticus a diferents localitats del territori ibéric (Boix i Sala, 2001)). Al
2004, Mateos i col-laboradors van constatar la preséncia de planaries terrestres del genere
Microplana a diferents localitats del Montnegre-Corredor (Catalunya). Només s’ha registrat
la preséncia d’una espécie de planaria exotica, Bipalium kewense a Barcelona (Filella-Subir3,
1983), tot i que segurament n’hi ha d’altres.

L'abundancia i diversitat d’espécies que potencialment poden existir dins del marc
iberic és una dada encara per descobrir. Dels tres generes autoctons del continent Europeu
(Rhynchodemus, Microplana i Geobenazzia), dos d’ells ja han estat citats a la Peninsula,
essent, de moment, Microplana terrestris I'espécie més abundant.
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Objectius

1 OBJECTIUS GENERALS

Els objectius generals d’aquesta tesi son:

¢+ Resoldre la filogénia interna dels Continenticola i la de les planaries terrestres del Bosc
Atlantic de Brasil.
¢ Fer un estudi filogeografic amb planaries terrestres del Bosc Atlantic de Brasil per

investigar els processos evolutius que s’han donat dins i fora del corredor biologic de

la Serra do Mar. Fer un estudi similar, encara que a molt menor escala, amb planaries

terrestres de la Peninsula Ibérica i contrastar els resultats obtinguts.

2 OBJECTIUS ESPECIFICS

Els objectius concrets del primer objectiu general, referent a la filogénia molecular

>

Y

Determinar si certes regions del DNA (gens nuclears, ribosomals i mitocondrials)
sén informatives per resoldre les filogénies a nivell de Continenticola i de
planaries terrestres Neotropicals.

Augmentar el nombre de taxons en l'estudi de la determinacid de les relacions
filogenetiques internes dels Continenticola.

Esbrinar si les planaries terrestres constitueixen un grup monofilétic.

Aplicar els nous marcadors moleculars per resoldre la filogénia de les planaries
terrestres Neotropicals.

Per a abordar el segon objectiu general referent a la filogeografia molecular es pretén:

>

>

Avaluar la idoneitat de les planaries terrestres per a fer estudis filogeografics en
arees geografiques reduides.

Seleccionar les espeécies optimes per fer I'estudi filogeografic al Bosc Atlantic de
Brasil. Les espécies idonies seran aquelles que presentin distribucions solapades
en un mateix territori i nivells de variabilitat genética suficients.

Sequienciar el DNA de les regions COli ITS-1 a una quantitat important d’individus
en totes les poblacions de les espécies escollides.

Aplicar noves metodologies de modelitzacié bayesiana per tal d’inferir la historia
evolutiva que ha modelat les comunitats de planaries terrestres al centre (CAF)
i sud (SAF) del Bosc Atlantic de Brasil.

Comparar els patrons de variabilitat obtinguts amb planaries terrestres del Bosc
Atlantic de Brasil amb els de les del génere Microplana de la Peninsula Ibérica.

33



RESULTATS

35



Informe dels directors de la tesi especificant la participacié feta pel doctorand en cada
article, i si algun dels coautors d’algun dels treballs presentats en la tesi doctoral ha utilitzat,
implicitament o explicitament aquests treballs per a I’elaboraci6é d’una tesi doctoral

Els Drs. Marta Riutort Leon i Julio Rozas Liras, directors de la Tesi Doctoral elaborada per la Sra.
Marta Alvarez Presas, amb el titol “Filogenia i filogeografia molecular de planaries terrestres
(Tricladida, Platyhelminthes) del Bosc Atlantic de Brasil i de 1a Peninsula Ibérica”,

INFORMEN

Que la tesi doctoral esta elaborada com a compendi de 5 publicacions amb dades originals
(publicacions 1-2-3-4-5 en el cos central de la tesi):

1. ALVAREZ-PRESAS, M., BAGUNA, J. and RIUTORT, M., 2008. Molecular
phylogeny of land and freshwater planarians (Tricladida, Platyhelminthes): From
freshwater to land and back. Molecular phylogenetics and evolution, 47(2), pp. 555-
568. Factor d’impacte: 3.889. Ocupa la posicié 12 (sobre 45) dins la categoria de
Evolutionary Biology.

2. CARBAYO, F., ALVAREZ-PRESAS, M., OLIVARES, C.T., MARQUES, F. and
RIUTORT, M. Molecular phylogeny of the Neotropical subfamily Geoplaninae
(Platyhelminthes, Tricladida, Geoplanidae) with a morphological discussion. (en
preparacio).

3. ALVAREZ-PRESAS, M., CARBAYO, F., ROZAS, J. and RIUTORT, M., 2011. Land
planarians (Platyhelminthes) as a model organism for fine-scale phylogeographic
studies: understanding patterns of biodiversity in the Brazilian Atlantic Forest
hotspot. Journal of Evolutionary Biology, 24(4), pp. 887-896. Factor d’impacte:
3.656. Ocupa la posicid 16 (sobre 45) dins la categoria de Evolutionary Biology.

4. ALVAREZ-PRESAS, M., SANCHEZ-GRACIA, A., CARBAYO, F., ROZAS,
J. and RIUTORT, M. Molecular phylogeography of land planarians (Tricladida,
Platyhelminthes): Insights into the origin of biodiversity patterns in the southern
Brazilian Atlantic Forest hotspot. (en preparacid).

s. ALVAREZ-PRESAS, M., MATEOS, E., VILA-FARRE, M., SLUYS, R. and
RIUTORT, M. Evidence of the persistence of the land planarian species Microplana
terrestris (Miiller, 1974) (Platyhelminthes, Tricladida) in microrefugia during the
Last Glacial Maximum in the northern section of the Iberian Peninsula. Aquest
article s’ha enviat a la revista Molecular Phylogenetics and Evolution.
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A les publicacions 1, 3, 4, 5 i 6 la doctoranda va realitzar les tasques de seqiienciaci6 i d’analisi
filogenética i poblacional de les dades moleculars, havent participat també en les analisis de
coalescéncia i d’ABC de la publicacio6 4. A la publicacié 2 la doctoranda ha amplificat els gens EF-
la i ATPasa-a, a més d’obtenir algunes seqiiéncies de 28S rDNA, mentre que la resta de seqiiéncies
de I’article s’han obtingut al laboratori de la Universitat de Sdo Paulo per Cldudia Olivares. A les
publicacions 2, 3, 4 i 5, a més, va participar en el mostreig realitzat a Brasil i la Peninsula Ibérica i
va redactar el primer esborrany dels manuscrits. En tots els casos ha participat en I’elaboraci6 de la
redaccié final dels manuscrits. En cap cas s’ha utilitzat, implicitament o explicitament, els treballs
presentats en aquesta tesi per a 1’elaboraci6 d’una altra tesi doctoral.

Dra Marta Riutort Leon Dr. Julio Rozas Liras
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CariToL 1

Molecular phylogeny of land and freshwater planarians (Tricladida,
Platyhelminthes): From freshwater to land and back

Filogenia molecular de planaries terrestres i d’aigua dolca (Tricladida,
Platyhelminthes): un retorn a [’aigua dolca des del medi terrestre

Marta Alvarez-Presas, Jaume Bagufia i Marta Riutort

Molecular Phylogenetics and Evolution 47 (2):555-568 (2009)
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Resum

El subordre dels Tricladides (Ph. Platyhelminthes) compren els platihelmints de vida
lliure, taxondmicament agrupats en tres infraordres segons els seus requeriments ecologics:
Maricola (planaries marines), Paludicola (planaries d’aigua dolga), i Terricola (planaries ter-
restres). Donada la importancia biologica del grup en diferents camps, com per exemple el
desenvolupament, és molt important tenir-ne una classificacié solida. Alguns autors com I.
Ball o R. Sluys han intentat d’aconseguir-ne una filogénia mitjangant dades morfologiques,
perd la manca de sinapomorfies fa la tasca molt dificil. Les analisis moleculars han dem-
ostrat que els Paludicola sén parafiletics i que els Terricola sén el grup germa d’una de
les tres families de Paludicola, els Dugesiidae. No obstant aixd, ni el gen ribosomal 18S, ni
els arbres basats en el gen mitocondrial COIl han estat capagos de resoldre les relacions
entre les espécies de Terricola i Dugesiidae, i tampoc han permeés corroborar la monofilia
dels Terricola. En aquest article presentem noves dades moleculars, incloent seqiiéncies
de gens nuclears (18S rDNA i 28S rDNA) i un gen mitocondrial (COI), ampliant el mostratge
d’espécies de dugesids i planaries terrestres respecte els treballs anteriors. Les noves se-
gliéncies s’han analitzat, juntament amb les seqiiéncies obtingudes anteriorment, en anali-
sis independents i concatenades usant maxima versemblancga i métodes bayesians. Els re-
sultats, encara que algunes parts dels arbres segueixen presentant baixa resolucié, donen
suport a l'origen monofiletic de Terricola, seguit d’un possible retorn d’algunes espeécies
als habitats d’aigua dolca. Les relacions dins del grup monofiletic de Dugesiidae es resolen
amb claredat, i les relacions entre algunes subfamilies de planaries terrestres també estan
clarament establertes i apunten a la necessitat d’una profunda revisié de la taxonomia dels
Terricola.
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Abstract

The suborder Tricladida (phylum Platyhelminthes) comprises the well-known free-living flatworms, taxonomically grouped into three
infraorders according to their ecology: Maricola (marine planarians), Paludicola (freshwater planarians), and Terricola (land planari-
ans). Molecular analyses have demonstrated that the Paludicola are paraphyletic, the Terricola being the sister group of one of the three
paludicolan families, the Dugesiidae. However, neither 18S rDNA nor COI based trees have been able to resolve the relationships among
species of Terricola and Dugesiidae, particularly the monophyly of Terricola. Here, we present new molecular data including sequences
of nuclear genes (185 rDNA, 285 rDNA) and a mitochondrial gene (COI) of a wider sample of dugesiid and terricolan species. The new
sequences have been analyzed, together with those previously obtained, in independent and concatenated analyses using maximum like-
lihood and bayesian methods. The results show that, although some parts of the trees remain poorly resolved, they support a monophy-
letic origin for Terricola followed by a likely return of some species to freshwater habitats. Relationships within the monophyletic group
of Dugesiidae are clearly resolved, and relationships among some terricolan subfamilies are also clearly established and point to the need

for a thorough revision of Terricola taxonomy.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Within the free-living Platyhelminthes the triclads or
planarians are perhaps the best known group, largely as a
result of intensive research concerning cellular regeneration,
pattern formation and, most recently, Hox gene expression
(for a general review see Salé and Baguiia, 2002). Planarians
are globally distributed, occurring in marine, limnic and ter-
restrial environments. Recently, interest in the terrestrial
planarians has been stimulated as a result of the introduc-
tion of non-native predatory species in regions where they
have achieved pest status, e.g. in the case of the New
Zealand flatworm, Arthurdendyus triangulatus, and its inva-
sion of the British Isles and continental Europe (Jones and
Boag, 1996). Terrestrial planarians also seem to be good

* Corresponding author. Fax: +34 934 034 420.
E-mail address: mrintort@ub.edu (M. Riutort).

1055-7903/$ - see front matter ® 2008 Elsevier Inc. All rights reserved.
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biodiversity indicators (Sluys, 1999). In view of their biolog-
ical importance in so many fields, a robust phylogenetic
scheme is required both for taxonomic and comparative
purposes.

The Tricladida was long considered a suborder (Ehlers,
1985) within the order Seriata, being a sister group to
the suborder Proseriata. However, the new phylogenies
obtained from molecular data (Willems et al., 2006; for a
review see Baguna and Riutort, 2004) all point to the Tri-
cladida being part of a clade of Rhabditophoran Platyhel-
minthes that includes the Prolecitophora and a group made
up of four parasitic genera, this clade being in most analy-
ses the sister group to the Rhabdocoela, although with low
support. For over 100 years systematists have recognized
three major groups within the Tricladida, for which they
used Hallez (1890) ecological names: Paludicola, Terricola,
and Maricola. A fourth clade, the Cavernicola which
contained taxa formerly assigned to the Maricola but with
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apparent closer affinities to the Paludicola was proposed by
Sluys (1990). The taxonomic rank of these groups has
shifted between that of suborder and infraorder, the latter
being the accepted rank today. The systematic and phylo-
genetic relationships of these infraorders have been dis-
cussed on the basis of morphological and ultrastructural
characters by Ball (1977, 1981); Sopott-Ehlers (1985), and
Sluys (1989a). Within triclads, Ball (1977, 1981) considered
Terricola (defined by its complex diploneural nervous sys-
tem) as the sister group of an undefined (no synapomor-
phies disclosed) clade formed by Maricola and Paludicola
(Haploneura). Whereas no synapomorphies were found
for the Maricola, two presumed synapomorphies defined

A 0. SERIATA

the Paludicola: their reduced precerebral diverticula and
the probursal condition of the intestine.

Reassessment of previously used characters and the
introduction of new ones were the basis of a new phyloge-
netic scheme by Sluys (1989a) (Fig. 1A). The new characters
were found to support the monophyly of the Tricladida, the
Terricola, the Maricola and the Paludicola, as well as to
suggest the existence of a new clade, the Terricola-Paludi-
cola clade. All infraorders were considered monophyletic.
Under this scenario, land planarians evolved from marine
ancestors whereas freshwater planarians came either from
a land planarian ancestor or from a marine ancestor
common to land and freshwater planarians.

S. 0. Proseriata

S. 0. Tricladida

I. 0. Terricola

B o©. Prolecithophora

I. 0. Paludicola

Dugesiidae PlanariidaeDendrocoelidae

0. Tricladida

I. O. Maricola

I. O. Continenticola

Planariidae Dendrocoelidae Dugesiidae  Terricola

10 N

Fig. 1. (A) Phylogenetic relationships of the Tricladida based on morphological characters according to Sluys (1989a); (B) phylogenetic hypothesis for the
Tricladida based on molecular characters (1858 rDNA sequences and an 185 rDNA duplication event) (Carranza et al., 1998a). Dashed lines indicate
groups that are not well-supported in the molecular phylogenetic analysis. Black circles indicate the hypothesized autapomorphies for each phyletic line.
(1) Haftpapillen in annular zone; (2) loss of Haftpapillen; (3) resorptive vesicles; (4) reduction number of longitudinal nerve cords; (5) four subepidermal
muscle layers; (6) spermatophore; (7) probursal condition; (8) common oviduct opening into atrium; (9) dendrocoelid pharyngeal musculature; (10)
anterior adhesive organ; (11) creeping sole; (12) diploneuran nervous system; (13) multicellular eye cup with numerous retinal cells; (14) two types of 188

rRNA genes.
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A radically different view of infraorder relationships
of Tricladida emerged from molecular studies based on
sequences of 185 ribosomal genes, later confirmed by
a molecular synapomorphy, the presence of a duplica-
tion of the ribosomal gene cluster shared by the Terri-
cola and the family Dugesiidae of the Paludicola
(Carranza et al., 1998a,b; Fig. 1B). The resulting phylo-
genetic trees strongly indicated that the Paludicola is
paraphyletic since the dugesiids share a more recent
common ancestor with the terricolans than with the
remaining paludicolans. As a result, the infraorders Ter-
ricola and Paludicola became redundant and were
replaced by a new taxon, the Continenticola (Carranza
et al, 1998a). A study using cytochrome oxidase I
(COI) sequences (Bagufia et al., 2001), lends further
support to the clustering of Terricola and Dugesiidae
and to the sister group status of the Planarii-
dae + Dendrocoelidae. However, neither 18S gene nor
COI gene sequences support the monophyly of either
the Terricola or the Dugesiidae, rendering them, so
far, paraphyletic.

Relationships within the infraorders based on mor-
phological characters have been considered in some
detail within the Maricola (Sluys, 1989b) and the Paludi-
cola (Ball, 1974; De Vries and Sluys, 1991; Sluys, 1989a),
but not for the Terricola. Within the Paludicola, Ball
(1974) recognized three families: Dugesiidae Ball, 1974,
Planariidae Stimpson, 1857, and Dendrocoelidae Hallez,
1894. Planariidae plus Dendrocoelidae, or Planarioidea,
were considered the sister group of the F. Dugesiidae
(Ball 1981). In Ball’'s proposal some uncertainties were
left open, one of them being the closer similarities in
eye structure between the Dugesiidae and the land pla-
narians (Terricola) than between Dugesiidae and the
non-dugesiid members of the Paludicola (Ball 1981; Sluys
1989a, b). However, in the new phylogenetic scenario
based on the molecular data, the complex eye structure
of the Dugesiidae was considered a synapomorphy for
the new Dugesiidae + Terricola clade (Carranza et al,
1998a) (Fig. 1B). The Terricola are taxonomically
divided into three families (Geoplanidae Stimpson 1857,
Bipaliidae Stimpson 1857 and Rhynchodemidae Graff
1896) which are divided into a number of subfamilies
(Supplementary data 1). Although some hypotheses on
the ancestry of one or other subfamilies have been pro-
posed (Marcus, 1953; Froehlich, 1967; Winsor et al.,
1998), no cladistic study has been undertaken for this
group of triclads.

In summary, to date molecular data strongly indicate
that Dugesiidae and Terricola constitute a monophyletic
group. However, the origin of the terricolan species is
uncertain, So far molecular data do not lend support to
the monophyly of this group (and hence to the Dugesiidae)
because different terricolan species cluster with different
dugesiid species. This opens the possibility of multiple inde-
pendent origins for the transition from freshwater to terres-
trial habitats.

Fhyiog
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To address these uncertainties, we have obtained new
18S and COI sequences and chosen four new genes to be
tested for the presence of phylogenetic signal for the Tri-
cladida (two nuclear genes, Histone H3 and 28S rDNA,
and two mitochondrial ones, 16S and 12S rDNA). These
genes were selected because they have been shown to be
of use in similar studies for other groups of organisms.
We have also undertaken denser taxon sampling, gather-
ing representatives for 61 Tricladida, including represen-
tatives of 7 out of 9 genera of Dugesiidae, and of all but
one subfamily of Terricola (Table 1, Supplementary data
1). Of the four new genes tested only two were amplifi-
able from the Tricladida, and only one of these was
informative (28S rDNA). The 28S sequences and the
new sequences obtained for the two types of 185 rDNA
and COI were analyzed together with those already exist-
ing in GenBank with the aims of: (1) further testing the
new triclad phylogeny drawn from molecular data; (2)
clarifying the monophyletic status of the Terricola and
Dugesiidae; and (3) inferring the internal phylogeny of
the Dugesiidae + Terricola clade.

2. Material and methods
2.1. Organisms

Table 1 lists the species studied with their taxonomic
affiliation and the region of origin of the population stud-
ied (when known). New sequences obtained in this study
are indicated with a superscript index letter.

2.2. DNA extraction, gene amplification, cloning and
sequencing

High molecular weight DNA was purified from live or
ethanol fixed specimens according to a modification of
the guanidine isothiocyanate method (Carranza et al,
1998a,b) originally described for RNA (Chirgwin et al
1979).

Specific primers (Table 2) were used to amplify the entire
length of the 18S rDNA and partial sequences for COI,
168, 12§, Histone H3 and 28S rDNA genes. The annealing
temperatures used for each pair of primers are also speci-
fied in Table 2.

For 188 and 28S rDNA genes, the PCR products
were cloned using HTP TOPO TA Cloning® Kit for
Sequencing (Invitrogen). At least tem colonies were
sequenced for each species in search of the two types
of sequences present in Dugesiidae and Terricola species.
For the other genes, amplification products were
sequenced directly using the same primers used in the
PCR reaction. For cloned products, T3 and T7 primers
supplied by the manufacturer of the sequencing kit were
used. In all cases both chains were sequenced using Big-
Dye (3.1, Applied Biosystems) and an automated sequen-
cer ABI Prism 3730 (Unitat de Genomica dels Serveis
Cientifico-Técnics de la UB).
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Table 1
List of samples used in this study with sampling locality and GenBank accession numbers
Species Region of origin 18S rRNA * 288 rRNA col
Type 1 Type Il
Maricola
Family Procerodidae
Procerodes littoralis Teeland 799950 DQ665985° DQ666050°
Pracerodes plebeja Iceland DQ665997° DQ665987° DQ666051°
Family Bdellouridae
Subfamily Bdellourinae
Bdelloura candida 799947 AY157154 DQ666029°
Subfamily Palombiellinae
Palombiella stephensoni New Zealand DQ666008" DQ665988°
Family Cercyridae
Cercyra hastata Catalonia (Spain) DQ665995" DQ665962°
Continenticola
Superfamily Planarioidea
Family Planariidae
Phagocata wllala Catalonia (Spain) AF013149
Phagocata vitta Catalonia (Spain) DQ665998° DQ665989° DQ666052°
Phagocata sibirica 799948
Phagocata sp. Catalonia (Spain) AF013150 DQ665990° DQ666053°
Crenobia alpina Switzerland M58345 DQ665960° AF178308
Polycelis nigra Catalonia (Spain) AF013151
Polycelis tenuis Catalonia (Spain) Z99949 AF022762 AF178321
Polycelis felina Catalonia (Spain) DQ665996" DQ665984° DQ666049°
Family Dendrocoelidae
Subfamily Dendrocoelinae
Dendrocoelum lacteum France AJ312271 DQ665967° AF178312
Dendrocoelopsis lactea Menorca (Spain) D85087
Baikalobia guttata Russia Z99946
Dugesiidae + Terricola
Family Dugesiidae
Cura pinguis New Zealand AF033043 DQ665963° AF178309
Dugesia gonocephala Netherlands DQ666002° DQ665965° DQ666033"
Dugesia etrusca Italy AF178310
Dugesia japonica Japan AF013153 D83382 DQ665966 DQ666034°
Dugesia ryukyuensis Japan AF050433 DQ665968° AF178311
Dugesia sicula Catalonia (Spain) DQ665969" DQ666035°
Dugesia subtentaculata Spain M58343 AF013155 DQ665970° DQ666036"
Girardia anderlani Brasil DQ666013° DQ665972° DQ666038"
Girardia dorotocephala Indiana (USA) AF178314
Girardia schubarti Brasil DQE66015° DQ665976" DQ666041°
Girardia tigrina Montpellier (France) AF013157 AF013156 DQ665977° DQ666042°
Neppia montana AF050432 AF178319
Neppia sp. New Zealand DQ665999" DQ665982° DQ666046°
Romankenkius libidi 799951 AF022766
Schmidtea mediterranea Catalonia (Spain) U31084 U3108s DQ665992° AF178322
Schmidtea polychroa Catalonia (Spain) AF013152 AF013154 DQ665993° AF178323
Schmitdea lugubris AF290022
Schmidtea nova AF290023
Spathula sp. New Zealand DQ666007" DQ665994° AF178324
Spathula alba New Zealand DQ666009° DQ666006" DQ665991° DQ666054°
Terricola
Family Bipaliidae
Bipalium adventitium Leingston (USA) DQ666000° DQ665956" AF178306
Bipalium kewense AF033039 AF033045 AF026119/AF022756
Bipalium multilineatum Japan DQ666012° DQ665957
Bipalium nobile Japan DQ666001° DQ665958"
Bipalium sp. Japan DQ665959° AF178307
Novibipalium venosum Japan DQ666019* DQ665981° DQ666048"

(continued on next page)
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Table 1 (continued)
Species Region of origin 185 rRNA ° 288 rRNA co1
Type I Type 1T
Family Geoplanidae
Subfamily Caenoplaninae
Artioposthia testacea Marlborough (Australia) DQ666010° DQ665952" AF178305
Artiaposthia sp. Australia L41133 DQ666011° DQ665954" AF178325
Arthurdendyus triangulatus AF033038 AF033044 DQ665953" DQ666027°
Caenoplana caerulea Liverpool (UK) AF033040 AF033046 DO665961° DQ666030°
Caenoplana sp. AF048765 DQ665964" DQ666031°
Caenoplana sp.4 DQ666032°
Newzealandia sp. AF050431
Australoplana sp. Australia AF033041 AF050434 DQ665955" DQ666028°
Subfamily Geoplaninae
Geoplana burmeisteri Santinhos (Brasil) b DQ665973° DQ666039°
Geoplana ladislavii Brasil DQ666005° DQ665975° AF178315
Geoplana quagga Brasil DQ666014° DQ665974° DQ666040°
Geoplana sp. Uruguay DQ666016° DQ665978" DQ666043"
Notogynaphallia sp. Sao Leopoldo (Brasil) DQ666018° DQ665983° DQ666047°
Family Rhynchodemidae
Subfamily Rhynchodeminae
Dolichoplana sp. 38 DQ665971° DQ666037°
Platydemus manokwari Townsville (Australia) AF048766 DQ665986° AF178320
Subfamily Microplaninae
Microplana nana Catalonia (Spain) AF033042 AF178316
Microplana scharffi Cornwall (UK) AF050435 DQ665979° b
Microplana terrestris Catalonia (Spain) AF178318
Microplana sp. Catalonia (Spain) DQ666017° DQ665980° DQ666045°
* Only species belonging to the Dugesiidae + Terricola clade have two types of 185 rDNA gene. The rest have only one type.

® Sequences obtained for this study.

Table 2
Forward (F) and reverse (R) PCR primers (also used in sequencing)
Name Sequence 5'-3' Annealing temperature (°C) Source
188 rRNA 45
18S_IF TACCTGGTTGATCCTGCCAGTAG Carranza et al. (1996)
185_5R CTTGGCAAATGCTTTCGC Carranza et al. (1996)
188_5F GCGAAAGCATTTGCCAAGAA Carranza et al. (1996)
18S_SR GATCCTTCCGCAGGTTCACCTAC Carranza et al. (1996)
1BS_4F CCAGCAGCCGCGCTAATTC Carranza et al. (1996)
18S_7R GCATCACAGACCTGTTATTGC Carranza et al. (1996)
288 rRNA
285 _IF TATCAGTAAGCGGAGGAAAAG 52 This study
288 3R CCTTGGGTCCGTGTTTCAAGAC 52 This study
288 2F CTGAGTCCGATAGCAAACAAG 49 This study
28S_4R CCAGCTATCCTGAGGG 49 This study
288_3F GTCTTGAAACATGGACCAAGG 53 This study
288_6R GGAACCCCTTCTCCACTTCAGT 53 This study
col 43
COlpr-a2 AGCTGCAGTTTTGGTTTTTTGGA Bessho et al. (1992)
COlpr-b2 ATGAGCAACAACATAATAAGTATCATG Bessho et al. (1992)
168 45
165A CGCCTGTTTATCAAAAACAT Armedo et al. (2004)
16SB2 CTCCGGTTTGAACTCAGATCA Arnedo et al. (2004)
128 40
12SbS TGAGGAGGGTGACGGGCGGT
12SA CTGGGATTAGATACCCCACTAT
H3 48
H3a_F ATGGCTCGTACCAAGCAGAC(AGC)GC Colgan et al. (1998)
H3a_R ATATCCTT(AG)AT(AG)GTGAC Colgan et al. (1998)

47



Filogenia dels Tricladides

560 M. Alvarez-Presas et al. | Molecular Phy
2.3. Sequence alignment

Alignments were obtained for those sequences success-
fully amplified (18S type I and type II, 28S, COI and
16S). SeqEd (v. 1.03, Applied Biosystems) was used to
revise the chromatograms and obtain the definitive
sequences. ClustalX (v. 1.8; Thompson et al., 1997) was
used to align the sequences, and the alignments were finally
revised by hand with the help of a computer editor (BioEd-
it v. 7.0). New 18S sequences were added to an existing
alignment based on their secondary structure. The COI
gene was aligned using the amino acids and then retrans-
lated to nucleotides. In all cases, those positions that could
not be unambiguously aligned were subsequently excluded
from the analyses.

Individual alignments were merged in a concatenated
alignment. Because species sampling for all genes was not
identical (due to difficulties in amplifying certain genes,
or insufficient amounts of sample) only those species with
at least two completely sequenced genes were used in the
concatenated alignment (Table 1). Missing genes were
denoted as Ns.

The sequence alignments and the weighting masks that
determine the nucleotides positions taken for the analyses
are available from the authors and can also be downloaded
from http://www.ub.es/geisan/MARTA_2.HTML.

2.4. Phylogenetic analysis

Prior to the reconstruction of phylogenies, a relative rate
test for all taxa and for each gene was performed in
RRTree (Robinson-Rechavi and Huchon, 2000), each
taxon considered as a separate lineage. A saturation test
was also performed for each gene using DAMBE (Xia
and Xie, 2001) and a nucleotide composition test was run
using TreePuzzle v. 5.2 (Schmidt et al., 2002).

To assess the orthology of the ribosomal sequences (i.e.
their belonging to either the type I or type II of ribosomal
cluster) for the dugesiid and terricolan species Neighbor-
joining (NJ) trees were inferred. For 18S the two types of
sequences were present while for 28S only one type of
sequence was recovered. Henceforth, for 185 two indepen-
dent alignments were used (named 18S-t1 and 18S-t2), one
for each type of sequence, using the 18S sequences from the

ics and Evolution 47 (2008) 555-568
Planarioidea and the Maricola triclads as the outgroup in
both cases.

For phylogenetic inference six different datasets
(Table 3) were analyzed: each gene independently (COI,
18S-t1, 185-t2 and 28S datasets), the four genes concate-
nated (complete dataset), and a concatenated set excluding
COI sequences (hence called t1 + t2 + 28 dataset).

NJ analyses and bootstrap resampling (1000 repli-
cates) were performed using the set of programs in the
PHYLIP package (Felsenstein, 1993), correcting the dis-
tances with the two-parameter method of Kimura
(1980). ML trees were inferred using FastDNAml (Fel-
senstein, 1981; Olsen et al., 1994), with global and jum-
ble options; the gamma distribution was implemented
using the parameters (eight categories) inferred with
TREE-PUZZLE (v.5.2; Schmidt et al., 2002). Bootstrap
values with FastDNAml were calculated only for the
t1 + t2 + 28 dataset (due to time limitations) using a par-
allel version of the program (http://rac.uits.iu.edu/hpc/
fastDNAml/index.shtm) at the MareNostrum supercom-
puter (Barcelona Supercomputing Center, BSC, IBM).
BI trees were inferred using MrBAYES v. 3.0 (Ronquist
and Huelsenbeck, 2005) with the model recommended by
Modeltest (v. 3.6, Posada and Crandall, 1998) under the
Akaike information criterion. One million generations for
two independent runs were performed, to calculate the
consensus tree the first 100,000 trees in the sample were
removed to avoid including trees sampled before likeli-
hood values had reached a plateau. For concatenated
datasets the parameters for the model were unlinked
for each gene.

Representatives of maricolans were chosen to root the
Continenticola tree because they are known to be its sister
group (Carranza et al., 1998a,b; Bagufia et al., 2001). For
the Terricola + Dugesiidae trees, species of Dendrocoeli-
dae and Planariidae were chosen because they represent a
closer root (see Section 3).

Competing topologies based on previous hypothesis
were evaluated. The alternative topologies were con-
structed using TreeView and the approximately unbiased
test (AU, Shimodaira, 2000) was performed (RELL;
1,000 replicates) in CONSEL (Shimodaira and Hasegawa,
2001), PAUP (Swofford, 2000) was used to prepare the
input dataset for CONSEL.

Table 3

Number of sequences analysed for each gene and taxonomical group, the numbers in parenthesis indicate the number of sequences obtained for this study

Group 185 rRNA type [{t1) 18SrRNAtypell (12) 28S rRNA (28) COI TI+T2+28 Complete

Maricola 5(3) 5(3) 5(4) 3(3) 5 5

Planarioidea 11{2) 11{2) 6(5) 6(3) 6 7

Dugesiidae %2) 11(5) 14(13) 19(9) 14 16

Terricola 6 17(12) 21(20) 21(13) 20 2

Total 347 44(22) 46(42) 49(28) 45 50

Total number of nucleotides in the 1690 1690 1495 206 4875 5081
alignment

The last row indicates the length in nucleotides of the final alignment for each gene.

48



Capitol 1

Resultats

M. Alvarez-Presas et al. | Molecul
3. Results
3.1, New genes tested and sequences obtained

Of the 4 new genes to be tested as markers for phyloge-
netic inference in the Tricladida (nuclear: 28S rDNA, His-
tone H3; mitochondrial: 16S and 125 rDNA), two (Histone
H3 and 128) could not be amplified despite multiple
attempts under different PCR conditions. Primers used
were universal and had been used previously in multiple
studies. However, triclads might have sequence variations
that hindered amplification. For 168, sequences were
obtained for 9 species (A. triangulatus, B. adventitium, Den-
drocoelum, C. alpina, S. alba, S. mediterranea, G. doroto-
cephala, B. multilineatum and D. subtentaculata), but after
alignment they showed a degree of variability unsuitable
for the level of analysis required. Therefore sequencing of
16S was rejected. Finally, 285 was successfully amplified
for most species.

Table 1 lists the studied species and successfully
sequenced genes in this and previous studies. A total of
seven new 18S type I, 22 type II, 42 28S and 28 COI
sequences were obtained.

To avoid sequences carrying misleading phylogenetic
information, tests were run prior to analysis. First, all
sequences were found to have the same nucleotide compo-
sition. Moreover, the relative rate test showed that all pairs
of sequences had equivalent rates of substitution. There-
fore, neither biased nucleotide composition nor long-
branch attraction problems among species seem likely.

3.2. Individual gene phylogenies

The number of sequences used in each analysis and the
total length of each alignment is summarized in Table 3.
For the COI gene (COI dataset), graphical analysis of sat-
uration indicated the need to remove third codon positions.
In fact, all three codon positions showed this molecule to
be quite saturated.

Bayesian trees (not shown) were inferred from the four
independent datasets using maricolans as outgroup. In all
cases, the rooting resulted in Planariodea being the sister
group of the Dugesiidae + Terricola clade. This topology
confirms, using independent datasets, that paludicolans
are paraphyletic because they include the Terricola, which
have a closer relationship to the Dugesiidae, as previously
shown (Carranza et al., 1998a,b; Baguna et al., 2001).

BI trees obtained from these independent datasets using
planarioidea as outgroup are shown in Supplementary data
2 (A, 18S-tl; B, 18S-t2; C, 28S; D, COI). The 18S-t1 and
COI trees do not contain enough information to address
the main questions posed for this study. For the former,
this is due to poor sampling of dugesiid + terricolans.
For the latter, despite rich sampling, the short length of
the sequences and their saturation leads to a lack of resolu-
tion, giving rise to large polytomies (in which nodes with
posterior probabilities under 0.5 have been collapsed).
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The 18S-t2 and 28S trees have better resolved topologies
and show some well-supported coinciding clades: the clus-
tering with maximum support of the genera Dugesia and
Schmidtea; the unexpected clustering, also with maximum
support, of the Rhynchodeminae with the Caenoplaninae;
and the monophyly of families and subfamilies within the
Terricola (Geoplaninae, Caenoplaninae, Microplaninae,
Rhynchodeminae and Bipaliidae) and of some dugesiid
genera (Schmidtea and Dugesia). A second unexpected
result is the grouping, also supported in both trees, of
two dugesiid genera (Spathula and Romankenkius) within
a terricolan clade, despite having a different sister group
in each tree.

3.3. Concatenated phylogenies

For the whole alignment the average amount of missing
data is 25%, with six species having ambiguous characters
(N’s, gaps and IUPAC uncertainties) over 50% (Geoplana
sp. (52.78%), Notogynaphallia (50.82%), G. anderlani
(51.58%), M. nana (57.74%), D. sicula (54.18%), N. mon-
tana (62.72%)).

From this dataset we inferred a first bayesian tree using
the species of Maricola as outgroup. The tree obtained
(Fig. 2A) showed, as expected, the Planarioidea as the sis-
ter group to the Dugesiidae + Terricola. Noteworthy fea-
tures of this tree are the length of the branch separating
the Maricola from the ingroup and the large distances
between genera, distinctly greater than those for the other
clades. Using the Planarioidea as outgroup the tree
obtained (Fig. 2B) is basically similar to that of Fig. 2A
though some posterior probability values have increased
(green circles in Fig. 2B), probably due to removal of
homoplasies (noise) generated by the too distant maricolan
outgroup. A new tree was then inferred using maximum
likelihood (Fig. 2C). Surprisingly, the main difference
between BI and ML trees is their different rooting points.
While in the BI tree the outgroup roots the Dugesii-
dae + Terricola in the branch leading to the Geoplaninae
(Fig. 2B), in the ML tree (Fig. 2C) the outgroup roots
the Dugesiidae + Terricola at the branch leading to the
dugesiid genus Neppia.

Next we examined the effect of removing COI sequences
from the concatenated dataset. Independent analyses of
COI data (Suppplementary data 2D) had shown this mol-
ecule to be non-informative at the level we were interested
in. In this new dataset, some species were removed to avoid
an increase in the missing data (again, only species with
more than two genes were included). The trees obtained
using BI and ML methods had identical topologies
(Fig. 2D). Posterior probabilities compared to those of
the previous tree (Fig. 2B) were usually higher (green cir-
cles in Fig. 2D), bootstrap values for ML were also
calculated.

The above-mentioned rooting problem prompted us to
carry out further analyses. We inferred a phylogeny with-
out outgroup from the complete dataset using BI and
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site. T" and D” stand for Terricola” and Dugesiidac’, respectively.

ML (Fig. 3). The resulting trees have the same general
topology, even when COI was not included only minor dif-
ferences were observed in the relationships within or
among some genera. A NI tree including outgroup was
also inferred (not shown, see Section 4 for an explanation).
For this tree the rooting point was in the branch separating
Dugesiidae” from Terricola®.
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Comparison of all the trees reveals several regularities,
some highly supported. Firstly, for the concatenated align-
ment the paludicolan genera Spathula and Romankenkius
always group within the Terricola clade. For this reason,
and from now on, we will define Dugesiidae” as the group
of dugesiids analysed, excluding the paludicolan genera
Romankenkius and Spathula, and Terricola® as the group
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constituted by all the terricolans plus those two paludicol-
an genera. A monophyletic Dugesiidae” appears in all trees
except in the ML tree obtained with the complete dataset
(Fig 2C), in which the outgroup roots the tree in the
long-branch leading to the genus Neppia, thus rendering
the Dugesiidae” paraphyletic. Within the Dugesiidae®, the
genera Girardia and Neppia branch first, in that order, fol-
lowed by a highly supported Dugesia, Schmidtea, and Cura
clade, within which the groupings vary depending on the
dataset (compare Figs 2 and 3).

A monophyletic Terricola® was recovered in the ML
tree using the complete dataset (Fig. 2C) and also when
no outgroup was included (Fig. 3, 092 PP for the
branch separating Dugesiidae® from Terricola®). This
group is also recovered in NJ analyses (trees not shown)
both with the complete and the tl + 12 + 28 datasets (87
and 72 Bootstrap support, respectively). In all other
cases, the outgroup roots the tree within the branch lead-
ing to the Geoplaninae, rendering the Terricola® para-
phyletic. Within the monophyletic Terricola® the
branching order is also well reproduced: first the Bipalii-
dae, followed by two groups, both with low support. The
first is a paraphyletic Geoplanidae that includes the

Rhynchodeminae (belonging to the Rhynchodemidae)
as the sister group to the Caenoplaninae (always with
high support). This anomalous grouping appears in all
trees, even when the Terricola® is not monophyletic.
The second group, also anomalous, groups the Microp-
laninae (the second subfamily of the Rhynchodemidae
examined in this study) with two paludicolan genera,
Romankenkius and Spathula, though this is not always
highly supported (Fig. 2B: 0.84; Fig. 2D: 0.97: Fig. 3:
0.69).

3.4. Comparison of topologies {hypothesis testing)

Alternative topologies (Table 4) were tested against the
best tree obtained with the 18-t]1 + 18-12 + 28 dataset using
ML and BI (see topology in Fig. 2D). First, to test the
monophyly of the Terricola®, we compared two trees with
a monophyletic Terricola® but with different internal topol-
ogies: Geoplaninae as basal terricolans (Table 4; 2a), or
reproducing the relationships found in cases where the Ter-
ricola® are monophyletic (Fig. 2C and 3, Table 4; 2b).
While the tree with basal Bipaliidae was not significantly
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Table 4

Comparison of topologies using the approximately unbiased test

Likelihood P

(1) Original tree (Fig. 3D) Best

(2) Monophyly of the Terricola”
(a) Geoplaninae basal 35989.75763313 0.025*
(b) Bipaliidae basal 35983.43218467 0.238

(3) Positions for the genera R, kenkius and Spathul
(a) Basal group to the monophyletic Terricola” with Geoplaninae in a basal position 36006.82646531 0.004°
(b) Basal group to the monophyletic Terricola® with Bipaliidae in a basal position 36000.74366904 0.024*
(c) Basal group to the rest of the Dugesiidae” 35986.87693657 0.010*
(d) Basal group to the rest of the Dugesiidae” being Terricola” monophyletic with Geoplaninae basal 36016.39940067 2e-006"
(e) Basal group to the rest of the Dugesiidae” being Terricola” monophyletic with Bipaliidae basal 36006.80022066 0.007*
(f) Sister group to the rest of the Dugesiidae + Terricola 36009.94675608 0.002°
(g) Sister group to the rest of the Dugesiidae + Terricola, Terricola” monophyletic with basal Geoplaninae 36015.41664591 9e-007*
(h) Sister group to the rest of the Dugesiidae + Terricola, Terricola” monophyletic with Bipaliidae basal 36005.70958814 0.008"

(4) Position of the Rhinchodeminae
(a) Geoplaninae as sister group to the Caenoplaninae plus the Rhynchodeminae 35986.21495170 0.103
(b) Rhynchodeminae forming a monophyletic group with the Microplaninae 36021.44905437 9e-006"
(c) Rhynchodemidae monophyletic with Spathula and Romankenkius as sister group 36039.74753573 7e-005"
{d) Geoplanidae monophyletic, and Rhynchodemidae monophyletic too 36050.32814784 3e-004"
(e) Geoplanidae monophyletic, and Rhynchodemidae too, with Spathula and R kenkius as sister group 36059.04334583 Je-004"

* Hypothesis rejected when P values < 0.05 for the approximately unbiased test.

worse than the best, the one with Geoplaninae branching
first was significantly worse.

Secondly, we tested different positions for the genera
Romankenkius and Spathula: as a basal group to the Terri-
cola (Table 4; 3a and b), as a sister group to the rest of the
Dugesiidae (Table 4; 3c—e), and as a sister group to the rest
of the Dugesiidae + Terricola (topologies 3f~h, Table 4). In
all cases, the alternative trees were significantly worse than
the best tree,

Finally, we examined the position of the Rhynchodemi-
nae, testing a tree with a monophyletic Terricola® in which
the Geoplanidae included the Geoplaninae as a sister
group to the Caenoplaninae plus the Rhynchodeminae
(see trees 2C and 3, topology 4a in Table 4). This topology
was not significantly worse than the best. If the Rhyncho-
deminae was moved to form a monophyletic group with
the Microplaninae (also belonging to the Rhynchodemi-
dae, topologies 4b—e, Table 4) the new topology was always
worse, irrespective of whether Romankenkius + Spathula
was kept within this clade or elsewhere in the tree.

4. Discussion
4.1. New data and informative content of the four genes used

Carranza et al. (1999) showed that the two ribosomal
gene clusters present in Dugesiidae and Terricola evolved
independently, being homogenised by concerted evolution
within each of them, but not between them. This allows
the two types of ribosomal genes to be used as independent
data with which to infer the internal phylogeny of the Con-
tinenticola, increasing the amount of phylogenetic informa-
tion available. Hence, we had three sets of data from the
ribosomal cluster: 18S type I (18S-tl), 18S type II (18S-
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12) and 28S (unknown type, 28S). The independent analy-
ses of the three datasets (Suppplementary data 2) show
18S-t1 to have less resolving power than 18S-t2, probably
due to the poor sampling of Dugesiidae + Terricola 18S-
t]1 and, most importantly, to its lower rate of substitution.
18S-12 evolves on average 2.3 times faster than 18S-t1 (Car-
ranza et al., 1999). 28S was sampled from more species, and
its rate of substitution is higher than that of 18S-t2. This
increases the information content at the family and higher
taxonomic levels, while it does not exceed the threshold
separating informative variation from homoplasy.

For COI there was good Continenticola sampling. How-
ever, all evidence (e.g. saturation tests, length of the
branches in the tree, and lack of resolution at the family
and upper taxonomic levels) shows this molecule to be
too variable at this taxonomic level. At the genus level,
while COI sequences show slow rates of change within
and between some terrestrial genera (Geoplana, Artiopos-
thia, Australoplana, Caenoplana), it shows a high degree
of variation within others, namely paludicolans (Dugesia,
Schmidtea, Girardia). This indicates that COI can help to
set out internal relationships within these latter genera,
but not the former.

For the 168 mitochondrial gene we also found an excess
of variation in the comparisons within the Continenticola.
Combined with the COI results, this clearly indicates that
the mitochondrial genome is not a good source of informa-
tion for the Continenticola phylogeny.

4.2. Continenticola phylogeny, new strategies

The final data matrix of the concatenated dataset had a
mean 25% missing data. Recent studies (Wiens, 2005; Phi-
lippe et al., 2004) demonstrate that the presence of missing
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data (even reaching 90%) does not negatively affect the
phylogenetic inference but, rather, it seems to increase res-
olution thanks to higher species sampling. Our results show
that concatenated alignments increase the resolution of the
inferred phylogenies compared to those from independent
datasets. However, the fact that for the complete dataset
the support values for most clades are lower than those
obtained in the set excluding the COI gene (compare Figs.
2B and D) indicates that the inclusion of an excessively var-
iable gene does not substantially improve the information
content but, on the contrary, increases the noise/signal
ratio, obscuring the information content of the other
molecules.

4.3. Rooting problems

Comparison of the trees obtained with the different
datasets and methods shows in most cases the Terrico-
la + Dugesiidae rooted at a branch within the Terricola®,
namely the branch leading to Geoplaninae (Figs. 2A, B
and D) or, in some cases, to Bipaliidae (not shown). In
the remaining cases, they are rooted at the branch leading
to the genus Neppia (Fig. 2C) within the Dugesiidae®. In
the unrooted tree (Fig. 3) the internal branches are clearly
extremely short compared to the branches leading to fam-
ilies or genera. In particular, the three alternative branches
(Fig. 3: red arrows) where the outgroup roots the Dugesii-
dae + Terricola are extremely long compared to the more
internal branches. Holland et al. (2003) performed a simu-
lation study using a model tree with long external and short
internal branches. Their results showed that the most com-
mon error was that outgroup was erroneously placed on
one of the long branches. All methods analysed in that
study (including MP, UPGMA, NJ and ML) are affected
to a greater or lesser extent by this problem, but strangely
enough NJ recovers the correct rooting in more cases than
the other methods (for this reason we decided to infer a NJ
tree for the complete and 18t1 + 18t2 + 28 datasets). Hol-
land et al. also showed that in a few cases this misplace-
ment also disrupted the real ingroup topology. When this
happens, comparison of the ingroup topology obtained
with and without outgroup showed the latter was more fre-
quently correct. The present study suffers from this effect,
termed long edge attraction by Hendy and Penny (1989),
and is a special case of long-branch attraction. Although
having selected the sister group as outgroup, this roots
the Dugesiidae + Terricola on one long-branch instead of
on one internal short branch, due to long edge attraction.
This leaves us with the uncertainty of where the root
should actually be situated. However, there are a number
of important points arising from all the trees inferred: (1)
in the unrooted tree there is a clear split between the Terri-
cola® and Dugesiidae” supported by a PP of 0.92 (Fig. 3:
green arrow), and the NJ trees (not shown) also root the
tree in this branch; (2) the monophyletic Dugesiidae® is
highly supported and its internal relationships are identical
in the rooted and unrooted trees; (3) the relationship
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among families and subfamilies within the monophyletic
Terricola® is also identical in the rooted and unrooted trees;
and (4) in the comparison of topologies, the tree with a
monophyletic Terricola® containing a basal Bipaliidae is
not significantly worse than the best tree obtained (Table
4; 2b).

All these facts taken together with the observations of
Holland et al. (2003) most likely indicate that the actual
point of rooting for the Dugesiidae + Terricola clade is
the short branch separating Dugesiidae” and Terricola® in
the unrooted tree (Fig. 3; green arrow). Although more
data are needed to give full support to this hypothesis,
we think the present data clearly point to this and conse-
quently, from now on, we consider it our working
hypothesis.

4.4. Dugesiidae + Terricola internal relationships

Fig. 4 shows the cladogram that summarizes our
results. The Dugesiidae + Terricola divides into two main
monophyletic groups which we have named Dugesiidae”
and Terricola®. The former includes all species from that
family except those belonging to the genera Spathula and
Romankenkius, and the second group includes all terri-
colan species plus the Spathula and Romankenkius
species.

Within the Terricola®, the subfamilies Caenoplaninae
(family Geoplanidae) and Rhynchodeminae (family Rhyn-
chodemidae) always cluster with high support. This clade is

Maricola

Planarioidea

Girardia

Dugeslldaa‘

Neppia

Dugesia
Schmidtea

L

—— C LA

p—— Geoplaninae

Caenoplaninae

_[Rhynchodnmlnn
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Romankenkius

Terricola®|

Bipaliidae

Fig. 4. Cladogram summarizing the results of our phylogenetic analyses,
see text for discussion.
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highly supported even in the phylogenies inferred from the
individual gene alignments (Suppplementary data 2), and
hence by independent information coming from the
nucleus and the mitochondria. A polyphyletic Rhyncho-
demidae together with a paraphyletic Geoplanidae have
previously been described (Baguna et al., 2001). The para-
phyletic Geoplanidae constituted by Geoplaninae + (Cae-
noplaninae + Rhynchodeminae) does not receive high
support in the unrooted tree (0.7 PP Fig. 3) but comparison
of the topologies shows that this topology is not signifi-
cantly worse than the best obtained. On the other hand,
all the topologies tested with a monophyletic Rhyncho-
demidae are significantly worse. A morphological revision
of the members of the Rhynchodeminae subfamily is
needed both to corroborate these molecular findings and
to propose a likely taxonomic revision.

The second subfamily of the Rhynchodemidae, the
Microplaninae, is mostly found forming a peculiar clade
with species of the dugesiid genera Spathula and Roman-
kenkius. This clade gets high support for the t1 + 12+ 28
dataset BI tree, and all the alternative topologies tested
for Spathula and Romankenkius (sister group to Terrico-
1a®, to Dugesiidae® or to Dugesiidae + Terricola) result
in significantly worse trees. Thus, all the molecular data
clearly point to inclusion of these freshwater genera deep
within the Terricola, and hence to a return to freshwater
habitats from land. From a morphological point of view,
Meixner (1928) and Ball (1981) considered the reduction
of the anterior gut trunk (the precerebral coecum, present
in the Maricola) to be a derived character and conse-
quently an autapomorphy for the Paludicola. However,
several species of Paludicola belonging to the genera
Spathula, Eviella and Romankenkius bear a precerebral
coecum, While some species of land planarians (Sluys,
1989a) also bear a precerebral coecum, the distribution
of the character state over the groups is less well-known
than in the Maricola and the Paludicola. Although this
might indicate a synapomorphy between Spathula, Eviella
and Romankenkius and the Terricola, wider taxon sam-
pling for molecular analyses and more in depth morpho-
logical studies are clearly needed to lend further support
to this unexpected result.

Finally, all the evidence (unrooted tree topology and
hypothesis testing) points to Bipaliidae as being sister
group to the rest of the Terricola®. These conflicts with
all hypotheses put forward so far. Based on their world-
wide distribution, Winsor et al., 1998 proposed that
rhynchodemids are the most early divergent terricolans,
while Marcus (1953) and Froehlich (1967) (cf. Sluys,
1989a), using characteristics of the copulatory organ, sug-
gested that Microplaninae are the earliest divergent terri-
colan clade. However, as already mentioned, the lack of
a real cladistic analysis within the Terricola and of an
extensive character analysis of its species, prevents these
hypotheses being accepted or rejected.

Within the Dugesiidae® the situation appears to be
much clearer. This group always receives high support.
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The genus Girardia (so far distributed both in America
and Australia) splits first from the rest, followed by Nep-
pia, which is restricted to the Southern hemisphere (South
America, Australia, Madagascar and South Africa).
Finally, a highly supported monophyletic clade includes
the genera Schmidtea, Cura and Dugesia. The relation-
ships among these three genera show a closer relationship
among Schmidtea and Dugesia with high support. The
geographical distribution of the three genera also fits this
relationship. Cura includes species distributed in Austra-
lia, and South and North America. Species of Dugesia
have a wide Palearctic and Ethiopian distribution (Africa,
Asia and Europe), whereas species of Schmidtea are
restricted to Europe. In vicariance terms, we can think
of Cura as the oldest genus of this group, with an early
cosmopolitan distribution now restricted to three areas,
while the other two genera originated in Laurasia or the
African part of Gondwana.

4.5. An evolutionary history for the land planarians

Based on the evidence given above we can make some
preliminary, but interesting inferences on the evolution of
the transition to land in this group of animals.

In the first place, the terrestrial planarians did not evolve
from marine ancestors (Ball, 1981; Sluys, 1989b), but from
a freshwater planarian, which in fact is a simpler transition.
Secondly, the transition from freshwater to terrestrial life
did occur only once. The group that performed that transi-
tion was not a member of any of the present day genera of
Dugesiidae but, most probably, a common ancestor to
both groups (dugesiids and terricolans). Once the terres-
trial niche had been colonized, Bipaliidae would have been
the first family to diverge from the rest, this group present-
ing some particular characteristics like the presence of
many marginal eyes formed by a pigmented cell (Shirasawa
and Makino, 1981; Sluys, 1989b), which is unique within
the Terricola. After that divergence, the Microplaninae
and the paraphyletic Geoplanidae would have arisen. To
explain the presence of Spathula and Romankenkius within
the Terricola® (highly supported in this study), it is neces-
sary to hypothesize a secondary return to the freshwater
habitat for these two genera. An alternative would be that
the ancestor of the Terricola® clade was still adapted to live
in freshwater habitats and the transition to land habitat
occurred more than once within this group, which is a less
parsimonious solution.

4.6. Final remarks

The comparisons made in this study, although at the
level of families and genera, are of very ancient groups.
Based on the molecular rates of substitution for the 18S
genes in dugesiids and terricolans, Carranza et al. (1999)
dated the age of the duplication event that occurred in
the ancestor of the Dugesiidae + Terricola at around 100
million years ago. Hence, the genera belonging to the
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Dugesiidae and the Terricola are older than the mammal
orders. This could explain the characteristics of the
observed topology: very long terminal branches and extre-
mely short internal (or basal) ones, and may also explain
the difficulty of finding molecules suitable for solving the
basal relationships of the group. The molecules used in this
study have given important new information, but some
points still remain to be solved, and new molecules that
by themselves or added to the present dataset will produce
the missing information have to be found. But also, mor-
phological re-evaluation of many characters for species
already studied and evaluation of those not yet studied is
necessary to understand the evolution of this group, espe-
cially for the terricolan species. For the latter, major taxo-
nomic revision is also clearly needed.
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Suplementary datal

List of described genera for the family Dugesiidae and for the Terricola, after “Tyler,S.,
Schilling,S., Hooge,M., Bush,L:F:, 2006. Turbellarian taxonomic database. Version 1.5
http://turbellaria.umaine.edu”. In bold blue are indicated the genera represented in this study.

Paludicola Hallez, 1892, Ball, 1974, 1981

Dudesiidae zaii, 1974

Bopsula Marcus, 1946
Cura strand, 1942
Curtisia Graff 1916
Dugesia Girard, 1851
Eviella Bai, 1977
Girardia Bal, 1974
Neppia Ball, 1974
Reynoldsonia Ball, 1974
RomankenkKius Bal, 1974
Schmidtea Ban, 1974
Spathula Nurse, 1950

Terricola Hallez 1892

Bipaliidae Graff, 189
Bipalium stimpson, 1857
Humbertium ogren&sluys, 2001
Novibipalium Kawakatsu, M, Ogren RE, Froehlich EM, 1998
Geoplanidae stimpson 1857
Caenoplaninae Ogren RE, Kawakatsu, M 1991
Arthutdendyus Jjones, 1999
Artioposthia Grnff, 1896
Australopacifica Ogren&Kawakatsu, 1991
Australoplana winsor, 1991
Caenoplana Moseley, 1877
Coleocephalus Fyfe, 1953
Endeavouria ogren&Kawakatsu, 1991
Fletchamia winsor, 1991
Kontikia Froehtich, 1955
Lenkunya winsor, 1991
Newzealandia ogren&Kawakatsu, 1991
Parakontikia winsor, 1991
Pimea winsor, 1991
Reomkago winsor, 1991
Tasmanoplana winsor, 1991
Timyama Froehlich, 1978
Coenoplana Moseley, 1857
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Geoplaninae stimpson, 1857

Amaga Ogren&Kawakatsu, 1990
Choeradoplana Graff, 1896

Enterosyringa Ogren&Kawakatsu, 1990
Geobia Diesing, 1862

Geoplana schul&Mull, 1857

Gigantea Ogren&Kawakatsu, 1990
Gusana Froehlich, 1978

Issoca Froehlich, 1954

Liana Froehlich, 1978
Notogynaphallia Ogren&Kawakatsu, 1990
Pasipha Ogren&Kawakatsu, 1990
Polycladus Blanchard, 1845
Pseudogeoplana ogren&Kawakatsu, 1990
Xarapoa Froehlich, 1954

Pelmatoplaninae Ogren&Kawakatsu, 1991

Beauchampius Ogren&Kawakatsu, 1991
Pelmatoplana Graff, 1896

Rhynchodemidae Graff, 1896
Microplaninae Pantin 1953

Amblyplana Graff, 1896
Artiocotylus Graff, 1896
Diporodemus Hyman, 1938
Geobenazzia Minelli, 1974
Geodesmus Metschnikoff, 1865
Incapora Marcus, 1953
Microplana vejdovsky, 1890
Othelosoma Gray, 1869
Pseudarticotylus Ikeda, 1911

Rhynchodeminae Correa, 1947

Cotyloplana spencer, 1892
Digonopyla Fisher, 1926
Dolichoplana Moselev, 1877
Platydemus Graff, 1896
Rhynchodemus Leidy, 1851
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Supplementary data 2. Bl phylogenetic trees obtained with the 4 independent sets of data:
A) 18S rDNA type |; B) 18S rDNA type Il; C) 28S rDNA; D) COI. Values at nodes are poste-
rior probabilities (PP). Colors represent major groups: Dugesiidae (bold black), Geoplaninae
(light blue), Bipaliidae (green), Caenoplaninae (orange), Rhynchodeminae (brown), Micro-
planinae (magenta), Planarioidea (normal black), Maricola (dark blue). The scale bar repre-
sents number of changes per position.
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Molecular phylogeny of the Neotropical subfamily Geoplaninae
(Platyhelminthes, Tricladida, Geoplanidae) with a morphological
discussion

Filogenia molecular de la subfamilia Neotropical Geoplaninae (Platyhelminthes,
Tricladida, Geoplanidae) amb una discussié morfologica

Fernando Carbayo, Marta Alvarez-Presas, Claudia T. Olivares, Fernando Marques i Marta
Riutort

(en preparacio)
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Resum

Les planaries terrestres sén un grup d’invertebrats for¢a desconegut, malgrat ser,
possiblement, un dels grups amb major diversitat dins dels tricladides. Degut a la manca
d’especialistes i claus taxondmiques, entre altres problemes, la complexa taxonomia del
grup es troba en constant canvi, cosa que dificulta la identificacié d’espécies. No obstant,
la necessitat d’obtenir-ne una classificacié actualitzada és evident, donada la importancia
d’aquests organismes com a bioindicadors i com a model per estudis filogeografics. Des
de 1990 no hi hagut cap proposta en ferm basada en dades morfoldgiques per resoldre
la filogénia interna de la subfamilia Geoplaninae, ni tampoc cap estudi molecular centrat
especificament en el grup. Per aquest motiu, i donada la incorporacié de nous generes
en els dltims anys, hem realitzat una filogenia molecular de la subfamilia, refor¢ada amb
trets morfologics, tant interns com externs. S’han utilitzat tres marcadors nuclears (18S i
28S rDNA, que s’havien usat en estudis previs; i EF-1a, utilitzat per primer cop per inferir
filogénies de planaries) i el gen mitocondrial citocrom oxidasa I, i hem realitzat I'analisi
filogenética per maxima versemblanca i inferéncia bayesiana. Tot i que alguns punts de la
filogénia no queden ben resolts, hi ha certes agrupacions molt interessants que denoten
relacions no inferides préviament i que conduiran a la proposta de nous generes i espée-
cies en un futur. Uagrupacié dels generes Luteostriata, Issoca i Supramontana és un dels
resultats més robustos obtinguts, aixi com I'agrupacié d’Enterosyringa amb Xerapoa i la
confirmacié de I'agrupacié de les espécies Geoplana goetschi sensu Marcus 1951 i Notogy-
naphallia guaiana. A més, com ja era evident, el génere Geoplana s’haura de reestructurar i
dividir en diferents géneres, mantenint-se el grup de les espécies Geoplana vaginuloides, G.
chita i G. pulchella com Geoplana sensu stricto. Després d’aquest treball, encara quedaran
alguns géneres per incloure a la filogénia, pero s’ha obtingut un patré general que situa la
subfamilia Geoplaninae com una de les més diverses dins de les planaries terrestres.
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Molecular phylogeny of the Neotropical subfamily Geoplaninae (Platyhelminthes,
Tricladida, Geoplanidae) with a morphological discussion

Carbayo, Fernando?; Alvarez-Presas, Marta?; Olivares, Cladudia®; Marques, Fernando® and
Riutort, Marta?
!Escola de Artes, Ciéncias e Humanidades (EACH), Universidade de 5o Paulo (USP), Av. Arfindo Bettio, 1000 S8o Paulo, Brasil 03828-000.
‘Departament de Genética, Facultat de Biologia i Institut de Recerca de la Biodiversitat (IRBio), Universitat de Barcelona, Avingudo Diogonal 643 E-08028,

Spain.
*Departamento de Zoologia, Instituto de Biociéncias, Universidade de 580 Paulo (USP), Rua do Matdo, Travessa 14 Cidade Universitdria, 05508-900 560
Paulo, Brasil.

Abstract

Despite being probably the most diverse group within the Tricladida, land planarians have received little atten-
tion. Due to several problems (lack of taxonomic keys and specialists, among others), the complex taxonomy of the group
is constantly changing, making it difficult to identify new or known species. The need to obtain an updated classification
is obvious given the importance of these organisms as bioindicators and as a model for phylogeographic studies. Histori-
cally, only a few proposals on the relationships among some groups within the Geoplanidae, based on distribution data or
some morphological features, have been done. Nonetheless, taxonomical studies have introduced new genera in recent
years. In the present study it is proposed a molecular phylogeny of the subfamily and discussed on the light of morpho-
logical features, both internal and external. We have analysed three nuclear markers (18S and 285 rDNA, which had been
used in previous studies, and EF-1a, used for the first time to infer phylogenies of planarians) and the mitochondrial gene
cytochrome oxidase |, with Maximum Likelihood and Bayesian Inference methods. Although the most basal nodes of the
phylogeny are not well resolved we recover many monophyletic and supported clades. Some of these clades show inter-
esting relationships that had not been previously inferred, which will lead to the proposal of new genera and species in
the future. After this work, the subfamily Geoplaninae is placed as one of the most diverse within the land planarians.

Keywords: 185 rDNA, 28S rDNA, COI, elongation factor-1a, Geoplaninae, molecular phylogeny, morphology,

Platyhelminthes, Tricladida.

Introduction

The terrestrial planarians (Tricladida; Geo-
planidae) are a poorly known group of Platyhel-
minthes although they probably house one of the
highest diversities of species within the Tricladida.
This situation stems from the fact that there are few
specialists in the Geoplanidae. Moreover, terrestrial
planarians have a complex taxonomy in constant
change due to diverse factors: there are no taxonomic
keys to identify the species; often, species identifica-
tion is based on nuances difficult to detect; most de-
scriptions are very old and based only in characters of
external morphology; the type material of many spe-
cies has been lost (Leal-Zanchet and Carbayo, 2000).
The tasks of species identification and description of
new species are, therefore, extremely complicated in
this group. And, nonetheless, they have recently be-
come a group of interest for various reasons. In one

Corresponding author: Fernando Carbayo, Escola de Artes, Ciéncias e Hu-
manidades (EACH), Universidade de S@o Paulo (USP), Av. Arlindo Bettio,
1000 Sdo Paulo, Brasil 03828-000. Email: baz@usp.br

hand, some tropical species have become invasive,
even considered pests, in Great Britain and the Unit-
ed States (Cannon et al. 1999; Ducey et al. 1999; lwai
et al. 2010). On the other, they have been shown to
be good models for low-scale phylogeographic stud-
ies (Sunnucks et al. 2006; Alvarez-Presas et al. 2011).
Both facts press for the need to identify specimens’
species easily and to have a good evolutionary frame
that clarifies their relationships.

The family Geoplanidae includes all the ter-
restrial planarians and is currently divided into four
subfamilies (Sluys et al. 2009; see Riutort et al 2011-
12 for a revision): Geoplaninae, Bipaliinae, Micro-
planinae and Rhyncodeminae. They have a cosmo-
politan distribution (Winsor et al. 1998), but most
of the species are found in the southern hemisphere
(Geoplaninae have an exclusively Central and South
American distribution), while the Microplaninae and
Rhynchodeminae are the subfamilies with the most
northerly distribution (including Europe).

Several authors have contributed to the tax-
onomic study of the subfamily Geoplaninae Stimpson
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1857, including acknowledged scientists such as
Darwin, Miiller and Hyman. However, few of them
have ventured into the job of inferring their phylogeny.
The finding of synapomorphies for deducing
common ancestries from morphological characters
is even more complex than the description of the
species. As a consequence, the internal phylogeny of
Geoplaninae is still unknown. There are, even so, a
few phylogenetic proposals for land planarians based
on morphological and distribution data. In 1899, Von
Graff hypothesized that the terrestrial planarians
originated in the lost continent of Antarctica and,
as a consequence of the geological breakage of the
continent, they split tinent, they split into two groups.
On one side, a clade that diversified in Australia and
New Zealand (old subfamily Caenoplaninae, now
tribe Caenoplanini), and in the other a group that
colonized South America (subfamily Geoplaninae)
(cf. Froehlich, 1967). Based on their worldwide
distribution, and collaborators (1998)
proposed that rhynchodemids are the earliest

Winsor

divergent terricolans, while Marcus and Froehlich (cf.
Sluys 1989),cusing characteristics of the copulatory
organ, suggested that the Microplaninae should
occupy that basal situation. Carbayo and Leal-Zanchet
(2003) proposed that morphological characters
hitherto unknown or that had not been considered
before were needed to resolve the phylogeny of
Geoplaninae. But, no phylogeny of land planarians
based on morphological data has been proposed
since that work. On some freshwater planarian
groups the number of morphological characters has
been found to be insufficient to obtain fully resolved
phylogenies (Sluys, 1998). Although this still has to be
tested in the land flatworms (there is a morphological
work in progress based on the results by Grau, 2010),
the incorporation of other resources of information,
as has been done for aquatic planarians, will with
no doubt streamline and optimize the process of
inferring their phylogeny. Some authors began
to incorporate molecular data in phylogenetic
studies of planarians little more than a decade ago
(Carranza et al. 1998a; b), and they have already
resulted in an important taxonomic reorganization
of the Tricladida, including the downshifting of the
suborder Terricola to the category of family (Carranza
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et al. 1998a, b; Sluys et al. 2009). Also a molecular
study of the internal phylogenetic relationships of
the Tricladida (Alvarez-Presas et al. 2008) suggests
that land planarians are monophyletic, and placed
the Geoplaninae as sister group of the subfamilies
Rhynchodeminae and Caenoplaninae (in the new
higher classification tribe Caenoplanini is included
within subfamily Rhynchodeminae). Although the
trees obtained on these studies are not fully resolved
for the terrestrial planarians, they show the potential
of this type of data to infer the phylogeny of this
group of organims.

The subfamily Geoplaninae is at present
composed of 17 genera and about 260 described
Graff (1912-17) divided the family
Geoplanidae (now subfamily Geoplaninae) in 6

species.

genera: Polycladus Blanchard 1845, Geoplana
Stimpson 1857, Geobia Diesing 1861, Peimatoplana
Graff 1896, Choeradoplana Graff 1896 and
Artioposthia Graff 1896, based mainly on features
of their external anatomy, as the body shape, the
length of ventral creeping sole (a modification of
the epidermis in the ventral area that provides
propulsion by ciliary or muscle action), the position of
the body orifices and the existence of glands. He also
included some characters from the internal anatomy,
as the presence of adenodactyl (an additional
structure of the male copulatory apparatus). Ogren
and Kawakatsu (1990) reviewed the systematics of
tropical land planarians splitting the genus Geoplana
in six new genera: Amaga, Notogynaphallia,
Pasipha, Enterosyringa, Gigantea and the group
Pseudogeoplana, the latter being a mixed bag where
all species for which the internal anatomy was not
known were placed. These new genera have to be
added to the existing ones: Geoplana sensu stricto,
Choeradoplana, Geobia, Issoca C.G. Froehlich 1955,
Gusana E.M. Froehlich 1978, Liana E.M. Froehlich
1978, Xerapoa C.G. Froehlich 1955 and Polycladus.
Carbayo and Leal-Zanchet (2003) added Cephaloflexa
and Supramontana, and Carbayo (2010) Luteostriata,
reaching the 17 described genera within the
subfamily Geoplaninae.

The aim of this work is to study land
planarian biodiversity in the Brazilian Atlantic Forest,
and to obtain a robust phylogeny of the subfamily
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Table 1. Forward and reverse PCR oligonucleotides (also used in sequencing)

Name Gene Sequence 5'-3' Source
EFplatF Elongation factor 1-a GATTGCYCCWGGYCATCG This study
EFplatR Elongation factor 1-a GCRATWGAYTCGTGRTGC This study
EFplatR2 Elongation factor 1-a CYTTVACTGARACGTTYTTRAC This study
ATPplanF ATPase-alpha CGGATACCTCAGAAAATC This study
ATPplanR ATPase-alpha GCCGATCTGCACTTGGC This study
18SA 185 rDNA AACCTGGTTGATCCTGCCAGT Medlin et al., 1988
18SB 18S rDNA TGATCCTTCCGCAGGTTCACCT Medlin et al., 1988
18sC 185 rDNA CGGTAATTCCAGCTCCAATAG Medlin et al., 1988
185Y 18S rDNA CAGACAAATCGCTCCACCAAC Medlin et al., 1988
18SL 185 rDNA CCAACTACGAGCTTTTTAACTG Medlin et al., 1988
1850 18S rDNA AAGGGCACCACCAGGAGTGGAG Medlin et al., 1988
285C1 28S rDNA ACCCGCTGAATTTAAGCAT Hassouna, 1984
285D2 28S rDNA TGGTCCGTGTTTCAAGAC Hassouna, 1984
28S2F 28S rDNA CTGAGTCCGATAGCAAACAAG Alvarez-Presas et al., 2008
2851500R 285 rDNA GCTATCCTGAGGGAAACTTCG Tkach, 1999
_ 28S6R 285 rDNA GGAACCCCTTCTCCACTTCAGT Alvarez-Presas et al., 2008
FlatwormCOIF Cytochrome oxidase| ~ GCAGTTTTTIGGTTTTTTGGACATCC Sunnucks et al., 2006
FlatwormCOIR Cytochrome oxidase | ~ GAGCAACAACATAATAAGTATCATG Sunnucks et al., 2006
BarS Cytochrome oxidase | GTTATGCCTGTAATGATTG Alvarez-Presas et al., 2011
COIR Cytochrome oxidase | CCWGTYARMCCHCCWAYAGTAAA Lazaro et al., 2009

Geoplaninae including almost all the known genera.
A resolved phylogeny of the group is key to have an
evolutionary context in which to place other studies
as the phylogeographic ones. With these aims
we have made an intense sampling of terrestrial
planarians belonging to the subfamily Geoplaninae in
the Brazilian Atlantic Forest. We have analysed them
morphologically and using various nuclear markers
and a mitochondrial one. Specifically, we have also
checked the correspondence between molecular
clades and morphologically defined species, and we
propose a taxonomic revision of the group basing on
these data.

Material and Methods

Taxon sampling and fixation

The sampling was conducted in the Atlantic
Forest of Brazil, including the Serra do Mar corridor
(from the state Rio de Janeiro to Parand) and
adjacent lands northward and southward extending
from the northernmost state Espirito Santo to the
southernmost Rio Grande do Sul, covering a distance
of ca. 2,500 Km.

The animals were collected sampling during
the day (under rocks or rotten logs) or during the
night (in open places, such as trails, since it is then
when the terrestrial flatworms are active). Individuals
collected were photographed and described by
external morphology. Subsequently they were cut
into two parts. One was fixed for morphological

studies (mainly for taxonomic descriptions) in a 10%
solution of formaldehyde for later analysis of their
internal anatomy. The other was fixed in 92-100%
ethanol for the molecular study.

Morphological analysis and species identification

We have carried out analysis of the internal
anatomy of most of individuals included in the
work in order to identify the species For histological
preparations, the worms were cut into smaller pieces
containing the anterior region of the body, the pre-
pharyngeal region, the pharynx and the copulatory
apparatus. The pieces were embedded in Paraplast,
sectioned at 7 um, and stained with Mallory/Cason
trichrome stain (Romeis, 1989). Drawings were
prepared using a camera lucida. All vouchers are
deposited in the Museum of Zoology at the University
of Sdo Paulo (N. MZUSP, Supplementary Data Table
1).

Molecular study (sequencing procedure)

Genomic DNA from two individuals per
species (when it was possible) was extracted using
the Wizard® Genomic DNA Purification Kit (Promega,
Madison, WI, USA) following the protocol described
in Alvarez-Presas et al. (2011). One mitochondrial
and four nuclear genes were amplified, with the
aim of having information from molecules with
different levels of variability that could complement
each other. The nuclear genes used were the ones
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codifying for the RNA molecule of both ribosome
subunits, the 18S rDNA (small) type Il and 28S rDNA
(large), which had been shown to be good for studies
at family and genus level (Alvarez-Presas et al. 2008).
We also tested two nuclear genes that had not been
used to infer the phylogeny of planarians before: the
elongation factor 1-alpha (EF) and the gene encoding
ATPase-alpha. As for mitochondrial genes, we used the
cytochrome oxidase | (COI) gene, which has already
been shown in previous studies in flatworms to have
low resolution for intrafamily relationships, but to be
good for resolving terminal clades as the relations
among closely related species within genera (Alvarez-
Presas et al. 2008; Lazaro et al. 2009). Mitochondrial
and ribosomal genes were sequenced mostly in the
Universidade of S3o Paulo (USP), while the nuclear
genes were sequenced in the Universitat of Barcelona
(UB). The PCR reactions (25 pL) performed in the UB
were carried out using Go Taq® DNA polymerase
(Promega). The same primers were used for PCR
amplification and sequencing (Table 1). PCR reaction
for all genes consisted of an initial denaturation step
at 95°C for 5 minutes, followed by 35 cycles with a
denaturation step of 50 seconds at 94°C, a phase of
1 minute of annealing with temperatures of between
44° and 59°C (depending on the sample and the
gene), and an extension step of 30 seconds at 72°C.
Finally, a final extension step of 10 minutes at 72°C
was conducted. The amplification products were
purified with a vacuum manifold (Multiscreen®HTS
Vacuum Manifold, Millipore Corporation, Billerica,
MA 01821 U.S.A) and directly used as a template for
sequencing using BigDye (3.1, Applied Biosystems).
Sequencing reactions were run in an automated
sequencer ABI Prism 3730 (Unitat de Genomica
dels Serveis Cientifico-Técnics de la UB). It was not
possible to amplify all genes for all individuals due to
poor preservation or lack of enough tissue of some
samples. We discarded the gene encoding the ATPase
alpha as a candidate to infer phylogenies owing to
problems with amplification and the poor quality of
the few sequences obtained.

Phylogenetic inference

We used for the study only those sampled
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Table 2. Number of sequences analysed for each
gene and taxonomical group

Number Number

Gane of sequences  of species Length
185 rDNA 117 61 1316
285 rDNA 117 61 1229
EF-1la 94 53 612
col 108 61 679
Concatenated 117 60 3836

species for which we had been able to obtain at
least 3 of the 4 genes for one or more individuals
(Supplementary Data Table 1). In a few cases the
sequences of two individuals (coming from the same
population) were merged to have sequences from
enough genes for their species. We prepared five
different datasets, one for each individual gene (18S:
1421 nuc; 28S: 1359 nuc; EF: 612 nuc; COl: 679 nuc),
and one for all the genes concatenated, in which
sequences from individuals with missing genes were
filled with Ns. Ribosomal RNA gene sequences were
aligned using the online version of the software Mafft
v. 6 (Katoh et al. 2009) using maxiterate 1000 and
globalpair in>out. In the case of the mitochondrial
gene and the EF-1a, we used the translation into
amino acids for optimal alignment of nucleotides,
using Clustal W with the default settings in Bioedit
v.7.0.9.0. (Hall, 1999). Software Gblocks 0.91b
(Castresana and Talavera, 2007) was used to remove
from the ribosomal genes alignments those regions
presenting ambiguous homology (regions with high
diversity and/or long indels). The parameters used
were: number of contiguous nonconserved positions
(10) and the minimum length of a block (5), allowing
half of the gap positions. Maximum Likelihood (ML)
analyses were run with the software RaxML 7.0.0
(Stamatakis, 2006) with bootstrap support values *
(Felsenstein, 1985) calculated from 10,000 replicates,
and the Bayesian Inference (Bl) analyses with the
program Mr. Bayesv. 3.1.2 (Ronquistand Huelsenbeck,
2003). In both methods was used the GTR model
for all datasets, leaving the inference programs to
estimate the best values for all parameters and
hence the model of evolution. For the concatenated
dataset, were established partitions by gene, and
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Figure 1. Bayesian inference tree inferred with the concatenated dataset. * maximum statistical support both in ML and Bl inferences;

@maximum support with Bl and a bootstrap value >75 in ML; O

shows clades only supported by Bl analyses (>0.85). Nodes without

symbol correspond to clades appearing in the Bl tree but without statistical support (nor bootstrap either PP).

within the coding genes (COIl and EF) by positions,
separating the two first codon positions from the
third ones. Gamma distribution was estimated
for the ribosomal genes, and in the protein coding

genes the partition by positions was considered

enough to account for positional variations of rates,
hence the gamma function was not implemented.
All parameters were unlinked. Bayesian analyses
were made for 5 million generations, sampling every
1000 trees, using two independent runs with four
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Table 3. Bootstrap/PP values supporting the monophyly of the clades

Clade 185 285 EF Ccol Concatenated
Geoplana sensu stricto clade (Ga)
(Geoplana vaginuloides, G. pulchella, G. chita) st 200/2 1 /036 10602
Applanata clade
(Geoplana burmeisteri, G. ladislavii, G. josefi, -/- 77/1 98/1 -/- 100/1
G. marmorata, G. carinata)
Cappenia clade
(G. tamoia,G. hina,G. crioula,G. pseudovaginuloides, 86/0.98 81/0.99 NN -f- 98/1
G.spn1,24,5)
Guaiana clade /- 98/1 82/1 i 100/1
(Notogynaphallia guaiana, G. goetschi sensu Marcus)
Matuxia clade
(Geoplana matuta, G. tuxaua) 95/1 100/1 100/1 s 100/1
Gb clade
i /7 aifu
(Geoplana phocaica, Geoplana sp n 3) / Vi e / Wi
Gc clade
/- ?/? 1

(Geoplana quagga, Geoplana goetschi sensu Riester) / 200/2. & / 100/1
Gd clade
(Geoplana rubidolineata, G. multicolor) 88/l 89 i 1 1a0/1
Gd + Geoplana franciscana -/- -/0.95 -/- -/- 1./0.97
Chilean clade
(Gusana, Polycladus) o L " + s
N clade
(Notogynaphallia sextriata, N. plumbea, N. parca) G 8oL S73. 0% 100/4
P clade
(Pasipha, except P. trina) VA oA /- s 96/1
Choeradoplana -/- 87/1 -/- -/- 93/1
Cclade
(Choeradoplana, Cephalofiexa) Vi ¥ g - 1/0.94
Luteostriata -/- /= <f- -J- Y/
Issoca-l.rezendei monophyletic -/- -f- 96/0.97 -/- NAR
Supramontana 100/1 100/1 98/0.96 -/- 100/1
LIS clade
(Luteostriata, Issoca, Supramontana) 200/1 100/1 %0/1 VL oA
P

EX clade /- 83/1 22 22 93/1

(P. trina, Enterosyringa, Xerapoa)

- the clade does not exist; |- the clade has very low support; ? missing one or more components of the clade

chains each and the default priors implemented in
the program (Revmat=dirichlet (1.00, 1.00, 1.00,

1.00, 1.00, 1.00); statefreq= dirichlet (1.00, 1.00,
1.00, 1.00); shape= uniform (0.00, 200.00); pinvar=
uniform (0.00, 1.00); topology= all topologies equally
probable a priori (uniform); Brlens= unconstrained:
exponential (10.0)). In order to check that both runs
have converged, the congruence of the topologies
and model parameters of both runs were compared
using the standard deviation of the split frequencies.
To avoid using the parameters and trees analysed
before reaching convergence, 30% of the saved trees
were discarded as burn-in for the concatenated
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dataset.
Results

In the samplings performed 13 genera of the
subfamily Geoplaninae were found. 47 known (listed
in Supplementary Data Table 1) plus 13 new species
were included in the morphological and molecular
analyses. Of the new species found, some have
recently been described and others are presented
in this paper and will be described in a future
publication dedicated exclusively to the taxonomical
revision of the group with detailed descriptions or
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Figure 2. Summary tree showing the well supported clades and their relationships. Numbers correspond to the morphological characters
reinforcing the groups, listed in supplementary data 1. Red numbers correspond to the species in the pictures: 1: Luteostriata graffi; 2:
Issoca rezendei; 3: Supramontana irritata; 4: Pasipha pinima; S: Geobia subterranea; 6: Geoplana tamoia; 7: Geoplana pseudovaginuloides;
8: Geoplana crioula; 9: Geoplana ladislavii; 10: Geoplana josefi; 11: Geoplana marmorata; 12: Geoplana burmeisteri; 13: Geoplana
carinata; 14: Geoplana chita; 15: Geoplana vaginuloides; 16: Geoplana pulchella; 17: Enterosyringa pseudorhynchodemus; 18: Pasipha
trino; 19: Xerapoa hystrix; 20: Notogynaphallia sexstriata; 21: Cephaloflexa araucariana; 22: Choeradoplana iheringi; 23: Cephalofiexa
bergi; 24: Geoplana tuxaua; 25: Geoplana matuta; 26: Geoplana phocaica; 27: Geoplana goetschi sensu Marcus; 28: Notogynaphallia
guaiana; 29: Geoplana goetschi sensu Riester; 30: Geoplana quagga; 31: Geoplana rubidolineata; 32: Geoplana multicolor; 33: Geoplana
franciscana; 34: Polycladus sp. nov.; 35: Gusana sp. nov.

redescriptions of genera and species. To refer to  Phylogenies of individual genes
the new taxa we will use the term sp. nov. in the

nomenclature of the results. In the four cases the inferences made by

The final molecular datasets are listed in | and ML gave similar results in terms of topology

Table 2. We used six outgroup species all of them
belonging to the sister subfamily Rhynchodeminae
(Supplementary Data Table 1).

(not shown). The level of resolution displayed by
the four genes is very different, with 28S being the
gene that recovers more supported nodes. In Table
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3 are shown the bootstrap and posterior probability
values (BV and PPV) obtained in the individual gene
analyses for all the monophyletic groups appearing in
the concatenated tree.

Analyses of concatenated genes

The topology obtained is mainly the same
with both methods (ML and Bl), differences affecting
only those nodes that have no statistical support
in any of them, indicating that the differences are
mostly due to lack of information in the data. In all
cases the nodes with lower or no support are basal.

Figure 1 shows the tree obtained with
Bayesian Inference, indicating nodes with statistical
support for both ML and Bl methods. We have given
names (invalid for taxonomic purposes, after Art.
11 of the ICZN, 2000) to the clades that present
high support for both methods. LIS clade (including
genera Luteostriata, Issoca and Supramontana) is
repeated in all the analyses (including individual
genes trees, Table 3). Genus Pasipha is monophyletic
(P clade, also in the phylogenies inferred with the
ribosomal genes) except for the representative of
the species P. trina that always appears in the PEX
clade. Both groups (LIS and P) have as sister clade
the species Geobia subterranea. The species P
trina, E. pseudorhynchodemus and X. hystrix (PEX)
constitute another supported clade, sister of a group
consisting on Notogynaphallia sexstriata, N. plumbea
and N. parca (N clade). Genera Choeradoplana and
Cephaloflexa are monophyletic and together form the
C clade (a not statistically supported group). Gusana
sp. nov. and Polycladus sp. nov. (Chilean clade) are
grouped together having a sister-group relationship
with the rest of geoplaninids.

The genus Geoplana is polyphyletic and
appears divided into several groups, some of them
with low support either for the group or for their
position within the tree. Two big clusters are highly
supported. One includes the species G. tamoia, G.
hina, G. crioula and G. pseudovaginuloides (Clade
Cappenia). This group is recovered in the four
individual gene and the concatenated phylogenies,
and contains some of the new species of Geoplana
included in the study (Geoplana sp. nov. 1, 2, 4
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and 5). The other important group, sister to the
previous one, constituted by Geoplana species is
the robust Applanata clade, formed by the species
G. burmeisteri, G. carinata, G. ladislavii, G. josefi
and G. marmorata. Other supported clades are the
Ga or Geoplana sensu stricto clade (G. pulchella, G.
chita and G. vaginuloides), the Gb clade (constituted
by the species G. phocaica and the new species
number 3), and Matuxia clade (Geoplana matuta
and G. tuxaua, supported also independently by the
three nuclear genes). This last group constitutes a
monophyletic supported group with the clades C, N
and PEX. Moreover, the species N. guaiana appears
as a sister group of Geoplana goetschi sensu Marcus
1951 (Guaiana clade), while Geoplana goetschi
sensu Riester, 1938 seems to be more related to
the Geoplana quagga species (Gc clade), a group
presenting different positions in the phylogenies.
Finally, Geoplana rubidolineata and G. multicolor (Gd

clade) appear usually grouped to G. franciscana.

Discussion

Phylogenetic informativeness of the genes
studied

The phylogenetic information content of
the 4 genes is very heterogeneous (Table 3). The
28S ribosomal gene is the one that has retrieved the
maximum number of well resolved clades, while the
mitochondrial COI gene is unable to recover most of
the monophyletic clades found with the concatenated
dataset. Genes 18S and EF have an intermediate
situation. In the case of the EF, the lack of resolution
in some parts of the tree can be due to the missing
representatives of some species or genera. The
concatenated dataset shows, as expected, a much
better resolved phylogeny since the markers used
are providing information that may be affecting
different levels of the tree (either basal branches
or internal clades) (Huelsenbeck et al. 1996; Soltis
et al. 1999; Baldauf et al. 2000). Moreover, in some
places the few positions giving support to nodes in
each gene sum up to result in a well supported clade
in the concatenated tree. The use of partitions, as a



Capitol 2

Resultats

strategy to try to avoid homoplasy in genetic data
(Nylander et al. 2004; Brandley et al. 2009) reducing
the systematic error, has also resulted in better
estimates of posterior probabilities and likelihood
scores (Brandley et al. 2005)(results not shown).
Despite all the efforts invested in the analyses, there
are still nodes lacking statistical support, mainly
in the basal branches linking the major supported
clusters. Probably more data are needed to recover
a well resolved tree at all levels.

Molecular phylogeny of Geoplaninae with a
morphological discussion

Of the 17 genera described to date, 13
have been included in this study. The proportion
is quite good, considering that this is the first time
that a molecular study is focused on this particular
subfamily. The shared morphological features within
and between the groups obtained in the molecular
trees (listed in Supplementary data 1; Figure 2) are
important to analyse and understand the evolution
and relationships of the target taxa. Although most
basal nodes of the Geoplaninae are not supported
by high statistical values, we have achieved a good
resolution in the intermediate and terminal nodes
obtaining a quite clear overview of the phylogenetic
relationships at the inter- and intra-genera level,
resultinginthe definition ofanumber of monophyletic
groups. For some genera (Enterosyringa, Geobia,
Gusana, Polycladus, Supramontana and Xerapoa) we
cannot appreciate their monophyletic status because
they are represented by only one species in our data.
Gusana and Polycladus, however, deserve special
mention as they are represented in this study by
species new to science and share a different origin
(Chilean) than the other species included in this work
(all of them Brazilian). The resulting clades, discussed
below, involve the future definition of new genera
and redescriptions of some species, but also some
clusters confirm previous morphological descriptions.

Geoplana group

For Geoplana, molecular data clearly shows
it is not a natural group since it is divided in diverse

clusters, hence requiring a systematic revision to split
it into different genera (as has happened in previous
occasions). E.M. Froehlich in 1955 and C.F. Froehlich
in 1967 already discussed about the existence of
some groups within the genus but without proposing
any formal change in its subdivision. Some of these
suggested groups have a very similar composition to
the clades got in our trees (Tables Supp. Data 2 and
3). Ogren and Kawakatsu (1990) formalized some
of these groups by defining new genera and some
subgenera (Table Supp. Data 2).

Geoplana sensu stricto (Ga) clade (G. vaginuloides, G.
chita and G. pulchella). Given that this clade harbors
the type species of the genus (G. vaginuloides),
its name should be mantained as Geoplana. The
species in the clade share two derived morphological
characters supporting the clade, i.e., a large and
strongly muscular penis papilla (character 6) and a
parenchymal longitudinal muscle layer (character
7). In addition, the ejaculatory duct muscles are well
developed (character 8), and the prostatic vesicle is
intrabulbar and canalicular (character 9). Froehlich
(1956) described G. chita denoting that it was very
close to G. vaginuloides (Table Supp. Data 3) because
it presented anterior eyes with elongated cone shape
and for the genital tract shape.

Cappenia clade (G. tamoia, G. pseudovaginuloides,
G. crioula, G. hina and the new species 1, 2, 4 and
5). The morphological synapomorphy confirming
the group is the presence of the ejaculatory duct
connected to the male atrium through a cavity in
the end of the penis papilla (character 5). Moreover,
in all the members of the clade the female genital
channel opens to the dorsal posterior region of
the female atrium. The first three species share
certain morphological characters, described by E.M.
Froehlich in 1955 (Table Supp. Data 3), such as the
medium size of the flattened body, and the female
canal bent to the back. Given the molecular and
morphological coincidences, Gen. nov. 1 will be the
first new genus proposed to be extracted from the
genus Geoplana. This big clade appears as sister
group of another Geoplana species group in the
molecular trees, the “Applanata” clade.
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Applanata clade (Geoplana ladislavii, G. josefi,
G. marmorata, G. burmeisteri and G. carinata).
Some morphological features are shared by all
the members of the group although none can be
considered synapomorhies. It is composed of large,
flat and elongated worms with the eyes situated
in marginal ridges with the exception of G. josefi
where they are dorsal. In general, the penis papilla
is occupying almost the entire atrium, and there is
no separation between male and female atria, but
there exists some variation in this character. The
atrium in G. marmorata is different from the other
species and in G. josefi the papilla is occupying the
entire male atrium (Carbayo and Leal-Zanchet,
2001), as in G. carinata and G. ladislavii. A study by
Alvarez and De Almeida (1999) shows the similarity
of the karyotypes of G. burmeisteri and G. carinata.
However, the karyotypes of the other species should
be studied to check whether this feature could
be a synapomorphy for the group. This will be the
second new genus resulting of the division of the
genus Geoplana, with almost all species in the group
belonging to the G. applanata-group described by
Froehlich (1967) (Table Supp. Data 2), although no
morphological synapomorphies defining the genus
have been found at present.

Matuxia clade (Geoplana matuta and G. tuxaua).
They present exclusively marginal eyes with a well
defined and constant penis papilla (E.M. Froehlich,
1955) crossed by an ejaculatory cavity (not a duct)
(character 17). Moreover they share the stratified
epithelium in the female atrium (character 18)
and the intra-penial prostatic vesicle (Grau, 2010)
(character 19).
previously suggested to be closely related (Tables

In fact, these two species were

Supp. Data 2 and 3). A new genus will be proposed
for the clade.

Guaiana clade (Notogynaphallia guaiana and
GeoplanagoetschisensuMarcus1951). Morphological
characters already indicated the proximity of G.
goetschi Marcus to Notogynaphallia guaiana (see
Leal-Zanchet and Carbayo, 2001). The main feature
that defines the group is the longitudinal muscle layer
of the sub and supraintestinal parenchyma present
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in addition to the transversal (character 20). The two
species also share a multilayered lining in the female
atrium, together with some characteristics of the
copulatory apparatus (seminal vesicle with a forked
extrabulbar portion, the male atrium strongly folded
and the female atrium almost totally filled with the
compact multilayered epithelium). The division of G.
goetschi in two species was already suggested in a
previous molecular study (Alvarez-Presas et al. 2011),
where sequences of G. goetschi sensu Riester 1938
and sensu Marcus 1951 showed obvious differences
in the trees. When checked at morphological level,
mainly the longitudinal parenchymal muscle system,
present in the species sensu Marcus, is absent in
G. goetschi sensu Riester, 1938. The inclusion of
N. guaiana in this group, far apart from the rest of
Notogynaphallia species, also casts the need for
revising the definition of this species. A new genus
will be described including both species.

Species with unclear phylogenetic position

Some species, mainly belonging to the genus
Geoplana, are found in non-supported groups or are
located in morphologically heterogeneous groups
not showing distinctive morphological features. In
general these groups have a basal and non-supported
situation in the tree. They are described below.

The clade made by Geoplana phocaica
(species that has certain similarities with Geoplana
preta, according to Marcus, 1951) and the new species
of Geoplana number 3 (Gb) is one of these cases.
Both species share some morphological characters
such as a cylindrical pharynx and the presence of
penis papilla, but for the moment, there are not
synapomorphies characterizing the clade. Geoplana
goetschi Riester, 1938 and Geoplana quagga (Gc)
constitute a clade with no specific morphological
characters to support it, although both species have
a penis papilla, confirming their belonging to the
genus Geoplana sensu stricto. G. goetschi Riester
additionally has a penis papilla similar to the Cappenia
clade species (the ejaculatory duct opens into a kind
of cavity or dilation of the papilla, which is longer
than the duct) although the molecular data does not
give any sign of this grouping. The clade including the
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species Geoplana rubidolineata, G. franciscana and
G. multicolor (redescribed in Leal-Zanchet and Matos,
2011) (Gd), also has an unsuppaorted situation in the
tree. The three species have dorsal eyes and share
some characters of the copulatory apparatus, such
as the presence of extrabulbar vesicle and a female
atrium with a reduced light. G. rubidolineata and G.
multicolor have a similar colour pattern, presenting
the first a greater number of striations and both being
quite different from G. franciscana. The pharynx is
cylindrical, as in most species of Geoplana.

Non-Geoplana clades

Chileanclade (Gusanaand Polycladus). This clade, that
presents a basal position on the trees, does not have
any morphological synapomorphies supporting it.
Due to their low dispersal ability and their worldwide
distribution, C. G. Froehlich in 1967 proposed that
terrestrial flatworms were likely originated in the
upper Paleozoic, as many other terrestrial organisms
did, and described the genus Geoplana as the older
in the subfamily, and specifically the Chilean species
as the most antique (including the current genus
Gusana). Moreover, some evidence seem to indicate
that land planarians arrived to South America from
the Antarctic continent crossing Chile and, from there,
they might had dispersed through the continent
before the rising of the Andean range (Froehlich,
1967). However, the basal position of Gusana and
Polycladus in the molecular phylogenies obtained
just makes clear that there was an early split among
these two genera and the species that diversified in
Brazil. The analysis of a broader representation of
Chilean genera would allow to check whether Gusana
and Polycladus are a sister group of the remaining
Geoplaninae. Moreover, morphological evidences
are also needed to corroborate both the grouping
of Polycladus and Gusana and their position in the
Geoplaninae phylogeny.

Pasipha clade. With the exception of P. trina, which
situation will be discussed later, all the other species
belonging to the genus Pasipha form a monophyletic
group. The clade is homogeneous in the general form
of the body (slender animals, with parallel borders).

Although the diagnosis of the genus currently does
not provide any synapomorphy, there are some
morphological features shared by the members
of the P clade (as the regionalized prostatic vesicle
{character 3) and the loss of penis papilla (character
4)). After E.M. Froehlich (1955) the genus Pasipha
(Table Supp. Data 2) is characterized by animals with
small eyes and male and female atria separated by a
dorsal fold (feature also recognized by C.G. Froehlich
(1967), together with an elongate body and femalg
We
have 6 representatives from the 22 species listed
in Ogren & Kawakatsu, 1990 (Table Supp. Data 2)
for the Pasipha genus, and two new species. A
broader molecular sampling will be needed to fully

genital canal arriving from the ventral side).

comprehend the internal relationships of the group
and to check its monophyly.

Notogynaphallia sensu stricto clade. The diagnosis
of the genus Notogynaphallia does not include any
derived feature, but a combination of characteristics
also present across other geoplaninid genera, and
the molecular analyses seem to reflect that this
lack of synapomorphies is a consequence of the
group being polyphyletic. Over the years, the genus
has undergone many changes (see Leal-Zanchet &
Froehlich, 2006; Carbayo, 2006; Carbayo, 2010 and
references therein; Tables Supp. Data 2 and 3). N.
plumbea and N. parca, share a set of morphological
features, namely the lack of penis papilla, marginal
eyes, prostatic vesicle intrabulbar and amply
communicated with the male atrium, and the female
part very reduced, represented only by the female
canal (bent dorsally). Notogynaphallia plumbea, N.
parca and N. sexstrigta are species with a compact
genital apparatus and intrabulbar prostatic vesicle.
There is still a fourth species, Notogynaphallia
mourei Froehlich, 1956, very similar to the species
of the clade Notogynaphallia s.s. in morphological
aspects. Due to the scarce taxonomic representation
of Notogynaphallia in our analyses (5 from 15 current
nominal species), they are pending on the addition
of other species to check whether the detected
morphological heterogeny is reproduced at the
molecular level.
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C clade (Cephaloflexa and Choeradoplana). The
genera Cephaloflexa and Choeradoplana are the only
of those represented by more than one species in
our study that are monophyletic (plus Luteostriata,
but this does not have statistical support). The clade
C is supported by the presence of the cephalic end
curved backwards (character 15) and the lack of eyes
and sensory pits at the apex (character 16). Moreover,
these two genera have the retractor muscle fibres
orientated parallel to the sagital plane and the sub-
neural mesenchymal muscle layer is only present
in the cephalic region. So the cluster supported
by both morphological and molecular characters
seems to be quite robust. We have included in the
analyses the two described species of Cephalofiexa
and one new to science (pending on morphological
description). The diagnostic characters of the genus
(very short anterior third of the body, anterior region
folded into the back, lack of eyes and sensory pits
at the front of the body, and a retractor muscle
derived from the ventral longitudinal subcutaneous
muscles; Carbayo and Leal-Zanchet, 2003) are shared
by the three studied species, including the new
one. The latter differs from C. araucariana and C.
bergi by the presence of a penis papilla. From genus
Choeradoplana, only one of the 7 described species
(Table Supp. Data 2) is used in this study (C. iheringi).
However, three new species have been found and
included in the analyses, so that the representation
of the genus is quite good. Choeradoplana (Graff,
1896) is constituted by animals with part of the
ventral cutaneous longitudinal muscles partially sunk
into the mesenchyma (Carbayo and Leal-Zanchet,
2003), the front end of the head rolled back, a
muscle-glandular organ in the anterior region of
the body, and other diagnostic characters shared
by the three new species presented here and the
already described ones. The presence of the species
Notogynaphallia albonigra (Riester, 1938) in the C
clade and specifically among the species of the genus
Choeradoplana made us revise its morphology. The
species shares the diagnostic characteristics of the
genus Choeradoplana, as the presence of the ventral
longitudinal subepidermal muscles partially sunk into
the mesenchyma and musculo-glandular cephalic
specializations. A deeper morphological study of the
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species should be done, but the evidence suggests
the need of a redescription of the species and its
change to the Choeradoplana genus (Choeradoplana
albonigra). Additionally, C. iheringi species, which
seemingly is not monophyletic, deserves special
attention and will be the subject of a deeper study
in the future.

LIS clade (Luteostriata, Issoca and Supramontana).
The high support values in the node clustering the
three LIS genera in all the molecular inferred trees
(Table 3) denotethatthe groupisclearly monophyletic.
There are also certain morphological characters that
support this grouping, such as the presence of eyes
and sensory pits surrounding the entire front end
(which would be a symplesiomorphy), the presence
of a retractor muscle in the anterior region of the
body (with fibres oriented towards body margins in
Supramontana and Issoca, and towards dorsal surface
and body margins in Luteostriata) (character 1) and
the presence of a sub-neural mesenchymal muscle
layer transverse throughout the body (character 2).
One of the most outstanding features of the genus
Luteostriata (recently described in Carbayo, 2010;
Table 4) is the presence of a cephalic musculo-
glandular organ, consisting of glands crossing a
U-shaped glandular ventral surface and a retractor
muscle, modified from the ventral longitudinal
cutaneous muscle fibres. Molecularly, the monophyly
of the genus is recovered (we have included the 7
species assigned to the genus), although without
statistical support. L. abundans, L. muelleri, L. caissara
and L. ceciliae share some morphological characters
such as the longitudinal stripes on the dorsal body
side, a long genital apparatus and a female atrium
with pleated cavities. Results of the molecular
phylogeny of this genus are somewhat surprising;
while L. abundans, L. caissara, L. graffi and L. muelleri
seem to be clearly delimited species (although some
of them paraphyletic), L. ernesti presents a particular
situation. In fact, L. muelleri and L. ernesti are very
similar species in the internal anatomy (Carbayo
(2003) considered them synonyms), so that their
identification “relies heavily on the externally
observable differences, mainly colour pattern, and
behaviour” (Leal-Zanchet & Froehlich, 2006). This
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assumption of Carbayo would be supported by the
presence of the individual F3358 within the clade
formed by L. muelleri, leaving in doubt whether the
rest of L. ernesti included in the analysis belong to
this species or there was a missidentification due
to the excessive plasticity of the characters used
for the species diagnosis. Obviously, the genus
Luteostriata deserves special attention and a more
accurate analysis. The genus /ssoca was described by
Froehlich (1955b) and redescribed later by Carbayo
and Leal-Zanchet (2003) and includes Geoplanidae
with elongated body, a large creeping sole, strong
cutaneous longitudinal musculature, mesenchymal
longitudinal muscles very weak or absent, cephalic
musculo-glandular organ, eyes and sensory pits
surrounding the entire cephalic region, a sub-neural
mesenchymal muscle layer interleaved with retractor
muscle fibres and no sensory papillae or adenodactyl.
2 of the 5 described species have been included in our
analyses: I. rezendei and . jandaia. These two species
are differentiated by the number and disposition of
stripes and by internal features, such as the seminal
vesicle (intra-bulbar in /. rezendei and extra-bulbar in
I. jandaia). However, I. rezendei does not belong to
the Issoca molecular group, consisting of I. jandaia
and the new species (the latter also presenting extra-
bulbar seminal vesicle). The genus Supramontana is
monospecific, so that we cannot discuss about its
monophyletism.

The molecular phylogeny does not reproduce
the grouping of the five genera presenting a cephalic
retractor muscle (Cephaloflexa, Choeradoplana,
Issoca and Supramontana; Carbayo and Leal-Zanchet,
2003; and Luteostriata; Carbayo, 2010) as could be
expected. Instead they are molecularly divided into
two groups (C and LIS) that reproduce the clustering
proposed by Carbayo (2010), who partitioned the
character in a set of them (Table 3 in Carbayo, 2010)
analysed independently.

PEX clade (Pasipha trina, Enterosyringa and
Xerapoa). This clade is supported by some important
morphological features as the presence of a central
nervous system in two longitudinal cords (character
10) (unlike the other Geoplaninae genera which until
now have been found to present the central nervous

system as a “nerve plate”). The cooccurrence of a
major morphological feature with the molecular
clustering suggests that this is a natural group.
Froehlich (1955b) proposed that there was a
correlation between the size and body shape and the
type of nervous system that land planarians have.
Moreover, he gives an evolutionary sense to the
character, and ventures to classify the nervous system
in the form of longitudinal cords as more primitive
(following Meixner (1928)), since it also appears
land planarians considered basal, Microplaninae,
as well as in aquatic planarians. This affirmation
is debatable since which is the most basal group
within the terrestrial flatworms (Alvarez-Presas et al.
2008) is still unclear. When the body size is small and
cylindrical, a “nerve plate” nervous system would
mean energetic waste to innervate all the parts of
the body, which in this case are very close. Therefore,
a simple nervous system would be a derived state in
the subfamily Geoplaninae, and could be a regression
(as adaptation) of the character state in PEX, instead
of a primitive condition. The internal position of the
group in the molecular analyses strengthens the
possibility of the presence of a derived feature in this
group.

The position of Pasipha trina species (without
penis papilla or independent seminal vesicle), has
been discussed previously (Tables Supp. Data 2 and
3) considering morphological data. One character
differentiating P. trina from the other Pasipha species
is the position of the eyes, in the first located in a
marginal position and in the others widely scattered
across the back. There are also other morphological
characters that support the grouping of P. trina with
Enterosyringa and Xerapoa, such as having a narrow
creeping sole (character 11); the ovaries, above the
parenchymal subintestinal muscle layer (character
12), are in a position prior to the pharynx (character
13) and the female channel back to forward, opening
in the posterior region of the female atrium (character
14) (Grau, 2010). Concluding, Pasipha trina needs a
revision, since the molecular data confirm what the
morphology already predicted. We will propose the
need of a genus change for this species, probably
Enterosyringa (Marcus in his discussion about
the species (1951) already noted its similary to E.
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pseudorhynchodemus), with some changes in the
diagnosis of the genus.

Final remarks

It should be noted that there is still much
work to be done concerning the phylogeny of
Neotropical terrestrial planarians. It is necessary
to add to the study representatives of the other
genera described (Amaga, Gigantea, Liana and
Pseudogeoplana) and the ones remaining to be
described, the exhaustive samplings in the area of
the Atlantic Forest performed allow us to predict
that more new species and genera will appear. The
other important factor is the use of new molecular
markers that can resolve better the most basal nodes
of the phylogeny. This problem was already noted
in a previous work using molecular data to infer the
phylogeny of Tricladida (Alvarez-Presas et al. 2008).
In the present study we have added a new gene, the
one encoding for the elongation factor 1-alpha, which
seems to provide information that others do not have,
but it is still not enough. We need a molecular marker
with an intermediate variability between nuclear and
mitochondrial markers (perhaps a nuclear intron),
but for now this is a difficult search. Maybe the
new next generation sequencing techniques will be
helpful in order to find possible markers suitable
for resolving phylogenies of terrestrial flatworms.
Whereas the monophyletic status of some groups
as described by morphological data is confirmed,
there are others showing an imminent necessity of
taxonomic revision. After all the proposed changes
in species hitherto belonging to the genus Geoplana,
the diagnosis of the genus should be amended with
the resulting taxonomic implications. All this work
will take place in a future publication exclusively
dedicated to the taxonomical revision of the group.
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Supplementary Data Table 1. List of samples used in this study with sampling locality and GenBank
Accession numbers.

2 Molecular N.
Species Collecting locality <oide MZUSP* 185 rDNA 285 rDNA EF-la col
Geoplaninae

fg‘;:“""ﬂm bergiGraf,  ombury/sP F1034 ;"'OZBUSP e ? ? ? ?
C. bergi Cambury / SP F1038 sh:}ZSUSP Bl ? ? ? ?
C. araucariana Carbayo . MZUSP PL
& Leal-Zanchet, 2003 FLONA* /RS F3387 1M°g35,, oL ? ? ? ?
C. agraucariana FLONA /RS F3426 1076 ? ? ? ?
Cephaloflexa sp. nov.1 P.N.S. da Bocaina / SP ?211[:)38; :#:JZ;;SP " ? ? ? ?
Choeradoplana iheringi MZUSP PL
Graff, 1899 FLONA /RS F3449 533 ? ? ? ?

" " MZUSP PL
C. iheringi P.N.S. da Bocaina / SP F2840 540 ? 7 ? ?
Choeradoplana sp.nov.1  P.E.S. da Cantareira / SP F2023 ::_Z L;;gg ? ? - ?
Choeradoplana sp. nov. 1 P.E.S. da Cantareira / SP F3011 ‘:i;l;USP o ? ? ? ?
Choeradoplana sp. nov. 2 P.N.S. da Bocaina / SP F2104 ;‘:le";sp PL ? ? ? ?
Choeradoplana sp. nov. 2 P.N.S. da Bocaina / SP F2803 Toi';sp o ? ? ? ?
Choeradoplana sp. nov. 2  P.N.S. da Bocaina / SP F2822 ? ? ? - ?

MZUSP PL
Choeradoplana sp. nov. 3 P.E. Intervales / SP F3092 1063 ? ? ? ?
Choeradoplana sp. nov.3  P.E. Intervales / SP F3802 ? ? ? - ?
Enterosyringa
pseudorhynchodemus Sdo Paulo / SP F992 ? ? ? - ?
Riester, 1938
E. pseudorhynchodemus  S3o Paulo / SP F1013 ? ? ? - ?
Geobia subterranea MZUSP PL
Schultze & Miller, 1857 S&o Leopoldo / RS F358 &SZOUSP o ? ? ? ?
G. subterranea P.N.S. dos Orgdos /R F1355 673 ? ? ? ?
Geoplana burmeisteri » MZUSP PL
Schultze & Miller, 1857 S3o Paulo / SP F989 ﬁzsusp N ? ? - HQ542895
G. burmeisteri P.E.S. da Cantareira / SP F2886 733 ? ? ? HQ542887
G. carinata Riester, 1938  P.E. Intervales / SP F3084 :«:)Zﬁl;SP L ? ? ? ?
G. carinata P.E. Intervales / SP F3093 :doilﬁliSP P ? ? ?
G. chita Froehlich, 1956 Cambury / SP F4358 IMO}';;SP L ? ? Z ?
G. chita Cambury / SP F4409 %Zst_llSP Fh ? ? ? ?
G. crioula Froehlich, i MZUSP PL
1954 P.E.S. da Cantareira / SP F3709 %Eggsp o ? ? ? ?
G. crioula P.E.S. da Cantareira / SP F3715 1079 ? ? ? ?
G. franciscana Leal- MZUSP PL
Zanchet & Carbayo, 2001 FLONA /RS 848 2,,—”25,_,5,, o ? ? ? ?
G. franciscana FLONA /RS F3357 1069 ? ? ? ?
G. goetschi sensu
Ma;cu fs}: 51 Cambury / SP F1041 MZU:P o ? ? - ?
. goetschi sensu ;

’(‘;"3’335 1951 . P.N.S. da Bocaina / SP F2833 f{ﬂq 24U5P i ? ? ? HQO026439
rog M SENSUFIEStET  pE . dacantareira /P F2870 P ? ? ?
G. hina Marcus, 1951 ?i’:"'e Seine Hilaire: F1613 ’lﬁ‘fp Bh ? ? ? ?
G. josefi Carbayo & Leal- MZUSP PL
Zanchet, 2001 FLONA /RS F3389 %ﬂog dsp o ? ? ? ?
G. josefi FLONA / RS F3403 1075 ? ? ? ?
G. ladislavii Graff, 1899 P.N.S. do Itajal / SC F1399 iMOZOL.J’SP PL ? ? ? ?
G. ladislavii P.N.S. do Itajai / SC F1418 ;ﬂsZIUSP P ? ? ? ?
G. ladislavii P.N.S. do Itajai / SC F1504 ;gZSUSP RE ? ? ?
G. ladislavii P.N.5. do Itajai / SC F1566 ';:)Z;JSP Rk ? ? ? ?
G. ladislavii FLONA /RS ? ? DQ666005 DQ665975 ? AF178315
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Supplementary data Table 1. continued.

Molecular N.

Species Collecting locality sodta MMZL';%P;L 185 rDNA 28SrDNA  EF-la col
a;:::”;‘;;‘;‘“ SUZe® pEs doTabuleio/SC  F3191  Jio ? ? ? ?
G. marmorata P.E.S. do Tabuleiro / SC F3247 I';:Jzel;SP PL ? ? ? ?

. i ZUSP PL
fgg”f"“’ Frogniich, PE.doDesengano /Rl F2184 ::'Jz 15 ? ? ? s
G. matuta P.E. do Desengano / RJ F2187 TUZ;;SP BL ? ? ? ?
MZUSP PL
G. multicolor Graff, 1899 P.N.S. da Bocaina / SP F2101 1017 ? ? ? ?
P
G. multicolor P.E.S. da Cantareira / SP F2997 IMOZS:S o ? ? ? ?
fs';;’fo‘“’m —— P.S. da Bocaina / SP F827 G ? ? ? ?
M P P!
G. phocaica P.N.S. da Bocaina / SP F2830 46?5 k ? ? ? ?
G. phocaica P.E.S. da Cantareira / SP F3741 ? ? ? - -
G. pseudovaginuloides MZUSP PL
N.S. ? ? ?
Riester, 1938 P.N.S. dos Orgdos / RJ F1244 Eﬂ?zousp N ?
G. pseudovaginuloides P.N.S. dos Orgdos / R F1245 671 ? ? ? ?
G. pulchella Schultze & . MZUSP PL
E.S. ? ? ?
Miller, 1857 P.E.S. do Tabuleiro / SC F3249 1068 ?
G. quagga Marcus, 1951  S3o Paulo / SP F1003 ? ? ? - ?
G. quagge ;Papr:ue Saint Hilaire F1736 ;f;iUSP PL 2 ) 2 2
G. rubidolineata Baptista MZUSP PL
% Ltgal-zan;::h Ethfggs FLONA /RS 868 23’ ZEUSP oL ? ? ? ?
. tamoia Froehlich, &
N.S. 7 7
1954 P.N.S. dos Orgdos / R F1139 Enﬁzsuslv o ? ?
G. tamoia P.N.S. dos Orgdos / RJ F1336 51 ? ? ? ?
f'gé‘s’m”“ Froehlich, P.N.S. dos Orgdos / RJ F1275 ? ? ? . ?
G. tuxauo PES.daCantareira/SP  F3059 '1“:)_"5‘;5" o ? ? ? ?
G. vaginuloides Darwin, Parque da Previdéncia MZUSP PL
1844 ‘SP Saint Hilai e E?EUSP PL ’ ’ ’ ’
— arque Saint Hilaire
G. vaginuloides /PR F1614 1009 ? ? ? ?
MZUSP PL
Geoplana sp. nov. 1 P.N.S. da Bocaina / SP F2807 1050 ? ? ? ?
Geoplana sp. nov. 1 P.N.S. da Bocaina / SP F2821 lmol;t;SP PL ? ? ? ?
Geoplana sp. nov. 2 P.E. Intervales / SP F2783 TOZ“L;SP & ? ? ? ?
Geoplana sp. nov. 2 P.E. Intervales / SP F3135 IMDZEL;SP 7 ? ? 7 -
Geoplana sp. nov. 3 ? F2796 ? ? ? - ?
Geoplana sp. nov. 4 P.N.S. da Bocaina / SP F2031 IMDZ;:SP n ? ? ? 7
Geoplana sp. nov. 4 P.N.S. da Bocaina / SP F2809 ;’('gis" " ? ? ? ?
F2189/ MZUSP PL
Geoplana sp. nov. 5 P.E. do Desengano / RJ £2192 :;h ?USP oL ? ? ? ?
Gusana sp. nov. 1 Parque Hualpén / Chile Fa421 1088 ? ? ? ?
Gusana sp. nov, 1 Parque Hualpén / Chile F4428 :ﬂéLngP PL ? ? - -
’1’;;’:‘”""""“’ Froehlich, b\ 5. da Bocaina / sP F2042 ::lel;sp o ? ? : ?
Issoca rezendei Schirch, Parque da Previdéncia F1182 MZUSP PL ) ? ? ?
1929 éasrp e Saint Hilair EAEEUSP PL
. que 5a aire
Issoca rezendei /PR F1679 %’? zl SSP oL ? ? ? ?
Issoca sp. nov. 1 P.E. do Desengano / RJ F2158 1020 ? ? ? ?
R. B. Augusto Ruschi MZUSP PL ’
Issoca sp. nov. 1 JES F2507 ﬁ' 24559 " ? ? ? ?
Issoca sp. nov. 1 P.E. do Desengano / RJ F4085 108l; L ? ? ? ?
Luteostriata abundans MZUSP PL
Graff, 1899 Parobé / RS F205 646 ? ? ? ?
L. abundans Parobé / RS P38 RUSPRL ? ? ? ?
L. abundans S3o Leopoldo ? ? ? ? ? ?
L.caissara Froehlich, MZUSP PL
1054 Cambury / SP F1036 659 ? ? ? ?
; MZUSP PL
L. .B.
caissara E. B. Boracéia / SP F1078 663 ? ? ? ?
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Supplementary data Table 1. continued.
Species Collecting locality M""':I""” o 18SrDNA  28SrDNA  EF-la col
';e’:;:;"";ﬂ;f“cm & Fona/rs F3358 'I%Z;;SP o ? ? ? ?
m r . gm .
2 Parque da Previdéncia MZUSP PL
L.ernesti /sp F1192 668 ? ? ? ?
L.ernesti Sdo Paulo / SP 866 ? ? ? ?
te:fg:::h':r:";'g:;;‘ & rona/rs F3452 ':"é";sp i ? ? ? ?
Larafh Leal-¢anchet & MZUSP PL
Froehlich, 2006 Taquara /RS P84 &5z J ’ ¢ :
F3380/ MZUSP PL
Lgraffi FLONA /RS Faage ﬂfgﬁsp = ? ? ? ?
L. muelleri Diesing, 1861  Floriandpolis / SC F440 654 ? ? ? ?
L. muelleri Florianépolis / SC F441/F442 EZZ;USP . ? ? ? ?
L. muelleri PE Tabuleiro / SC F3268 ? ? ? - ?
L. muelleri S&o Paulo / SP F346 ? ? ? 7 -
Notogymaphaliia PE.doDesengano/Rl  F4081  MZUSPPL ? ? ? ?
A ione Loar Zanchet Mz0sP pL
Hi 894
& Carbayo, 2001 FLONA /RS F432 ﬁgusp oL ? ? ? Q542
N. gugiana FLONA / RS F3361 1071 ? ? - HQ542896
N. sexstriata Graff, 1899 S3o Paulo / SP F792 ::_’ZGUSP o ? ? ? ?
N. sexstriata PN.S. do Itajai / SC F1413 '6“8‘;”5" PL ? ? ? ?
N. parca Froehlich, 1954 P.E.S. da Cantareira / SP F2972 ? ? ? - ?
N. plumbea Froehlich, ; MZUSP PL
1956 P.E.S. da Cantareira / SP F3072 1060 ? ? ? ?
N. plumbea ? F3085 ? ? ? - -
Pasipha chimbeva ; MZUSP PL
Froehlich, 1954 P.N.S. da Bocaina / SP F2813 ﬂEEUSP oL ? ? ? ?
P. chimbeva P.E.S. da Cantareira / SP F3010 476 ? ? ? ?
P. pasipha Marcus, 1951 PE Alberto Lofgren/SP Fl841 :.Iozll;SP L ? ? ? ?
P. pasipha P.E.S. da Cantareira / SP F2871 I;.HOZSI.;SP i ? ? ? ?
P. pinima Froehlich, 1954 ;:,r:"e Suintlibsine F1714 :’('lelisp PE ? ? ? ?
P. pinima P.N.S. dos Orgdos / RJ F2585 ﬂz}'usp o ? ? ? ?
P rosea Froehlich, 1954 o0 bernardo do Flos1  MZUSPPL ? ? ? ?
Carripo/Se EJ'IBEUSP PL
Pasipha sp. P.N.S. dos Orgdos / RJ F1138 i ? ? ? ?
P. tapetilla Marcus, 1951 S3o Paulo / SP B ;"aiusp o ? ? ?
P. tapetilla P.E.S. da Cantareira / SP F2878 ;u"lsZzUSP L ? ? ? ?
P. trina Marcus, 1951 Teresdpolis/RJ F1134 ? ? ? - ?
P trina PN.S. dos Grgdos / RJ F1239 :éi”sp L ? ? 5 ?
Pasipha sp. nov. 1 ? F2839 ? ? ? - ?
Polycladus sp. nov. 1 Valdivia /Chile F397 ? ? ? - ?
Supramontana irritata
Carbayo & Leal-Zanchet, = FLONA /RS 860 MEUSEOL ? ? ? ?
937
200 MZUSP PL
S. irritata FLONA /RS F3453 772 ? ? ? ?
X ;
erapoa hystrix P.E.S. da Cantareira / SP F2983 ? ? ? - -
Froehlich, 1954 o —
X. hystrix P.E.S. da Cantareira / SP F3057 1057 ? ? ? -
Rhynchodeminae
Arthurde,
urdendyus Australia = = AF033044 DQ665553 ? DQO666027
Ao e, 1895 rariboroligh
a testacea ariboroug . . »  DQEES952® P AF178305
Hutton, 1880 (Australia) VGRbe010 s
Australoplana sp. Australia - - AF050434 DQ665955 ? DQ666028
Dolichoplana striata ;
Moseley, 1877 Igreginha / RS F379 ? ? ? ? ?
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Endeavouria
septemlineata Hyman, Maquiné / RS F192 ? ? ? ? ?

1939
P. Ecolégico do Tieté

E. septemlineata /<p F988 ? ? ? ? ?

*Floresta Nacional de S3o Francisco de Paula
*\louchers are deposited in the Museu de Zoologia da Universidade de Sao Paulo (MZUSP)
® this sequence has been completed and updated in GenBank

Supplementary data 1. Selected morphological characters

1. Ventral subepidermal longitudinal musculature modified in a cephalic retractor muscle, fibres of
which are opened radially near the anterior tip of the body.

2. Transversal subneural parenchymal muscle layer throughout the body.

3. Regionalized prostatic vesicle.

4. Loss of penis papilla.

5. Ejaculatory duct connected to the male atrium through a cavity in the end of the penis papilla.
6. Large and muscular papilla.

7. Parenchymal longitudinal musculature.

8. Very muscular ejaculatory duct.

9. Prostatic vesicle channel shaped.

10. Nervous system constituted by two ventral nerve chords.

11. Narrow creeping sole.

12. Ovaries above the parenchymal subintestinal muscle layer.

13. Ovaries placed posteriorly.

14. Female channel back to forward, opening in the posterior region of the female atrium.
15. Head rolled backwards.

16. Lack of a sensory border in the anterior tip of the body.

17. Penis papilla crossed by an ejaculatory cavity (not a duct).

18. Stratified epithelium in the female atrium.

19. Intra-penial prostatic vesicle.

20. Bundles of mesenchymal longitudinal musculature surrounding the intestine.



Resultats

Capitol 2

*ApNIS SIY) UL PapNIDUL BXE] 3Y) 03 puodsaliod saweu pjog

apyjawpa "9 4uajunbuon '9 ‘1uosiapups "9 ‘joppaid "9 ‘DubUOW "D ‘ojppt 9 ‘ynbuyd 9 ‘0aupbib ‘9

uajinw 9 ‘oyouibiow "9 ‘03 "9 ‘viBlUOG|D *9 ‘SUDPUNGD D

ojjoydo “9 ‘sisuaiyd "9 ‘buynan

*9 ‘opipuajds ‘o ‘pasod *9 ‘pupjd 'D ‘puwijuid *9 ‘Dupyuad ' ‘oydysod "9 10130 "D ‘LASNDY "D ‘DAGUIIYI "D ‘DSN0D D ‘piBjuoaniana "9 ‘DanNSO 9
supba|a '9 ‘saploiqaz ‘H ‘oupiiaLiog "9

sapjonujbon ‘9

‘DAns ‘D ‘Dwips '9 ‘0ja.d "9 ‘Dajpaoyd " ‘Jojorginw ‘9 ‘pyubodu; o 1anaoh "9 ‘pyanob *5 0bo.f 9 ‘Djnou3 'Y ‘IpJofmpid '9 ‘Dunjys 9 ‘vodpbd 9
DIDA 9 ‘DUNdIA ‘D

‘oyanbiy} 9 ‘DqLIO} 'O ‘DY2IDIXD] O ‘Djown} D ‘DidbyYs ‘D ‘LUDGNYIS D 1AJsALl D ‘v1ba. *g ‘ojnd ‘9 ‘sapjojnujboaopnasd ' ‘bwjoyiydodjod ‘9 ‘vod
‘5 1upApd "9 ‘DipyIUNABINW °D “DiAl| "D ‘DIOf *D ‘Duty 'O ‘DISNS "D quupwynf ‘9 ‘1IDSSNLIBS D ‘2DUIIaA3 D ‘S|SUANDINDI °9 113433G D ‘pasnfiayo ‘O
sisuaoquip] 9 ‘spauanyng 9 ‘Lodow 9 ‘D)piouLIDW "D ‘D}2ID| "9 ‘YAD|SIPD] "D ‘oundogey ‘9 ‘1yasalb ‘o ‘apap 9 1A ' ‘pjouohiap O ‘pdjnya

*9 ‘DULIDYI0D 9 1313]4103 'D ‘DIDULIDI "D “I33s1aWING D IND|ss3iq "D ‘Isunpiq ‘9 4B.1aquiiq "9 ‘pioWAD "9 ‘nssp *9 ‘snbip ' ‘ojpup|ddp "9 ‘pnadp "9

paquind '9 ‘21now ‘9 +(§SET) 42114304 "W Ul 4 dnoig

o3y? *9 + (S56T) YdNY204d W3 ul g dnoio

oulpyiydoAjod ‘9 ‘ojof ‘9 + (SS6T) Y21Y2044 "W ut D dnoid

1613q ' ‘snwapoysufyiopnasd "9 ‘ojjaado} "D ‘myouibiow ‘o ‘DIDSSIDI ‘D
p66onb ' ‘oyubpaul 9 ‘piaid ' ‘papIoyd "9 “Uojognul "9

pnpxnj ‘9 ‘DyMoW ‘D

Du} *9 ‘DypJISXas "D ‘Dibjuogo "9 ‘'pind *H ‘Disapow ‘9

$3pj04gaz 9 ‘Djnsspa '9 ‘oubljaLing ‘9

puyy "9 ‘oudydoons) o ‘sapjeinuibon ‘9

pjnous "9 ‘opipu3a|ds "9 ‘Dinll "9 ‘DianbL]
‘g ‘uoand *g ‘piba1 *9 ‘Djown] 9 ‘vloucfp 9 ‘Dasnjoibiu 9 ‘9pssn.L3f ' ‘DYIIDIXD] "D ‘DIDA "D 'BDUNBA3 "D 1AW "D ‘sapjojnuibonopnasd "9

1A1f © ‘uaspjq *9 4dip ‘9 ‘sjjaojou D ‘yap|sypoj 'O ‘DupnAbyoy '9 DIN 'Y ‘BVAIP D ‘D3pUlIDI "9 ‘sunpaq '9 ‘snbip ‘9

pAaquiy) *9 ‘DaDIISD "9 ‘DuRN|aA 9 ‘pasol '9 ‘bjjaydind " ‘ounyd 'o ‘puwiuyd *9 ‘oupyuad "o ‘pydisod ‘9

dnos8-eajuedid ‘9
dnos8-suepunge ‘9
dnous-eydised '9
dnoJ8-euelialieq ‘9
7 dnou3-eyoueixe) '
1 dnoJs-eyaieixey "9
dnoJig-ejeue|dde '
4

a
o
uoLesyIssejd oN
z dnou8 jeinmien

T dnoi8 jeamen

£96T “Yd1|Yys044 "9

9S6T ‘YI|ys044 '9)

SS6T ‘YdNy20.14 ‘W3

dnoJ8 ayy u) senads

dnosn

uogesygnd

*sa1pn3s snojaald uj pajsl| uoneayisse)d |eajdojoydiolAl “Z 3|qeL erep Arejuawajddns

85



en preparacio

Filogénia dels Geoplaninae

Supplementary data Table 2. continued.

Publication

Group

Species in the group

C.G. Froehlich, 1967

G. amagensis-group

No classification

G. amagensis, G. becki, G. bogotensis, G. buergeri, G. bussoni, G. contamanensis, G. ortizi

G. goetschi

Ogren & Kawakatsu,
1990

Genus Geoplana;
subgenus Geoplana

Genus Geoplana;
subgenus Barreirana

Genus Gigantea

Genus Pasipha
Genus Notogynaphallia

Genus Amaga

Genus Choeradoplana
Genus Geobia

Genus Issoca

Genus Gusana

Genus Liana

Genus Enterosyringa
Genus Xerapoa

Genus Polycladus

G. alterfusca, G. apeva, G. applanata, G. argus, G. arpi, G. assu, G. aymara, G. beckeri, G, bimbergi, G. blaseri, G. braunsi, G. bresslaui, G. burmeisteri,
G. caapora, G. caleta, G. cantuta, G. carinata, G. carrierei, G. catharina, G. caucauensis, G. caya, G. chalona, G. chanca, G. chiliua, G. chita, G.

chiuna, G. chulpa, G. crawfordi, G. crioula, G. dictyonota, G. divae, G. duca, G. eudoxiae, G. eudoximariae, G. evelinae, G. ferrussaci, G. fragai, G.

fryi, G. fuhrmanni, G. fusca, G. gabriellae, G. gaucha, G. glieschi, G. goettei, G. guacensis, G. hina, G. incognita, G. irua, G. itatiayana, G. jandira,

G. joia, G. ladislavii, G. lama, G. lambaya, G. lareta, G. leucophryna, G. livia, G. marginata, G. marmorata, G. mayori, G. metzi, G. mirim, G.
mixopulla, G. multicolor, G. multipunctata, G. nigra, G. notocelis, G. notophtalma, G. pavani, G. phocaica, G. pichuna, G. picta, G. placilla, G. poca,

G. polyophthalma, G. preta, G. pseudovaginuloides, G. quagga, G. quenua, G. quichua, G. regia, G. riesteri, G. rufiventris, G. ruiva, G. saima, G.
schubarti, G. shapra, G. suvo, G. takia, G. talpa, G. tamboensis, G. tamoia, G. tapira, G, taxiarcha, G. tirua, G. toriba, G. trigueira, G. ubaquensis, G.
vaginuloides, G. vicuna, G. yara

G. (B) barreirana, G. (B) zebroides, G. (B) elegans, G. (B) cafusa, G. (B) cassula

G. gigantea, G. chiriquii, G. idala, G. montana, G. picadoi, G. sandersoni, G. vongunteni, G. cameliae, G. bistrata, G. unicolor

P astraea, P. biseminalis, P. caeruleonigra, P. chimbeva, P. hauseri, P. oliveroi, P. pasipha, P. penhana, P. pinima, P. plana, P. rosea, P. splendida, P.

veluting, P. chilensis, P. aphalla, P. diminutiva, P. ercilia, P. pulchella, P. tapetilla, P. trina, P. velina, P. weyrauchi
N. abundans, N. albonigra, N. fita, N. marginata, N. muelleri, N. plumbea, N. andina, N. atra, N. bergi, N. caissara, N. froehlichae, N. garua, N.

goetschi, N. matuta, N. meixner], N. modesta, N. mourei, N. nana, N. natalige, N. octostriata, N. parca, N. quintestriata, N. schultzei, N. sexlineata, N.
sexstriata, N. tuxaua

A. amagensis, A, becki, A. bogotensis, A. buergeri, A. bussoni, A. contamanensis, A. libbieae, A. olivacea, A. ortizi, A. righii, A. ruca
C. iheringi, C. catua, C. marthae, C. langi, C. bilix, C. ehrenreichi

G. subterranea

I, rezendel, 1. jandaia, I. piranga, |. potyra, |. spatulata

G. cruciata, G. lata, G. platei

L. guasa

E. pseudoryhnchodemus

X. hystrix, X. una

B gayi
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Filogénia dels Geoplaninae

Supplementary Data Table3. Morphological classification listed in previous studies of some of the genera/species included in this study.

Molecular clade Species Publ. 1 Publ. 2 Publ. 3 Publ. 4 Publ. 5 Publ. 6 Publ. 7
Geoplana sensu stricto  Geoplana chita - D Group - Geoplana - - -
Geoplana pulchella A Group - - Pasipha - - -
Geoplana vaginuloides D Group D Group G Wwﬂ_ahn% o= Geoplana - - -
Applanata clade Geoplana carinata B Group - @ n% M_HHQB Geoplana - - -
Geoplana burmeisteri - - B n% M..H.qun Geoplana - - -
Geoplana josefi - - - - - - -
Geoplana ladislavii B Group - G n%hmnnnn Geoplana - - -
Geoplana marmorata & - - n%hﬂnnnn Geoplana - - -
Cappenia clade Geoplana crioula - - G “w“wnhnmu ¥ Geoplana - - B
Geoplana hina D Group D Group & Mw“ﬁnpu o Geoplana - - -
Geoplana pseudovaginuloides C Group C Group G. Mﬂ”.“.hnuan% a- Geoplana - - -
Geoplana tamoia C Group C Group & Mﬂ%ﬂ.h,n% a Geoplana - - -
Guaiana clade Geoplana goetschi - - No classif. Notogynaphallia No classif. - -
Notogynaphallia guaiana - - - - Group 2 Group 2 n_“mm.l
Matuxia clade Geoplana matuta Natural gr. 1 - - Notogynaphallia No classif. - -
Geoplana tuxaua Naturalgr. 1 - - Notogynaphallia No classif. » -
Gb clade Geoplana phocaica Natural gr. 2 - G Mﬂ”ﬂﬁ% e Geoplana - 2 -
Gc clade Geoplana quagga Natural gr. 2 - - Geoplana - - -
Geoplana goetschi - - No classif. Notogynaphallia No classif. - -
Gd clade Geoplana franciscana - - - - - - -
Geoplana multicolor Natural gr. 2 - G HMHHM_E. Geoplana - - -
Geoplana rubidolineata - - - - - - -
N clade Notogynaphallia parca F Group F Group - Notogynaphallia Group 1 - -

Publ. 1: E.M. Froehlich, 1955; Publ. 2: C.G. Froehlich, 1956; Publ. 3: C. G. Froehlich, 1967; Publ. 4: Ogren & Kawakatsu, 1990; Publ. 5: Froehlich & Leal-Zanchet, 2003; Publ. 6: Leal-Zanchet & Froehlich, 2006; Publ.

7: Carbayo, 2010
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m Supplementary Data Table 3. continued.
m Molecular clade Species Publ. 1 Publ. 2 Publ. 3 Publ. 4 Publ. 5 Publ. 6 Publ. 7
@ N clade Notogynaphallia parca F Group F Group B Notogynaphallia Group 1 - -
W... Notogynaphallia plumbea = F Group - Notogynaphallia Group 1 - -
v Notogynaphallia sexstriata F Group - - Notogynaphallia Group 1 - -
Pasipha clade Pasipha chimbeva A Group - o n HH,..E- Pasipha - - -
Pasipha pasipha A Group - @ mww._ﬂ:n. Pasipha - _ - -
Pasipha pinima A Group - ] ”wMH:n Pasipha - - -
Pasipha rosea A Group - A Pasipha - - -
group
Pasipha tapetilla No classif. - - Pasipha - - -
Cclade Cephalofiexa bergi No classif. No classif. Isolated Notogynaphallia Cephalofiexa - -
Cephaloflexa araucariana - - - - - - -
Choeradoplana iheringi - - - Choeradoplana - - -
Notogynaphallia albonigra F Group F Group G nwﬂﬂ_ﬂna. Notogynaphallia Group 1 - -
LIS clade Issoca jandaia - - & Issoca - - -
Issoca rezendei - - - Issoca - - -
Luteostriata abundans - - G nw“_ﬂnn..nam- Notogynaphallia Group 2 Group2  Luteostriata
Luteostriata caissara No classif. - i Notogynaphallia Group 2 Group 2  luteostriata
Luteostriata ernesti - - - - - Group 2  Luteostriata
% Luteostriata ceciliae - - - - Group 2 Group2  Luteostriata
£ Luteostriata graffi - - - - - Group 2  Luteostriata
m Luteostriata muelleri - - G n_w_ﬂﬂﬂnam. Notogynaphallia Group 2 Group2  Luteostriata
m Supramontana irritata - - - - - - -
(&) PEX clade Enterosyringa pseudorhynchodemus No classif. - Isolated Enterosyringa - - -
m Pasipha trina F Group F Group - Pasipha - B -
N Xerapoa hystrix - - - Xerapoa - - -
.m: IMWH“ grouporLis Geobia subterranea . - - Geobia - . -
..lm Publ. 1: E.M. Froehlich, 1955; Publ. 2: C.G. Froehlich, 1956; Publ. 3: C. G. Froehlich, 1967; Publ. 4: Ogren & Kawakatsu, 1990; Publ. 5: Froehlich & Leal-Zanchet, 2003; Publ. 6: Leal-Zanchet & Froehlich, 2006; Publ.
(VI 7: Carbayo, 2010
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Land planarians (Platyhelminthes) as a model organism for
fine-scale phylogeographic studies: understanding patterns of
biodiversity in the Brazilian Atlantic Forest hotspot

Les planaries terrestres (Platyhelminthes) com a organisme model per a estudis
detallats de filogeografia: patrons de biodiversitat al hotspot del Bosc Atlantic
de Brasil

Marta Alvarez-Presas, Fernando Carbayo, Julio Rozas i Marta Riutort
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Resum

El Bosc Atlantic brasiler és una de les regions més riques en biodiversitat del mon i
també una de les més amenagades. L'origen d’aquesta biodiversitat és encara una pregunta
sense resposta. Els models paleoclimatics han predit dues regions d’estabilitat important
en el nord i centre, mentre que les regions del sud podrien haver patit una forta inesta-
bilitat durant les glaciacions del Plistocé. S’espera, doncs, una elevada diversitat genética
en organismes que han sobreviscut en zones estables (al nord i al centre), i signes de colls
d’ampolla i expansié poblacional en organismes provinents de zones inestables (el sud).
La filogeografia molecular i els estudis d’endemisme mostren, pero, resultats contradicto-
ris: encara que alguns resultats validen aquestes previsions altres indiquen que els models
paleoclimatics no sén capagos de predir les zones estables de selva tropical al sud. La ma-
joria dels estudis, perd, han examinat espécies amb taxes de dispersio relativament alta.
Es possible que taxons amb capacitats de dispersié més baixa siguin millors predictors de
I'estabilitat de I’habitat. En aquest cas, hem utilitzat dues espécies de planaries terrestres
com organismes model per analitzar els patrons i nivells de diversitat nucleotidica en una
localitat del sud del Bosc Atlantic (Serra da Bocaina (SB)). Aquesta petita unitat de conser-
vacio del Bosc Atlantic estd situada a I'estat de Sdo Paulo, on els models paleoclimatics pre-
diuen la preséncia de bosc fa 6,000 anys pero no fa 21,000 anys (per I'dltim maxim glacial).
Alguns treballs, perd, mostren alts nivells d’endemisme i suggereixen estabilitat. En aquest
estudi trobem que les dues espécies presenten alts nivells de variabilitat genética, sense
mostrar 'empremta molecular d’una colonitzacié recent o d’expansié poblacional; dades
que apunten a un escenari d’estabilitat a llarg termini. Els resultats reflecteixen, per tant,
que els models paleoclimatics fallen en la deteccio de refugis al Sud del Bosc Atlantic, i que
organismes amb baixa capacitat de dispersi6 i una alta especialitzacid en I’habitat que ocu-

pen poden millorar la resolucié d’aquests models.
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Introduction

Abstract

The Brazilian Atlantic Forest is one of the richest biodiversity hotspots of the
world. Paleoclimatic models have predicted two large stability regions in its
northern and central parts, whereas southern regions might have suffered
strong instability during Pleistocene glaciations. Molecular phylogeographic
and endemism studies show, nevertheless, contradictory results: although
some results validate these predictions, other data suggest that paleoclimatic
models fail 1o predict stable rainforest areas in the south. Most studies,
however, have surveyed species with relatively high dispersal rates whereas
taxa with lower dispersion capabilities should be better predictors of habitat
stability. Here, we have used two land planarian species as model organisms
to analyse the patterns and levels of nucleotide diversity on a locality within
the Southern Atlantic Forest. We find that both species harbour high levels
of genetic variability without exhibiting the molecular footprint of recent
colonization or population expansions, suggesting a long-term stability
scenario. The results reflect, therefore, that paleoclimatic models may fail to
detect refugia in the Southern Atlantic Forest, and that model organisms with
low dispersal capability can improve the resolution of these models.

that geographic and climatic modifications caused by
Tertiary geological events might have promoted species

The Brazilian Atlantic Forest (AF) is one ol the richest
and most threatened biodiversity hotspots of the world
(Myers er al, 2000), still harbouring more than 8000
endemic species (Tabarelli er al, 2003). Currently, the
remaining 10-16% of its original extent is fragmented
in small isolated patches caused by human activities
as agriculture and transport networks (Fonseca &
Rodrigues, 2000).

Understanding the origin of this biodiversity is critical
to address political issues about protection and manage-
ment. The origin of current biodiversity at the AF is,
however, highly controversial. Simpson (1979) proposed

Correspondence: Mana Riutort, Departament de Genética,
Facultat de Biologia, Universitat de Barcelona, Diagonal 645,
08028 Barcelona, Spain.

Tel.: (+34) 93 4035432; fax: (+34) 93 4034420;
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diversification that, in turn, would explain the high
levels of biodiversity of the Atlantic Forest. In a different
view, Halfer (1969) stated that the origin of this biodi-
versity would be the Pleistocene glacial cycles promoting
vicariance of populations by the regression, fragmenta-
tion and expansion of the [orest and by sea level changes.
Paleoclimatic models, applied to test this latter hypoth-
esis, have predicted two large areas of stability through-
out the Late Quaternary in the Central Atlantic Forest
(CAF; region extending north of the Doce River, Fig. 1),
whereas southern regions (SAF) would presumably have
had a lack of refuges (Carnaval & Moritz, 2008). These
two scenarios may leave distinctive molecular fingerprint
in the genome of organisms; a slow change associated
with geological processes would allow populations to
remain historically stable and smoothly adapt to the new
conditions, thus displaying high nucleotide diversity.
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Parque Estadual de Intervales (P1)

Parque Nacional da Serra da Bocaina (S8)
Estagio Biologica de Boraceia (BB)

Parque Nacional de Saint-Hilaire/Lange {SL)

Fig. 1 Distribution of the studied Atlantic Forest sampling localities. Parque Nacional da Serra da Bocaina (SB) (yellow diamond); Estagao
Bioldgica de Boraceia (BB) (green diamond); Parque Estadual de Inmervales (P1) (light blue diamond) and Parque Nacional de Saint-
Hilaire/Lange (SL) (dark blue diamond). CAF. Central Atlantic Forest area; SAF, South Atlantic Forest.

Alternatively, a rapid change associated with recent
Pleistocene ice advances and retreats would lead to the
characteristic footprint of recent bottlenecks or founder
events and lower nucleotide diversity. Stability areas
predicted by paleoclimatic models, with the subsequent
differences in genome patterns, might explain the high
species richness (Colinvaux ef al., 2000; Ridgely & Tudor,
1996; Bates et al., 1998; Cabanne er al., 2008) as well as
the high levels of nucleotide diversity found in some taxa
in the CAF and the signs of population expansion in SAF
(Pellegrino et al., 2005: Grazziotin et al,, 2006; Cabanne
et al., 2008; Fitzpatrick et al., 2009; Carnaval et al., 2009).

Nucleotide diversity patterns observed in some of these
studies, however, suggest that paleoclimatic models fail
to predict stable rainforest areas in the SAF. Cabanne
et al. (2008), for instance, studied different subspecies of
the bird Xiphorhynchus fuscus and detected some endemic
lineages in the SAF that could be better explained if
forested areas have persisted in that region. Carnaval
et al. (2009) analysing three Hyla species, predicted a
species-specific stable region for H. faber in the Sao Paulo
area (situated within SAF) not found in the other
two species. Moreover, other studies (Costa ef al., 2000;
da Silva er al, 2004; Pinto-Da-Rocha et al., 2005) found
centers of endemism in Sdo Paulo (and southern regions)
that could be explained by the geological history of the
Serra do Mar and Serra da Mantiqueira prior to the
Pleistocene glaciations. Moreover, some studies dating
diversification processes in the SAF region have also

revealed older lineages (Prepleistocenic) than predicted
by paleomodelling (Fitzpatrick et al., 2009; Grazziotin
et al., 2006); these studies, nevertheless, also found the
genetic signature of recent Pleistocene events. As it has
been repeatedly proposed, the current data suggest that
the processes generating the Atlantic Forest diversity are
complex.

Here we have focused the analysis on a small SAF
region situated around the border between SP and RJ
states (SP-RJ region, Fig. 1). The paleoclimatic model of
Carnaval & Moritz (2008) predicts that it had been
covered by patches of forest 6000 years ago, but with
no-forest at all 21 000 years ago (see Fig. 4 in Carnaval &
Moritz, 2008). Moreover, some studies (as those referred
above, Cabanne etal, 2008; Carnaval etal, 2009;
Grazziotin ef al., 2006) also show that this SAF region
has been stable, or harbours a high number of endemic
lineages. These conflicting results might reflect the
difficulty of detecting refugia in this area. perhaps
because SAF refugia were smaller than those in northern
regions. Indeed, many of the studies surveying the AF
region suffer from important limitations, such as a low
spatial resolution of the predictions for studied species
{e.g. vertebrates) with great dispersal capacity (Carnaval
& Moritz, 2008). Specialized and low-dispersal taxa likely
would be better models for phylogeographic studies,
as their distribution and richness are highly influenced
by the historical habitat stability (Cruzan & Templeton,
2000; Hewitt, 2004a,b; Graham et al., 2006; Garrick et al.,
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2004; Sunnucks efal, 2006). In this context, land
planarians (Phylum Platyhelminthes) have adequate
biological features as important physiological limitations
(reduced retention capacity of body fluids and a high
sensitivity to sunlight and heat) that limit their natural
dispersal ability and, in consequence, they are likely to
prevent the movement of planarians across forest frag-
ments. Actually, they have been shown to be suitable to
detect variability at low scale in a study on a system of
montane forest in Australia (Sunnucks et al., 2006).

We have applied the state-of-the-art population genet-
ics and phylogeographic tools on two terrestrial planarian
species to study a locality within the SAF region, the
Serra da Bocaina National Park (SB), to understand the
relative role of Pleiostocene glaciations and geological
events in shaping current patterns of genetic variability.
If the SB habitat had been historically stable during long
periods, even presenting relatively small fragments of
forest, we should observe a pattern and level of nucle-
otide diversity different than that expected in areas
shaped by recent glaciations, namely (i) a high intrapop-
ulation genetic variability but lower than that expected
between populations, (ii) no genetic evidence for bottle-
necks or population expansions. Moreover and impor-
tantly, this pattern should be shared by the two studied
species.

Materials and methods

Study site and fieldwork

We conducted the study in the SB Park, a 104 000
hectares protected area mainly covered with Atlantic
Forest. The altitudes of the park range from sea level to
2132 m (Behling et al, 2007). Three more southerly
parks [Estacdo Biolégica de Boraceia (BB), Parque Esta-
dual de Intervales (PI) and Parque Nacional de Saint-
Hilaire/Lange (SL)] within and outside the Serra do Mar
corridor were also sampled to be used for the interpop-
ulation analyses (Fig. 1; Table S1).

We have studied two terrestrial planarian species
Cephaloflexa bergi (Riester, 1938) and Geoplana goetschi
sensu Marcus (1951). They were chosen because of their
relatively high abundance and broad distribution across
the south Atlantic Forest (see also Carbayo & Froehlich,
2008). We searched for animals under fallen logs and
litter for 240 h during the day and directly on the ground
during the night using led torches, as worms are active
at night. A total of 143 specimens belonging to 27 species
were found. Ten and 16 of the specimens are Cephaloflexa
bergi (Riester, 1938) and Geoplana goetschi sensu Marcus
(1951), respectively, both used in the phylogenetic and
population genetics analyses. Specimens were taken
within a distance less than four km from the main
entrance to the park. Each animal was assigned a code
and cut in two pieces. One part was fixed in formalin for
histological analysis and the other in absolute ethanol

® 2011 THE AUTHORS. J. EVOL. BIOL. 24 (2011) 8B87-896
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for DNA extraction. The animals were identified by
examining their external aspect and internal anatomy
on histological sections together with the analysis of the
cytochrome oxidase I (COI) sequences.

Morphological analysis

For each animal, we described the external features.
Then, we poured boiling water on them to avoid them
curling when fixing with 10% formalin, subsequently
were stored in 80% ethanol. From ten specimens of each
species, we embedded tissue blocks of the cephalic
region, the pharynx or the copulatory organs in
Paraplast, sectioned them at 7 ym, and stained with
Mallory/Cason trichrome stain (Romeis, 1989). As the
copulatory apparatus is the main structure for unequiv-
ocal identification, we reconstructed the copulatory
apparatuses with a camera lucida attached to a light
microscope.

DNA extraction and sequencing

We analysed both the mitochondrial COI gene and the
nuclear ribosomal internal transcribed spacer (ITS-1).
DNA was isolated from the specimens preserved in 100%
ethanol using the Wizard® Genomic DNA Purification
Kit (Promega, Madison, W1, USA). We amplified a ~1 kb
fragment covering part of the COI gene by polymerase
chain reaction (PCR), using the following primers:
BarT (ATGACDGCSCATGGTTTAATAATGAT; specifically
designed for this study) and COIR [CCWGTYARMCCHC-
CWAYAGTAAA (Lazaro et al, 2009)]. To obtain DNA
sequences we used the following internal primers: BarS
(GTTATGCCTGTAATGATTG) and BBC (CCAAAAGAA-
AAATCCTTNCC) specifically designed for this study, and
COIF [CCNGGDTTTGGDATDRTWTCWCA (Lézaro ef al.,
2009)]. For the nuclear fragment ITS-1, we amplified
~500 bp using the primers ITS9F (GTAGGTGAACC-
TGCGGAAGG) and ITSR (TGCGTTCAAATTGTCAAT-
GATC) from Bagufia et al. (1999). The same primers
were used to obtain the sequences. The PCR amplifica-
tion conditions for the COI region were: 30 cycles of 50 s
at 94 °C, 45 s at 43 °C and 50 s at 68 °C, with an initial
denaturation step of 2 min at 95 °C, and a final extension
step of 4 min at 68 °C. The amplification reaction was
performed in 25 uL volume, using Go Taq® DNA poly-
merase (Promega) and the DNA template. Annealing
temperature for ITS-1 was 45 °C, the rest of conditions
were the same applied to COI. Amplification products
were purified with the Illustra™ GFX PCR DNA Purifi-
cation Kit (GE Healthcare, Buckinghamshire, UK) and
directly sequenced using the PCR amplification primers or
the internal ones. We determined the DNA sequence from
both strands using Big-Dye (3.1, Applied Biosystems,
Foster City, CA, USA); the reaction products were sepa-
rated on the ABI Prism 3730 automated sequencer (Unitat
de Genomica dels Serveis Cientifico-Técnics de la UB).
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Molecular datasets

COI and ITS-1 alignments were obtained using MAFFT
version 6 (Katoh & Toh, 2008) with a final editing with
Bioedit v. 7.0.9.0 software (Hall, 1999); for COI
sequences, we used the translated amino acid sequences
to guide the nucleotide alignment. We generated two
COI datasets (of 822 bp each). COI-1 dataset includes all
presumptive G. goetschi and C. bergi individuals (from
the SB and the other three localities) together with
sequences of closely related species and Geoplana burme-
isteri and Geoplana ladislavii as outgroups (Table S1). COI-
2 dataset includes only the sequences of C. bergi and
G. goetschi. As the ITS-1 has length variability among
species, caused by a high number of insertions and
deletions, we performed independent alignments for
each species and did not include an outgroup. Cb-ITS
dataset contains C. bergi sequences (508 bp), and Gg-ITS
dataset G. goetschi (428 bp).

Phylogenetic and population genetics analyses

We estimated the DNA sequence evolution model that
best fits the data using jModelTest 0.1.1 (Posada, 2008)
and applying the Akaike Information Criterion (AIC) for
all datasets. We estimated the phylogenetic relationships
by Maximum Likelihood (ML) implemented in RAXxML
7.0.0 software (Stamatakis, 2006), and Bayesian Infer-
ence (BI) using MrBayes v. 3.1.2 (Ronquist & Huelsen-
beck, 2003), and applying the next more complex
evolutionary model to the estimated with jModeltest
present in the inference program. Bootstrap support (BS)
values (Felsenstein, 1985) were obtained from 10 000
replicates in ML analyses. For the BI, we carried out
3 million generations using two independent runs.
Markov chains were sampled at intervals of 100 gener-
ations to include 30 000 data points. The consensus tree
was estimated after removing the first 500 saved trees as
‘burn-in’ (to avoid including samples before reaching
stationarity), the “burn-in” value was determined by
inspection of the likelihood of the trees obtained in each
generation. A 50% majority rule tree was obtained from
the remaining data points. We estimated the Median
Joining Networks (COI-2 dataset plus two outgroup
species) to explore the haplotype relationships within
and between populations in the two species using
NETWORK 4.5.1.6 software (Bandelt et al., 1999) with
the default options. Haplotype networks for the SB
population were constructed using the program TCS
v1.21 (Clement et al., 2000).

We used the program DnaSP v5.10 (Librado & Rozas,
2009) to conduct most of the population genetic analysis.
The levels and patterns of nucleotide diversity were
estimated by the haplotype (Hp) and nucleotide diversity
(m); (Nei, 1987), whereas the levels of DNA divergence
among populations from the same species by D,
parameter (Nei, 1987). We carried out three different

approaches to determine if the pattern of polymorphism
conforms to that expected under the neutral hypothesis.
On the one hand, we applied three neutrality tests that
use different pieces of information to try to detect the
specific fingerprint of recent population expansions,
heavy bottlenecks or other selective and demographic
scenarios: Tajima's D (Tajima, 1989), Fu's F; (Fu, 1997)
and R, (Ramos-Onsins & Rozas, 2002) statistics. Their
statistical significance was estimated by coalescent com-
puter simulations (10 000 replicates). Secondly, we also
searched for atypical patterns of variation along the DNA
region by analysing the levels of polymorphism and
divergence by the sliding window method (Rozas, 2009).
We also estimated the levels of linkage disequilibrium
(LD) to get insights on the genealogies pattern and shape,
in particular to analyse a putative population structure.
LD was computed between pairs of polymorphic sites by
the correlation coefficient 7 (Hill & Robertson, 1968),
and their statistical significance by the y* test. The global
levels of LD were estimated by the Z,g statistic (Kelly,
1997), being its statistical significance assessed by com-
puter simulations (10 000 replicates) based on the
coalescent process without recombination (Hudson,
1990). Lastly, we conducted a Monte Carlo coalescent
simulation-based test to determine whether a structured
genealogy with two sets of highly differentiated
sequences (a deep genealogy) is compatible with that
expected under the equilibrium neutral model, even
in the absence of recombination (see Aguadé, 2001 for
details). For this analysis, we examined if the number
of substitutions (X) between the two deep genealogy
lineages (descending from the root) are higher than that
expected for a nonrecombining (such as the mtDNA)
neutral region. The empirical distribution of X was
generated by coalescent simulations (10 000 replicates)
without recombination and conditioned on the observed
levels of variation -Watterson #-, sample size and the
number of sequences in each subset. The statistical
significance of the test was determined by comparing
our observed X value with those of the empirical
distribution (Rozas, 2009).

Species identification

Cephaloflexa bergi (Riester, 1938). The mature worms are
5-7 cm in length. The body is subcylindrical, the anterior
third narrowing very gradually. The cephalic region is
rolled to the dorsal side, with a slightly concave ventral
side. The ground colour of the dorsum varies from light
brown to green olive; numerous dark-brown pigment
spots spread onto the dorsum. Some worms have an
additional irregular median line of the same colour at
the level of the pharynx and the copulatory complex. The
ventral side is ochre to light brown covered with brown
spots visible to the naked eye. Internally, the cephalic

© 2011 THE AUTHORS. J. EVOL. BIOL. 24 (2011) BA7-B06
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retractor muscle is lens-shaped in cross section; the
pharynx is cylindrical; the copulatory complex (Fig. S1)
is long, having an intrabulbar prostatic vesicle with the
proximal quarter paired; a penial papilla is absent: the
male and female atria are folded; the lining epithelium of
the female atrium is ciliated.

Geoplana goetschi sensu Marcus (1951). The mature
worms are up to 20 cm in length. The body is flattened,
with parallel sides. The dorsal ground colour is dark
green olive; a submaginal yellowish stripe contours the
entire body. The ventral side is pale greyish. The eyes are
located marginally. Additionally to the parenchymatic
muscle layers common to virtually most Geoplaninae
species (i.e. a dorsal diagonal with deccusated fibres, a
supra-intestinal transverse one, and a sub-intestinal
transverse one), there is a tubular parenchymatic muscle
layer of longitudinal fibres embracing the intestine. This
muscle layer had been previously noted by E. M.
Froehlich (pers. comm.) and reported (Carbayo, 2003;
Froehlich & Leal-Zanchet, 2003). The pharynx is bell-
shaped; the oesophagus long and strongly muscularized.
The prostatic vesicle is extrabulbar and long, with the
proximal third paired. The penial papilla is cylindrical,
lined with a ciliated epithelium. The female atrium is a
long and dilated cavity becoming narrower close to the
gonopore, and with a length equal to three quarters of
male atrium. A lacunar, pseudo-stratified, ciliated epi-
thelium clothes throughout almost of the total length of
the female atrium (Fig. S1).

The molecular phylogenetic analysis of COI-1 dataset
(Fig. 52) clearly confirmed that all G. goetschi, as well as
all C. bergi, individuals cluster together in monophyletic
clades independently of any other species.

Phylogenetic relationships

We have analysed the COI DNA sequence variation in
38 individuals (COI-2 dataset) and in 36 individuals for
ITS-1 (Cb-ITS and Gg-ITS datasets), and inferred their
phylogenetic relationships. ITS-1 nucleotide variation
within the species is much lower than that for COI

Table 1 Summary of the nucleotide diversity estimates.

Land planarians and Mata Atlantica biodiversity 891

(Table 1; Fig. 2). Nonetheless, both markers uncover that
the four populations are relatively well differentiated and
show similar population clustering patterns in the two
species.

COI phylogenetic trees inferred from the COI-2 dataset
by ML (Fig. 2) and BI (not shown) have similar topol-
ogies, and are congruent with those obtained by the
haplotype network (Fig. 3). The two methodologies
show that the SB individuals in both species cluster
together independently from the rest of populations,
constituting a monophyletic group. Also in both species,
COI data in the SB locality show two relatively high
divergent clades, whereas all ITS-1 sequences are prac-
tically identical (in fact, there is nearly no nucleotide
variability in this population, most variability is due to
a few indels). The comparative phylogenetic analysis of
two unlinked markers indicates, therefore, that the two
deep mitochondrial clades of the SB population represent
intraspecific genetic lineages.

Intraspecific DNA sequence variation

Table 1 summarizes the nucleotide variation for the COI-
2, Cb-ITS and Gg-ITS datasets. The two species show high
levels of nucleotide diversity in the SB population for
COI, m=0.011 and 0.017 for C. bergi and G. goetschi,
respectively. The global levels of nucleotide diversity
including the individuals from all four parks are much
higher: = = 0.057 and 0.046 for C. bergi and G. goetschi,
respectively. The levels of intrapopulation nucleotide
diversity for ITS-1 are very low, precluding the use of this
marker for the population genetic structure analyses.

Population structure in Serra da Bocaina
using COI data

Despite the very high COI intraspecific nucleotide
variability levels, the pattern of the Tajima’'s D neutral-
ity test conforms to that expected by an equilibrium
stationary population (Table 2). Geoplana goetschi, how-
ever, exhibits a positive Tajima’s D value (1.689), and

No. of
No. of Haplotype polymorphic Nucleotide

Locality Species n haplotypes diversity (Hg) sites diversity (r)
col

Pargue Nacional da Serra da Bocaina (SB) Cephalofiexa bargl 10 [ 0.889 3 0.0109

All four localities (SB, BB, P, SU) C. bergi 16 1" 0.950 123 0.0573

Parque Nacional da Serra da Bocaina (SB) Geoplana goetschi 16 5 0.742 33 0.0170

All four localities (SB, BB, PI, SU) G. goatschi 22 9 0.857 128 0.0463
ms-1

Parque Nacional da Serra da Bocaina (SB) C. bergi 10 1 0 ] ]

All four localities (SB, BB, P, SL) C. bergi 15 6 0.571 38 0.0431

Parque Nacional da Serra da Bocaina (SB) G. goetschi 18 2 0.125 2 0.0008

Al four localities (SB, BB, PI, SU) G. goetschi 21 7 0.500 34 0.0157
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Fig. 2 Maximum likelihood trees (ML) inferred from the two genes. Left, COI-2 dataset, the tree has been rooted on the midpoint berween
the two species. Right-top, Ch-ITS dataset; Right-bottom, Gg-ITS dataset. Bootstrap values are shown only at nodes over population level.

although the value does not differ significantly from 0,
it is very close to the critical point (right tail). This
species also has a significant Fu’s F; statistic (right tail).
The R,-based neutrality test (Ramos-Onsins & Rozas,
2002) which is more powerful for small sample sizes,
also vyields a significant result (at the right 1ail).
Although the F. and R, parameters are not significant
in C. bergi, they also lay at the right portion of the
distribution. Therefore, there is no evidence that the SB
population has been recently colonized or has suffered a
population expansion. Indeed, in the latter case, the F,
and R, neutrality tests should exhibit statistics situated
at the left tail of its distribution. Lastly, the polymor-
phism to divergence analyses using the sliding window
approach (a useful approach for detecting some forms of
selection acting along the DNA region) did not reveal
any clear nonneutral signature (decoupling of polymor-
phism from divergence) in any of the two species
(Fig. 4).

We also studied the intrapopulation linkage disequi-
librium (LD) to analyse the pattern of the population
genetic structure (Table 2). Although Z,s values are high

(0.4811 and 0.6507 for C. bergi and G. goetschi, respec-
tively), these values are significant only in G. goetschi
(P-values obtained by coalescent simulations with no
recombination). Moreover, G. goetschi has significant LD
polymorphic site pairs even after applying the conserva-
tive Bonferroni correction (335 significant pairs out of
528). C. bergi has 210 significant pairs (out of 435), but
none of them remains significant after applying the
Bonferroni correction; nevertheless, the relation between
the high number of pairs of polymorphic sites analysed
(435) to the relative small sample size (10), precludes
detecting any Bonferroni significant pair. These features,
shown by the two species, indicate that the SB popula-
tion has a clear molecular signature of population
structure. These significant LD results are explained by
the presence in both species of two very deep lineages,
deeper than that expected for a nonrecombining region
(Slatkin & Hudson, 1991). To assess if such deep
genealogies are expected in a single panmictic popula-
tion, we studied the distribution of the number of
substitutions expected between the two most diver-
gent lineages in a neutral genealogy (see Material and
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C. bergi

Outgroups

Fig. 3 Median joining network based on COI sequences. Code colour as in Figsl and 2 for Cephaloflexa bergi and Geoplana goetschi, orange
and black circles indicate that the species used as outgroups (E. pseudorhynchodemus and C. iheringi). Each circle represents an haplotype
and the circle’s area the haplotype’s relative frequency. In the insets are displayed the haplotype networks for each particular species

(left, C. bergi; right, G. goetschi) calculated with TCS software.

Table 2 Summary of the neutrality tests and LD values in the SB population.

Neutrality test Linkage desequilibrium
Tajima's D Fu's Fs Ramos-Onsins & Rozas A, LD
Population n D 95% CI Fe 95% Cl Rz 95% Cl Zs 85% Cl
Cephaloflexa bergi 10 -0D.9933  (-1.729, 1.655  1.842 (-3.636,4.782) 0205  (0.104, 0.235) 0.4811  (0.145, 0.709)
Geoplana goetschi 16 16886  (-1.774,1.692) B.BO1™  (-4519,5167) 0204  (0.087, 0.204) 0.6507*  (0.117, 0.589)
*F<0.05, **P < 0.01.
methods). This analysis was carried out separately for Discussion

each species of the SB population. We found that the
number of substitutions observed between the two most
divergent lineages of G. goetschi (which generates two sets
of 10 and 6 sequences) is under the neutral expectations
(P=0.213). The same happens for C. bergi: the genealogy
exhibits two divergent lineages (of 1 and 9 sequences)
which are also compatible with the neutral expectations
(P=0.171). Therefore, although the observed genetic
structure is compatible with that expected of a nonre-
combining region in a panmictic population, it might also
reflect the presence of old lineages of a stable and
structured population.

® 2011 THE AUTHORS. J. EVOL. BIOL. 24 {2011) BB7-886

Species identification

Cephaloflexa bergi is known to show several colour
patterns; that of specimens from SB match the colour
observed by Marcus (1951) for some of the specimens
he sampled in Sdo Paulo and surrounding areas. The
internal morphology agrees with that described by
Riester (1938), Marcus (1951) and Carbayo & Leal-
Zanchet (2003). The identification of the second species
deserves some major comments. The worms we identi-
fied as Geoplana goetschi are morphologically similar to
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Fig. 4 Sliding window plot of the COI nucleotide diversity (B)
within the SB population of Cephaloflexa bergi (red-dotted line) and
Geoplana goetschi (purple). and nucleotide divergence (K) between
C. bergi and G. geetschi (green, bold). Step size: 50 nucleotides;
window size: 10 nucleotides,

those from Sao Paulo that Marcus (1951) studied and
identified as Geoplana goetschi Riester, 1938. However, the
morphology of Marcus’s specimens is different in key
diagnostic features from that of Riester’s (1938). Unlike
Marcus’s specimens, Riester’s specimens show a female
atrium as long as the male one, or slightly longer; the
pseudostratified epithelium of the female atrium occu-
pies only the posterior hall of it; and, more importantly,
there is no parenchymatic tubular muscle layer of
longitudinal fibres, as we have observed in specimens
we have sampled. Furthermore, the reconstructed phy-
logenetic tree (Fig. S2) confirmed that all individuals of
G. goetschi sensu Marcus (1951) used in our study form a
different clade than that constituted by G. goetschi Riester,
1938;. Thus molecular data confirmed the morphological
results indicating that G. goetschi sensu Marcus (1951) isa
different and undescribed species. Still, throughout the
manuscript we denote Geoplana goetschi sensu Marcus
(1951) as Geoplana goetschi.

Genetic variation in Serra da Bocaina

Our phylogenetic analyses show that all individuals of
the SB population cluster together (Fig. 2). Nonetheless,
current COI data reveals that both species have high
levels of genetic variation in this locality (Table 1),
clearly over the range observed in two Australian
terrestrial ~ flatworm  species  (w = 0.0008-0.0073;
Sunnucks ef al, 2006). This population also shows
neutrality test statistic values at the right tail of the
distribution (some of them significant), and a good
correlation between DNA polymorphism and divergence
levels (Fig. 4). The results suggest, therefore, that the SB
population has been historically stable, without any
evidence for a recent population expansion.

There is, in addition, evidence of intrapopulation
genetic structure in this sampling locality: the two species
have two deep miDNA lineages and that in turn generate
high LD values. Despite the fact that this feature might

Table 3 COI sequence divergence between populations.

S8 BB Pl SL
S8 0.066 0.080 0.083
BB 00 0.o77 0.094
Pl 0.085 0.085 0.078
SL 0.095 0.065 0.060

Dy values among the four Cephaloflexa bergi (lower left) and Geoplana
goetschi (upper right) populations.

indicate the co-existence of two reproductive isolated
genetic groups (in each species) likely it is not the case.
First, the deep lineages feature is not observed using
information of the nuclear marker ITS-1; nevertheless,
as mDNA and nuclear markers differ on their mean
coalescent times (four times lower for the mtDNA), these
markers might uncover evolutionary histories at different
times. Second, and more notably, our coalescent simu-
lation analyses indicate that the genetic structure formed
by the two deep lineages, although important, is com-
patible with the neutral equilibrium model, especially in
the absence of recombination (such as for the miDNA).
Moreover, the values of the neutrality statistics tend
to fall within the right part of the distribution; that is, a
number of SNPs segregate at intermediate frequencies.
Despite the fact that a number of evolutionary processes,
such as balancing selection, population subdivision or
population decline, might generate this pattern, it is
compatible with a long-term habitat stability scenario,
and actually is highly inconsistent with a recent popu-
lation expansion or recolonization scenario. Remarkably,
the two species share these [features. It is important
to note that the high levels of nucleotide variation
observed within species do not correspond 10 any
methodological species-identification problem.

Taken together, our results clearly suggest that the
habitat of the SB population has been stable for a
relatively long period of time. The observed population
structure might be caused by some micro-spatial genetic
structure or by an ancient population fragmentation with
a subsequent admixture of the populations associated
with ice advances and retreats during the Pleistocene. In
the latter case, the ancient populations should be well
differentiated. Results of the ITS-1 data, which do not
show this intrapopulation structure, would not seem to
support the admixture scenario. The ITS-1 results, how-
ever, are not completely conclusive as (i) this nuclear
region harbours little nucleotide variation and (ii) the
effective population size of nuclear regions is four times
higher than that of the mitochondrial ones. Therefore it
is possible that this admixture scenario really exists, and
that it was only detected by the COI genetic data.
Nonetheless, the interpopulation nucleotide divergence
values (Table 3) of both species are much higher than
within population estimates (Table 1; Fig. 2). All these
features, intrapopulation nucleotide diversity values and
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interpopulation coalescent times older than intrapopula-
tion ones, are the genetic pattern expected for a low
mobility species in a long-term stable habitat, and
therefore with reduced gene flow among parks.

Origin and maintenance of the Atlantic Forest
biodiversity

Our analyses of the patterns of genetic diversity do not
support a recent colonization of the SB region, neither
that they have suffered recent population growth. Taking
all the results together, the patterns of genetic diversity
found at the SB park fits well with that expected for a
long-term stability region which, although reduced in
area, would have maintained its functional ecological
properties at least for small invertebrates. Indeed, the
high levels of nucleotide variation and the strong genetic
structure cannot easily be explained by recent climatic
events, such as the last glacial periods (only tens of
thousands years ago).

In conclusion, our analysis uncovers that paleoclimatic
models are likely failing in the detection of refugia areas
in SAF and that an invertebrate model organism as
planarians, with low dispersal capability and high depen-
dence on forest, can improve the resolution of these
models. Further phylogeographic studies of land planar-
ians would likely yield new and informative data on the
origin and current maintenance status of the Atlantic
Forest biodiversity. Undoubtedly, this information will
be very useful to provide scientific-based guidelines for
conservation-policy makers.
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Table S1. continued

nBan
Species and Conservation Unit Locality/ State N. MZUSP* Code Genbank
] . Sao Paulo/ SP MZUSP PL733 F2886  HQ542887
Geoplana goetschi sensu Riester -
(PO) Parque Nacional da Serra dos Orgdos (n=2) Teresépolis/ R) MZUSP PL 366 F2616 HQ542886
. MZUSP PL 883 F4236 HQ542893
(PC) Parque Estadual da Serra da Cantareira (n=2) S3o Paulo/ SP MZUSP PL 420 F2927 HQ542888
o MZUSP PL 773 F3707 HQ542892
mmo%..nnn ladislavii .
(PT) Parque Estadual da Serra do Tabuleiro (n=1) Paulo Lopes/ SC MZUSP PL 739 F3224 HQ542889
MZUSP PL 740 F3225 HQ542890
Geoplana nznmmn . .
(PC) Parque Estadual da Serra da Cantareira (n=2) PET- Sdo Paulo/ SP MZUSP PL 573 F1023 HQ542882
. . Insituto Butantan/ SP MZUSP PL 581 F1188 HQ542883
zowom naphallia zncﬂa_zn - .
(F “\m_o_.mmﬁm acional de Sao Francisco de Paula (n=2) S3o Francisco de Paula/ RS MZUSP PL 653 F0432 HQ542894
MZUSP PL 1071  F3361 HQ542896

* Vouchers are deposited in the Museu de Zoologia da Universidade de Sao Paulo (MZUSP)

108



CariToL 4

Molecular phylogeography of land planarians (Tricladida,
Platyhelminthes): Insights into the origin of biodiversity patterns in
the southern Brazilian Atlantic Forest hotspot

Filogeografia molecular de planaries terrestres (Tricladida, Platyhelminthes): es-
tudi de ’origen dels patrons de biodiversitat al sud del hotspot del Bosc Atlantic
brasiler

Marta Alvarez-Presas, Alejandro Sanchez Gracia, Fernando Carbayo, Julio Rozas i Marta
Riutort

(en preparacio)
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Resum

Des de fa décades es qiiestiona com s’ha originat i es manté la biodiversitat al Ne-
otropic, sent les hipotesis més discutides aquelles que en responsabilitzen els refugis del
Plistocé o els moviments tectonics del Terciari. El Bosc Atlantic de Brasil (AF) és una de
les regions més riques en biodiversitat, allotjant un gran nombre d’espécies endemiques
que mereixen una atencio especial, i alhora és una de les més malmeses per les activitats
humanes. Recentment, s’hi ha introduit corredors bioldgics per protegir I'area i restaurar
la funcionalitat dels ecosistemes. Alguns estudis filogeografics han predit un origen de la
diversitat genética a I'AF previ al Plistoce, durant el qual, els refugis glacials contribuirien en
el seu manteniment. D’altra banda, les analisis de models paleoclimatics prediuen dues re-
gions estables en el AF central, mentre que les regions del sud podrien haver perdut el bosc
durant les glaciacions, cosa que resultaria en un empobriment de la seva biota. No obstant
aixo, alguns estudis de filogeografia molecular i els estudis d’endemismes indiquen que els
models paleoclimatics no son capagos de predir zones estables al sud. Per altra banda, la
majoria dels estudis han utilitzat espécies amb taxes de dispersio elevades que, probable-
ment, tenen una manca de resolucid a una escala fina. Nosaltres hem demostrat en un
treball anterior que la baixa capacitat de dispersié de les planaries terrestres les fa bons
predictors de I'estabilitat de I’habitat, fins i tot per a les arees petites. En el present treball
hem analitzat els patrons i nivells de diversitat nucleotidica en 11 localitats (dins i fora del
corredor de Serra do Mar, a I'AF) de I'especie de planaria terrestre Cephalofiexa bergi. Els re-
sultats mostren un alt nivell de diversitat nucleotidica, poblacions estructurades genética-
ment i la marca molecular d’un procés d’aillament per distancia. Hem contrastat mitjancant
analisis de ABC basats en models de coalescéncia diferents escenaris demografics per de-
terminar els processos evolutius que han pogut intervenir en la formacié d’aquests nivells i
patrons de variabilitat genética. Els nostres resultats recolzen I'existéncia de zones estables
al sud de I'AF, més antigues que I'Gltima glaciacié, remarcant les limitacions dels models
paleoclimatics en estudis de biodiversitat i la necessitat d’estendre els corredors biologics
més al sud de la seva extensid actual.
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Molecular phylogeography of land planarians (Tricladida, Platyhelminthes): Insights into
the origin of biodiversity patterns in the southern Brazilian Atlantic Forest hotspot

Marta Alvarez-Presas®, Alejandro Sanchez-Gracia®*, Fernando Carbayo®, Julio Rozas? and
Marta Riutort®
*Departament de Genética i Institut de Recerca de la Biodiversitat (IRBio], Universitat de Barcelona, Avinguda Diogonal 643 E-08028, Spain

"Escolo das Artes, Ciéncias e Humanidades, Universidad de S&o Poulo. Av. ArlindoBettio, 1000 Sdo Poulg, Brasil.
The first two outhors have contributed equally to this work

Abstract

The origin and maintenance of extant biodiversity is a major and controversial topic in evolutionary biology.
Moreover, the relative role of the Pleistocene refuges and the Tertiary tectonic movements in shaping biodiversity pat-
terns has not been clearly established. The Atlantic Forest of Brazil, one of the richest biodiversity hotspots, is being
severely damaged by human activities. To preserve this area and restore ecosystem functionality, a number of protected
areas have been connected by biological corridors. To perform an efficient conservation policy decision on this matter,
however, requires of a good knowledge of current biodiversity patterns and its evolutionary history. Here we conducted
a comprehensive phylogeographic study in the Atlantic Forest with flatworms, organisms well suited for fine-scale biodi-
versity analyses, and using nuclear and mitochondrial DNA markers. We carried on the analyses under the ABC-coalescent
framework and using published paleoclimate modeling data to evaluate competing evolutionary scenarios proposed to
explain extant patterns of genetic diversity. We found that single population’ harbors high levels of genetic diversity,
sharing a very old common ancestor, clearly predating the Pleistocene. Remarkable, there is no molecular evidence for
a recent colonization; on the contrary we detect a clear isolation-by-distance hallmark. Globally our results might be ex-
plained by recent secondary contacts over old patterns of genetic variation. Extant biodiversity patterns, therefore, have
been shaped by the interaction of complex geological and evolutionary processes of which we begin to unveil its nature,
and have relevance to inform future conservation policies. Our results, moreover, question the accuracy of paleoclimate
modeling for small-scale predictions.

Keywords: Atlantic Forest, molecular phylogeography, biological corridors, abc-coalescent methods, refugia.

Introduction (soil adaptations, biotic interactions, dispersal ability,

The origin and maintenance of extant
biodiversity is a central but controversial topic in
evolutionary biology. For instance, an intense debate
on the factors determining the high diversity of the
Neotropics has been unfolded (cf. 1). The so-called
refuge hypothesis (2) proposes that the recurrent
aridity-humidity oscillations caused by the Pleistocene
glaciations, would have led the alternation of
vicariance and gene flow cycles, generating extant
biodiversity levels. This hypothesis, however, has
been dismissed by other paleoclimatic evidence and
molecular dating results (cf. 3; 4). The alternative
hypothesis proposes that the major diversification
events occurred much earlier, during the Neogene,
and would have been mainly promoted by geological
reorganizations (tectonic or paleogeographical) (5).
Moreover, it has been proposed that biotic factors

Corresponding author: Marta Riutort, E-mail: mriutort@ub.edu and Julio Ro-
205, E-mail: jrozas@ub.edu, Departament de Genética i Institut de Recerca
de la Biodiversitat (IRBio), Universitat de Barcelona, Avinguda Diagonal,
643, E-08028, Bracelona, Spain.

etc.) acting during the Quaternary and the Neogene
(6), have also affected biodiversity assemblage. Yet,
Rull {1) concludes that the origin of extant biodiversity
would result of complex interactions among most of
these processes, acting either at global or regional
scales. Therefore, for a complete understanding
of the origin and evolution of the biodiversity, is of
outmost importance the knowledge not only of the
particular geological and paleoclimatic history but
also of the underlying evolutionary processes.

The Atlantic Forest of Brazil (AF) is one of
the most important biodiversity hotspots (7) but, at
the same time, one of the most threatened biomes
on the planet, highly reduced (until 11-16% of its
original coverage; 8) and seriously affected by habitat
fragmentation. Current remaining biome fragments,
however, harbor a considerable number of endemic
species, which deserve special attention. Recently, a
number of areas spread across the remaining forest
fragments have been established as conservation
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units to preserve current biodiversity. The so-called
biological corridors have also been introduced to
connect the remaining forest fragments and, hence,
to restore ecosystem functionality and promote
gene flow among protected areas. An efficient and
responsible conservation policy, however, requires
the knowledge of current biodiversity patterns but,
more importantly, a better understanding of its
evolutionary history.

Recent studies surveying the AF region have
applied a number of methods, including paleoclimate
modeling (9; 10), phylogeographic analyses (11,
12, 13) and endemism distribution patterns (14), to
infer the major processes responsible for the origin
and maintenance of species’ richness. Most surveys
conclude that the origin of current genetic diversity
predates the Pleistocene era dismissing, therefore,
the refuge hypothesis as the major generator
process; local refuges, yet, may have contributed
to its maintenance. These studies, nevertheless,
provide contradictory results on the particular
influence of Pleistocene glacial cycles on extant
patterns of genetic and species diversity. On the

one hand, paleoclimate modeling and some genetic

studies uncovering the molecular fingerprint of
recent recolonization at the southern AF (9; 10; 15;
16), support the presence of forest throughout the
last glaciations in the North of the AF (NAF; Fig. 1;
17). On the other hand, endemism studies and other
genetic analyses (12; 14; 18) support the hypothesis
that the southern regions (SAF; Fig. 1) could also
have kept diversity during the glaciations. The later
findings would put into question the accuracy of
paleoclimate modeling in detecting small patches
covered by forest in the past. Furthermore, not all
organisms have responded equally to the events
that might shape extant biodiversity. Indeed, most of
the previous studies have surveyed organisms with
a high dispersal ability (basically vertebrates), which
prevents to draw fine-scale predictions. Specialized
and low dispersal organisms, on the contrary, can
retain the genetic signature of past climate and
geological events that might be lost in other taxa (19;
20; 21).

Here we conducted a comprehensive
phylogeographic analysis to get insights into the
processes shaping biodiversity in the AF using a
terrestrial planarian species, Cephaloflexa bergi

S-SAF

o e
)

ARENE o
'25-5L INAF
CAF
SAF

Evergreen Tree/shrub cover
I Deciduous Tree/shrub cover

Fig; : B Géugra{)ﬁical location of the studied populations (see Table 1 for the precise sampling sites location). NAF, North Atlantic Forest;
CAF, Central Atlantic Forest area; SAF, South Atlantic Forest (based on Cabanne et al. 2008); N-SAF, northern South Atlantic Forest; C-SAF,

central South Atlantic Forest; S-SAF, southern South Atlantic Forest.
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(Platyhelminthes, Tricladida, We
showed that land planarians, a group with limited
dispersal ability, are adequate organisms for fine-

Geoplanidae).

scale genetic studies at the AF (22). Since terrestrial
flatworms are predators and also need a high degree
of humidity to survive, most species depend entirely
on the availability of well-preserved forests, making
the flatworms highly susceptible to environmental
changes. Their presence is an indication of the
conservation of their habitat (23), the wet forest,
becoming an ideal group for investigating historical
biogeographical patterns of their community (Alvarez-
Presas et al.,, submitted; Capitol 5). Moreover,
C. bergi’s relative abundance, which allow us to
perform a broad sampling (including many sampling
points and several individuals per population), and its

Table 1. Collecting localities and sample sizes.

high levels of genetic diversity (22), are fundamental
to contrast competitive scenarios using rigorous
statistical Bayesian coalescent methods (24).
Combining phylogenetic and statistical
phylogeographic analyses and using paleoclimate
modeling data we evaluate competing evolutionary
scenarios proposed to explain extant patterns of
genetic diversity. We focused the study in a single
minimizing the problem that genetic
differences among geographic

species,
regions could
represent species-specific adaptations instead of
reflecting the molecular fingerprint of past historical
events. Our analysis allows us to determine whether
nucleotide patterns of diversity predate Pleistocene
glaciations, and get insights into the persistence of

forest during that period. Particularly, we would

7 Sampling sites n n Forest Forest6 Current
Locality/Population Coordinates (col)  (ITs-1)* 21 kya® kya© Forest region
Longitude  Latitude

e 46,6333

Cantareira (13-£C) e
S St _ -23.4582  -46.6373
cao Biologica de Boraceia ! : i,
(1688) S
Praia de Cambury (19-PC) -23.7520  -45.6310
Pzazrq;:;e Es_tédu&l-@g Jntgr@ies- 202749 484162

arque Nacional de Saint-Hilaire /

Lange (25-5L) -25.7614  -48.5933
-25.7644 -48.6227
-25.4622 -48.8201
-25.4722  -48.8294
-25.6911  -48.5905
-25.7644  -4B.6227

P ) y

arque Nacional da Serra de Itajai -27.0484 -45.0920

{28-51)
-26.9606 -49.0676

Parque Estadual da Serra do

Tabuleiro (31-ST) iy o S
-27.8417 -48.9254

Total

YES YES C-SAF
12 YES YES C-SAF
25 22(22) NO YES C-SAF
20 11(11) NO YES C-SAF
22 14(12) NO YES C-SAF
1 - NO YES S-SAF
1 1(0) NO YES S-SAF
1 - NO YES S-SAF
3 - NO YES S-SAF
1 1(0) NO YES S-SAF
2 2(2) NO YES S-SAF
14 11 (11) NO YES S-SAF
1 - NO YES S-SAF
3 2(2) NO YES S-SAF
5 3(3) NO YES S-SAF

130

23 (121)

*Number of sequences used in the phylogenetic and in the population genetics (in parenthesis) analyses.
® Predicted forest region 21 kya. © Predicted forest region 6 kya.
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expect (i) significant genetic structure and high levels
of genetic diversity within and among populations,
in areas covered with forest throughout Pleistocene
glaciations; (ii) signatures of population expansion
and absence of genetic patterns of isolation-by-
distance in areas depleted of forest during that
glacial period. Moreover, if genetic variation has been
mainly shaped by pre-Pleistocenic events we may
eventually determine the effect of ancient geological
and evolutionary processes.

Our results do not support that the southernmost
regions of the SAF have been recently colonized as
expected for a region predicted to be uncovered of
forest 21,000 years ago. Indeed, we detect high levels
of genetic diversity, significant population structure
-even within populations-, and the isolation-by-
distance hallmark. These features might be explained
by the effect of recent secondary contacts over old
patterns of genetic variation in geographic areas
likely fragmented by recent climatic events. Extant
patterns of diversity, therefore, are very ancient and
have been shaped by the interaction of complex
geological and evolutionary processes of which
we begin to unveil its nature. These results have
relevance to inform future conservation policies.

Results

Sampling and morphological identification. We
found C. bergi in 11 of the 13 sampled localities
(Table 1, Fig.1), being absent from 11-CJ and 34-FN.
The species identity of the individuals have been
checked morphologically, analyzing histological
sections of the copulatory apparatus, and by
inferring phylogenetic trees including other species
to ensure the genetic monophyly of the individual
group analyzed. We sequenced and compared the
COI region in 213 individuals and the ITS-1 region in
130. GenBank accession numbers for COI and ITS-1
can be found in Table 51.

The superimposition of our sampling localities
on the maps presenting the predicted distribution of
forest 21,000 and 6,000 ya (9) shows that populations
01-AR to 13-EC are situated within areas covered by
forest in the two periods (here called ancient forest),
while the rest were only covered since the last 6,000
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years (recent forest)(Fig.S1).

Phylogenetic relationships and interpopulation
genetic variation. COI tree topologies inferred from
both Maximum Likelihood and Bayesian Inference
methods are similar (Fig. 2A and Fig. S2A), and define
three well differentiated clusters clearly associated
with population’s geographical distribution: the
N-SAF, C-SAF and S-SAF clades which mainly include
northern, central and southern SAF populations,
respectively (Table 1; Fig. 1). Two populations,
however, have individuals in two of these clades (19-
PC in the C-SAF and N-SAF clades, and 25-SL in the
S-SAF and C-SAF). Nearly half of the populations are
polyphyletic (19-PC, 25-5L, 28-Sl and 31-ST); the rest
are monophyletic but some also show a relatively
high genetic structure (04-ED, 07-SO and 10-SB)
(Fig. S2A). The 01-AR population (CAF area) also
has two major groups of lineages, one basal to the
rest of populations, while the other, with extremely
long branches, is phylogenetically related to the
N-SAF clade. Since long branches could result in
artifactual clusterings, we reanalyzed the data after
removing the fastest evolving sites (Fig. S3). The
analyses show the 01-AR population monophyletic at
different positions of the tree (relatively basal), while
the rest of populations maintain their phylogenetic
relationships (although less resolved). These results
show that 01-AR long branches difficult a correct
inference of its real position in the tree. Nuclear
ITS-1 sequences display the same topology than the
mitochondrial gene (Fig. 2B, Fig. S2B), reproducing
the division in the three main clusters and the high
within population structure.

Intrapopulation DNA sequence variation and
neutrality tests. Table 2 and Table 52 show a summary
of some genetic diversity and neutrality test analyses.
Values of nucleotide diversity (rt) are high for both
nuclear and mitochondrial markers. The neutrality
tests for COI (Tables 2A and S2A) at some populations
(01-AR, 19-PC and 31-ST) have significantly positive
Tajima’s D values indicating, therefore, an excess of
intermediate frequency variants. On the other hand
we also find significantly negative D values in the
28-Sl population, which suggest an excess of low
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UL —

NN CAF

B N-SAF

I C-SAF
S-SAF

Fig. 2. (A) Bayesian Inference tree inferred from the COI (A) and ITS-1 (B) datasets. Values above the branches indicate the Posterior Prob-
abilities. For the sake of clarity monophyletic groups constituted by individuals of the same population have been collapsed, the detailed
tree is shown in Fig. S2. Scale bar represents the number of substitutions per site. (C) Neighbor-joining tree inferred from DXY values of
the COI dataset and applying the Kimura-2-parameters correction.

®04-ED
C — ® 07-50 |
10-58
® 16-BB
| ® 19-PC
— o
®22-P1
® 25-5L
—1 ® 28-Sl
® 31-5T
® 01-AR %
3 Outgroup
=
om = g:m
I S-SAF

frequency variants. Moreover, the COIl pattern of significant departures from the neutral equilibrium
nucleotide variation in some populations also shows applying Fu’s F_and Ramos-Onsins & Rozas R, test-
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statistics. It is noteworthy that, in some cases, the
direction of these departures is different among
populations. Although there is not a general pattern,
most significant values are found at the right tail of
the empirical distribution of the statistics suggesting,
therefore, evidence for some genetic structure. The
same happens with the ITS-1 pattern of nucleotide
variation across populations (Table 2B and Table
S2B): not all populations depart from the neutral
equilibrium, and the significant statistical values
usually occur at the right tail. These results provide
no evidence, therefore, of the molecular signature of
a recent population expansion.

We also analyze the within-species genetic
structure studying the distribution pattern of linkage
disequilibrium (LD) applying the Z and Wall's Q
statistics (Table 2 and Table $2). For COIl, these
analyses also show high significant values in some
populations (19-PC, 28-Sl and 31-ST). These results
are, in general, concordant with those obtained
for the nuclear ITS-1 region (Table 2B and Table
$2B), and with Fu’s F, and Ramos-Onsins & Rozas R,
analyses indicating again the presence of genetically
structured populations. The heterogeneity in the
neutrality test results across sampled populations
suggests a complex demographic scenario.

Interpopulation DNA divergence. To get insight
into the pattern of genetic differentiation between
populations we compared their pairwise genetic
distances (Table S3). As anticipated by the inferred
tree topology (Fig. 2A, B and Fig. S2) and the high
nucleotide diversity values (Table 2), the D, and D,
estimates are quite high; for instance, D, reaches
values of 0.10704 for COI and 0.15064 for ITS-1.
The surveyed populations, moreover, are highly
differentiated (Tables S4 and S5), which result on
very low levels of gene flow (Nm = 0.09 and Nm =
0.06 for COI and ITS-1, respectively). The population
relationships (Fig. 2C) also show that geographical
close populations are genetically related, both for
ITS-1 and for COIl. And more importantly, we can
clearly distinguish northern (N-SAF), central (C-SAF)
and southern (S-SAF) geographical areas. Unlike
the phylogenetic trees (Fig. 2A, B), the D, -based
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dendrogram (Fig. 2C) displays a close relationship
between N-SAF and C-SAF clades, although the
internal branch connecting both groups is very
short. This analysis, moreover, points out the 01-
AR population (CAF) as basal to the other C. bergi
populations.

We determined whether these interpopulation
genetic differences also exhibit the molecular
signature of an isolation-by-distance pattern.
The analysis comparing geographical and genetic
distances including all populations shows a positive
and highly significant correlation (Table S6).
Remarkably, the analyses conducted separately for
ancient and recent forest populations also show
positive correlations that are significant for recent
forest populations and close to the critical value for

ancient forest populations (Table 56).

ABC analyses: global analyses. We applied the ABC
framework to investigate whether current range-
wide scale distribution of nucleotide diversity might
be explained by serial population founder events. We
tested four putative demographic scenarios (Fig. 54).
Although model 1, which assumes the northernmost
population as the origin of genetic diversity, shows
the highest posterior probability (PP = 0.427), none
of the four evaluated scenarios fits significantly better
the datathan the other three (Table S7). Furthermore,
estimates of the GLM for model 1 does not fit well the
observed data (the fraction of retained simulations
with a smaller or equal likelihood than the observed
data under the GLM is very low, f = 0.023). These
results indicate that the extant genetic diversity
cannot be explained by the mere effect of successive
founder events. Therefore we should consider more
complex demographic scenarios to understand the
relative importance of forces driving extant genetic
distribution. Increasing the complexity of the model
(i.e., increasing the number of parameters) makes the
analysis computationally intensive and reduces the
confidence of the parameter estimates. To avoid this
problem, we modeled the history of each sampled
population separately.

ABC analyses: within-population analyses. We
evaluated three competing evolutionary scenarios
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Table 2A. Summary of the COI nucleotide diversity estimates and neutrality tests
Locality n S h n Tajima’s D Fu's F, R, Z,
01-AR 11 107 8 0.0650 1.464* 4.797* 0.245** 0.577
-ED 36 12 7 0.0050 1.346 2,558 0.165 0.358
07-50 20 15 0.0045 -0.758 -3.28 0.087 0.067
10-58 10 31 6 0.0109 -0.993 1.842 0.205 0.481
13-EC 13 4 0.0019 0.792 0.514 91 0.425
16-BB 25 6 7 0.0011 -1.15 -3.176%*! 0.082* 0.013
19-PC 20 81 13 0.0461 2.167** 3.964 0.228*%* 0.711%*
22-Pl 22 6 6 0.0016 -0.686 -1.367 0.103 0.166
25-5L 9 99 7 0.0530 .549 3.536 0.27 0.476
28-51 15 61 10 0.0115 -2.283%%1 -0.157 0.232** 0.885**
31-5T 8 67 5 0.0457 2.464** 6.335** 0.279** 0.913**
All localities 213 226 88 0.0754 - - = =
*p<0.05 **P < 0.01; significant on the left tail
Table 2B. Summary of the ITS-1 nucleotide diversity estimates and neutrality tests
Locality n S./s, h n Tajima’s D Fu's F. R, Z_
01-AR 8 67/72 4 0.0436 -1.829* 6.094** 0.315** 0.927**
04-ED 21 8/26 8 0.0029 -1.587* -4.204%* 0.068** 0.120
%’:gg 10 7 !211 ? 0.0848 -1.116 -2.082% 0.112%* 0.188
13-EC 10 3/3 2 0.0014 -1.562* 1.225 0.3 1%%
16-BB 22 1/3 2 0.0002 -1.162 -0.957 0.208** -
19-PC 11 59/64 5 0.0682 .826 9.334%* 0.243** 0.850**
22-PI 12 12/21 6 0.0058 -1.865% -0.849 0.156 0.306
25-5L 2 0/0 1 0 - - -
28-51 11 35/40 2 0.015 -2.181%*! 9.321%* 0.287*%* 4
31-ST 5 6]/63 4 0.0841 1.567* 3.843 0.283 0.945%*
All localities 121  86/176 28 0.0673 - - -

S, = Complete deletion. S, = Analysis using all positions. *P < 0.05 **P < 0.01; *significant on the left tail

(Fig. 3). We found that in five populations (01-AR,
19-PC, 25-SL, 28-S| and 31-ST) our model choice
procedure was able to significantly choose one of
them (Table S8). From these populations only 19-
PC is situated inside the Serra do Mar corridor, and
only 01-AR was putatively covered by forest 21,000
years ago (according to paleoclimate models; 9).
Noticeably, in all these five cases, the model that
fits significantly better the data is the refugia (REF)
model, a scenario where current variation might
be explained by a secondary contact between
populations exhibiting old divergent lineages. The
19-PC has a somewhat different pattern since the REF
model has a high posterior probability (PP =0.982),
although does not explain well the empirical data
(f = 0.026). Likely, a more complex model should be
considered to explain the extant patterns of variation
observed in this population. Remarkably, neither
the bottleneck (BOT) nor the REF model can explain
significantly better the data than the standard neutral
model (SNM) in the other four populations (Table
58). In two cases (13-EC and 16-BB), however, the
BOT model shows posterior probabilities over 0.60,
which might indicate that these populations could
have suffered changes in their population size.

It is important to note that the percentage
of false positives of our model selection procedure
is in all cases below the 5 %, which suggests that the
procedure is accurate (Table S9). Moreover, we also
investigated the stability of our results with regard to
both the posterior probabilities computation method
and the proportion of retained simulations (Pa). We
found that repeating the model selection step under
the GLM model using several Pa values or applying
the method of Beaumont (25) we reached the same
conclusions (results not shown).

In spite that we could be able to choose
the best model, the prediction error plots for the
PLS components indicate that the involved summary
statistics do not provide enough information to
estimate divergence time parameters. Bayesian
analyses using BEAST (Fig. S5),
reveal that the split between the main lineages

nevertheless,

of populations involved in the secondary contacts
(between N-SAF, C-SAF and S-SAF; in populations
19-PC and 25-5SL) are very old and coincident with
the diversification of these three clades (aprox 8.5
and 7.5 Mya respectively). Although the common
ancestor for within-population lineages in S-SAF
is slightly more recent, they are also very old (~6.5
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Mya). These results indicate that the origin of
extant genetic variation in the surveyed populations
backs to the Miocene, and its pattern of geographic
distribution would primarily be shaped by old
geological processes. On the other hand, the already
observed strong within-population genetic structure
clearly indicates that secondary contacts were
extremely recent (in the order of thousands of years).
This feature is also confirmed by the fact that in the
most structured populations (such as 31-ST and 25-
SL) individuals involved in the deepest lineages are
the same for COl and ITS-1 markers. That is, the
secondary-contact time has been so recent that
recombination between mitochondrial and nuclear
regions have not had the opportunity to occur. Likely,
these contacts were related with recent climatic
changes.

Discussion

Recentstudies supporting thatextant Neotropical
biodiversity is ancient, and usually predates the
early Pleistocene (11; 26), are debilitating the role
of Pleistocene refugia as the major mechanism
explaining species diversification. This fact does not
mean that refugia do not have any functional role;
instead, they have likely shaped extant biodiversity
distribution by keeping old diversity in scattered
points. Current molecular analyses on the distribution
and impact of refugia, however, are quite scarce and
biased: they have used high-mobility organisms and
have usually conducted a species-level approach.
Moreover, the few population-level analyses relied on
few samples, on species with low genetic variability or
on a statistically-inaccurate sampled strategy. Here,
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Fig. 3. Population demographic models used in the within-pop-
ulation ABC analyses. NA, effective size of ancestral population
relative to the current size, NO. (A) Bottleneck (BOT) model. Nb,
population size after the reduction (the same that in the beginning
of the expansion phase). texp, duration of the expansion event (in
4Ne generations from present to past). tb, time of bottleneck. (B)
Two refugia (REF) model. N1 and N2 indicate the population size
of each population or refugia relative to the current size, NO. tsplit,
the time when the two refugia joined to form present population.
tcoal, the time when the ancestral population splits up into two
refugia; x and 1-x, indicates the average frequency contribution of
each refugia to the current population.

we overcome some critical limitations by using a low
mobility organism and affording a broad sampling
intensity -including several individuals per locality
-which allows conducting appropriate coalescent-
bayesian analyses.

Ancient origin of C. bergi populations. With our
approach we show that within-species diversity
is very ancient; on the one hand, the inferred
phylogenetic trees have deep nodes (both at the intra
and interpopulation levels), and on the other hand,
current estimates of within-population and between-
population nucleotide diversities are also very high.
Moreover, the combined molecular analysis using
mitochondrial (COl) and nuclear (ITS-1) markers
with morphological data allows us to be confident
that the deep clades observed at the within-species
level are not putative cryptic species, instead they
represent old genealogical lineages. Our molecular
dating results (Fig. S5) indicate that the extant levels
of within-species diversity are clearly previous (~10
Mya) to the last glaciation periods (stretched from
~116,000 to 12,000 years ago, 27); that is the split
of C. bergi from the close outgroup species occurred
in the Miocene. But more importantly, many within-
species interpopulation splits are also very old,
predating the Early Pleistocene.

Genetic structure of extant SAF populations. Current
predictions of paleoclimate models (Fig.S1) indicate
that the S-SAF, at difference to N-SAF and C-SAF, had
been completely depleted of wet forest during at
least the LGM (21,000 ya; 9), having recovered only in
recent years; the southern most regions, therefore,
should have been recolonized by forest biota
recently. Compiling empirical evidence, however, is
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controversial. Not only paleoclimatic and molecular
data are concordant in some studies (10; 13; 15; 16;
28), but they even have identified the molecular
signature of a recent population expansion. However,
Costa (29) and Thomé et al. (12), among others,
came to very different conclusions rejecting the post-
glacial colonization of southern territories as the
major explanation for the observed diversity pattern
or the levels of endemism. Our coalescent-based
population-genetic results clearly do not support
that S-SAF region was colonized recently (after the
last glacial period). We have indeed, i) not found
the characteristic molecular fingerprint left by a
population expansion; ii) showed that the values of
nucleotide diversity are rather high; and iii) observed
that putative recent-covered forest populations have
the characteristic isolation-by-distance signal, non-
expected for a recently colonized region. It could
be objected that the absence of a recent-expansion
molecular signature might be due to some lack of
statistical power. We think that this is not our case.
First, our COIl analyses are based on a relatively
large sample size (an average of 19 individuals and
20 polymorphic sites per population; Table 2A).

wrriry
n

Population

R, COI

Second, and more importantly, we found the specific
fingerprint of the genetic structure applying both
coalescent-based neutrality tests (Table 2) and
coalescent-based ABC analyses (Fig. 4).

Our results in planarians, organisms depending
exclusively on the presence of good condition forest
are, therefore, compatible with a relatively stable
scenario where important parts of the S-SAF regions
had been covered by forest, at least in patches.
Remarkably our findings question the accuracy of old
forest-covered fragments predictions of paleoclimate
modeling, and does not support a putative migration
(from north to south) stated in 10; 13; 16 and 30. On
the contrary our results support the conclusions of
the studies identifying a high number of endemics
pecies in southern regions (14; 18) and genetic
signals of high diversity. A possible explanation for the
inaccurate prediction of paleoclimate models could
rely in the fact that the required ancient temperature
and precipitation predictions might be not precise
enough. Furthermore, these two parameters likely
are not sufficient to predict correctly the presence of
wet forest community.

ABC
COI+ITS

z,, ol

RyITS  Z, ITS

31-ST
Fig. 4. Summary of significant results for the R2 and ZnS statistics

-calculated separately for COl and IT5-1 datasets- and combining both

markers in the ABC analyses.(A) Geographical distribution of the significant results for ABC (outer ring) and for marker-individual analy-
ses (inner ring). (B) Tabular representation of the results, Red and green colors represent evidence for genetic structure and population

expansion, respectively. Yellow figures indicate no significant results.
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Fig. 5. Schematic representation of the putative evolutionary his-
tory of SAF populations. Red crosses represent population (line-
ages) extinctions caused by presumed reduction of forest-covered
areas during the Pleistocene. Dashed lines represent recent sec-
ondary contacts of isolated, but geographically close, populations
which remained covered by forest (refugia). For instance, popula-
tions 18-PC, 25-SL and 31-5T could have originated by a process as
shown in populations C, E and G, respectively.

Results for the N-SAF and C-SAF populations are
much more compatible with paleoclimate model
predictions, showing a relatively neutral equilibrium
pattern with no evidence for genetic structure or
population expansion (Fig. 4). The single exception is
the 19-PC (C-SAF) population that harbors two very
divergent lineages, being one of them closely related
to the lineages of N-SAF (see below). The 01-AR (CAF)
also has a significant genetic structure. The basal
position of this population (Fig. 2C), however, clearly
suggests the existence of an ancient physical barrier
to gene flow, between CAF and SAF. The lack of other
CAF populations does not allow us to provide an
explanation on the origin of the two lineages.

Evolutionary history of SAF populations. Our global
coalescent-based ABC tests do not support any of
the four assessed global models (Table 7). These
results again do not support hypotheses dealing
with a global range displacement. On the contrary,
the high genetic structure observed within some
(not all) populations and the single-population ABC
analyses evaluating the SNM, BOT and REF models
(Fig. 4 and Table S8), uncovers a much more complex
evolutionary history. Globally our results indicate
that the extant patterns of genetic diversity are
high, ancient —predating the Pleistocene- and have
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been shaped by complex interactions among diverse
processes. Our findings, moreover, are compatible
with a continuous presence of forest (at least in a
number of patches) along the SAF.

Our genetic data reveal three major and old
clades, delimiting three SAF regions (N-SAF, C-SAF and
S-SAF; Fig. 2), whereas the 01-AR (CAF) population
has a basal position. The origin of these regions could
be explained by major geological or geographical
barriers. For instance, the Guapiara lineament and
the Paranapanema river are situated between
populations 22-Pl and 25-SL, and between 10-SB and
13-EC we find the Upper Rio S3o Francisco crustal
discontinuity and the Campo do Meio fault zone (12).
Also, the subdivision within the C-SAF into two groups
(16-BB and 19-PC vs 13-EC and 22-Pl) can be related
to the Paraiba do Sul River Valley formation (from 15
to 1 Mya; 13; 31; 32) that resulted in two of the major
AF mountain ranges, Serra do Mar and Serra de
Mantiqueira. Noticeably, and as expected by a major
geological event, this pattern is also observed in birds
(13; 16), harvestman (18), and even in another land
planarian species (data not shown).

Our data reveal that the three SAF geographic
regions underwent a different recent evolutionary
history. In this sense, the N-SAF likely has been the
most climatically stable region, mostly covered by
forest and with few or no important effects caused by
the Pleistocene glacial activity (Fig. 5). Consequently
these populations are essentially at mutation-
drift equilibrium with no clear evidence of genetic
structure or population expansion. The C-SAF genetic
features also suggest that this region has been
partially covered by forest for a long period of time.
Nevertheless, the low altitude and close proximity
to the ocean of population 19-PC could make it
very sensitive to the sea level changes associated
with Pleistocene cycles of glacial contractions and
interglacial expansions (33). These changes might
have produced repeated cycles of isolation and
merging of populations that may explain the presence
in population 19-PC of individuals coming from the
north (closely related to the N-SAF populations)
resulting on its high genetic structure (Fig. 5).
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The evolutionary history of the S-SAF region
has been more complex (Fig. 5). We show that this
area was not recently colonized by land planarians,
instead they probably were present for a long
time (at least for 6-7 Mya, Fig. S5). Consequently,
this region should be covered by forest, at least in
many patches. Moreover, we also show that S-SAF
populations are highly structured (Fig. 4). In this
sense the single-population ABC analyses (which
combined nuclear and mitochondrial information,
genome regions with different effective population
sizes) These analyses
indicate that the observed genetic structure is not
compatible with the neutral equilibrium. Instead,

are very informative.

it might represent recent secondary contacts
among genetically differentiated populations (likely
isolated in forest patches). Since the levels of genetic
variation exhibited by S-SAF populations are high,
these forest patches should not be small. Land
planarian S-SAF populations could come in contact
as a result of Pleistocene interglacial expansions. The
analyses also uncover another putative secondary
merge between populations situated at both sides
of the ancient geological barriers that originated
the three main clades. Indeed, some lineages of the
25-SL population are closely related to individuals
of 16-BB ad 19-PC (C-SAF) populations (Fig. 2A);
feature that might indicate recent contacts between
coastal C-SAF and S-SAF populations. These recent
contacts through coastal regions contrast with the
effectiveness of tectonic discontinuities preventing
the gene flow in the interior (there is no evidence for
secondary contacts between 22-Pl and 25-SL being
geographically very close), and again argues for sea
level changes as a major factor explaining current
patterns of genetic diversity.

Conclusions

Our exhaustive phylogeographic study at the
AF using flatworms allowed us to contrast specific
alternative hypothesis regarding the origin and the
factors explaining extant patterns of genetic diversity.
Current planarian’s populations exhibit high levels of

genetic diversity that could be traced back, at least,
to the Miocene. Moreover, our results would suggest
that a number of S-SAF areas should be covered
by forest for a relatively long time. We found no
simplistic global evolutionary scenario that could fit
the data, instead extant biodiversity patterns have
been shaped by the interaction of complex geological
and evolutionary processes. Remarkably, our results
question the accuracy of paleoclimate modeling for
small-scale predictions, and confirm flatworms as
excellent organisms to improve the resolution of
these models. This feature is particularly important
to provide accurate scientific-based information
to make sound conservation-policy decisions, for
instance, in the establishment of the best areas to
be protected before losing undocumented variability
or to be connected to restore the ecosystem
functionality. In this context, both a good knowledge
of current and ancient biodiversity patterns, but also
their evolutionary history, is critical.

Material and Methods

Study area and sample processing. The study area includes the
Atlantic rain forest of the Brazilian states of Espirito Santo (ES),
Rio de Janeiro (RJ), and the East Coast of the states of S3o Paulo
(SP), Parana (PR), Santa Catarina (SC) and Rio Grande do Sul (RS).
Sampling was performed in 13 conservation units within and
outside the Serra do Mar corridor, altitudes of sampling localities
ranged from sea level up to 1000 m (Table 1, Fig. 1). Of all species
of land planarians sampled we selected Cephalofiexa bergi (34)
(213 specimens) since it has the widest distribution across the
SAF {only lacking in populations 11-CJ and 34-5N), a relatively high
abundance, and for its level of genetic variability (22). The animals
were collected directly on the ground in natural protected areas
and surrounding localities. Each animal was photographed and cut
into two pieces. One part was fixed in absolute ethanol (for DNA
extraction) and the other in 10% formalin for identification after
histological processing.

Palaeoclimatic models. We used DIVA-GIS software v, 7.1.7.2.
(www.DIVA-GIS.org; 35) to determine which of our sampled
populations are located in areas predicted to have been covered
by forest during the last glacial maximum (LGM) and the Holocene
era (21 and 6 kya)(9). We determined the predicted ancient forest
coverture by superimposing the geographical coordinates of our
sampling points into the map produced by Carnaval & Moritz (9)
basing on temperature and precipitation layers (Fig. S1).

Morphological analysis. 32 specimens analyzed
morphologically in order to confirm the species assignation. Tissue

were

blocks of the cephalic region, the pharynx or the copulatory organs
were embedded in Paraplast, sectioned at 7 um, and stained
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with Mallory / Cason trichrome stain (36). As the copulatory
apparatus is the main structure for unequivocal identification, we
reconstructed the copulatory apparatuses with a camera lucida
attached to a light microscope. Viouchers are deposited in the
Museu de Zoologia da Universidade de Sdo Paulo (MZUSP){Table
S1).

DNA extraction, gene amplification and sequencing. Samples
preserved in 100% ethanol were digested in lysis buffer and
Proteinase K overnight. Whole genomic DNA was extracted using
the Wizard® Genomic DNA Purification Kit (Promega, Madison,
WI, USA). Approximately 10ng of DNA were used as template for
polymerase chain reactions{PCR) to amplify a section of almost 1kb
of the mitochondrial gene cytochrome oxidase | {COI) using the
followingoligonucleotides: BarT: ATGACDGCSCATGGTTTAATAATGAT
(22) and COIR: CCWGTYARMCCHCCWAYAGTAAA (37). We also
used three internal primers to acquire the sequences: BarS:
GTTATGCCTGTAATGATTG, COIF: CCNGGDTTTGGDATDRTWTCWCA
BBC: CCAAAAGAAAAATCCTTNCC (22). With
primers  ITS9F: GTAGGTGAACCTGCGGAAGG and  ITSR:
TGCGTTCAAATTGTCAATGATC (38) we amplified ~500bp of the
nuclear ribosomal internal transcribed spacer {IT5-1) intron. In this
case the same primers were used for both PCR amplification and

and

sequencing. PCR conditions for COI using Go Tag® DNA Polymerase
(Promega) were the same as those used in Alvarez-Presas et al.
(22). Amplification products were purified with the lllustra™ GFX
PCR DNA Purification Kit (GE Healthcare, Buckinghamshire, UK)
or with a vacuum manifold (Multiscreen®HTS Vacuum Manifold,
Millipore Corporation, Billerica, MA 01821 U.S.A). For COl we
used the PCR products as template in sequencing reactions
using Big-Dye (3.1, Applied Biosystems, Foster City, CA, USA) and
the reaction products were separated on the ABI Prism 3730
automated sequencer (Unitat de Gendmica dels Serveis Cientifico-
Técnics de la UB). ITS-1 sequences were carried out by Macrogen
Inc. {Korea). After revising the chromatograms, we aligned
sequences using MAFFT version 6 (39) and then checked them
by eye with Bioedit v.7.0.9.0 software (40). COI sequences were
translated into aminoacids and used as a guide for the nucleotide
alignment. For ITS-1 sequences, those positions that could not
be unambiguously aligned were subsequently excluded from the
analyses using GBlocks 0.91b (41). The list of C. bergi individuals
and outgroups included in the analyses together with its GenBank
Accession Numbers are provided in Supplementary Table 1.

Phylogenetic analysis. We determined the evolutionary
nucleotide model that best fits the data for all phylogenetic and
dating analyses using jModelTest 0.1.1 (42) applying the Akaike
information criterion (AIC). We used Maximum Likelihood (ML)
and Bayesian Inference (BI) methods to estimate phylogenetic
relationships independently for COl and ITS-1 datasets. ML
analysis was run in RAXML 7.0.0 software (43) and bootstrap
support (BS) values (44) were calculated from 10,000 replicates. Bl
trees were inferred with MrBayes v. 3.1.2 (45). Two independent
runs were performed for 3 million generations, sampling every
100 generations. The percentage of burn-in for each analysis
was determined by plotting the log-likelihood values versus

124

generation number. To test whether population 01-AR, showing a
long branch in the trees, could be wrongly situated due to a Long
Branch attraction artifact, we performed two extra ML analyses,
In one case we removed the most variable positions (5"category)
estimated from the entire alignment. In the second case we
removed (in all sequences) those variables positions from the
01-AR population. We applied the GTR model in MEGA 5 (46) to
estimate the substitution rates for each position in the COI dataset.

We estimated the divergence time of the sampled
populations with BEAST v. 1.6 (47) using the two most distant
COl sequences of each population, We used the uncorrelated
lognormal relaxed clock model with a mean substitution rate of
0.0173 nucleotide substitutions per site and per million year
(calculated for Dugesia, a genus of freshwater planarians, Sola
et al personal communication). We ran 10,000,000 iterations of
the Markov Chain Monte Carlo (MCMC), from which we sampled
10,000 trees and discarded 2,500 (burn-in period) to obtain
the posterior estimates of the node ages. We determined the
convergence of the MCMC sampler using TRACER v1.5 (48).

Population genetic analysis and neutrality tests, The analyses were
conducted using all COI sequences although we discarded a few
ITS-1 sequences with ambiguity positions (Table 1). For both intra
and inter-population genetic analyses we used the program DnaSP
v5.10 (49). We estimate the intrapopulation genetic diversity by
the number of haplotypes (h), haplotype (Hd), nucleotide diversity
(r; 50), and the Watterson parameter (6,) (51). In order to test
if all the populations are under the neutral hypothesis for both
nuclear and mitochondrial markers we conducted three neutrality
tests (Tajima’s D, (52); Fu's F, {53) and R, (54)), estimating
their statistical significance by 10,000 replicates of computer
simulations based on the coalescent process (55). To test for
structure in the studied populations we estimated the global
levels of linkage disequilibrium (LD) by the Z_(56) statistic and the
association among segregating sites with the Wall's Q statistic (57),
assessing their statistical significance by coalescence simulations
(10,000 replicates). At the interpopulation level we measured the
levels of nucleotide diversity between populations by the D, and
D, parameters (50). We determined whether these populations
are genetically differentiated using the S _ statistic (58), and
estimated its statistical significant by performing a permutation
test (10,000 replicates). We also estimate the levels of gene
flow among populations from the N_ statistic (59) and assuming
the infinite island model (60). A Mantel Test (61) was performed
using the Isolation by Distance Web Service 3.2 {62) with 30,000
randomizations to assess the regression significance between
pairwise genetic distances (D,) against the natural logarithm-
transformed geographical'distances. Most of these analyses were
carried out using DnaSP version 5.10 (49).

Modeling the demographic history with ABC. We used the
ABC-GLM method (63) to compare different coalescent-based
evolutionary models for the land planarians from the AF of Brazil.
We tested four scenarios (based on a structural serial founder
model) to infer general patterns of the distribution of genetic
diversity (Fig. 54). We assume that the time required for a new
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founder event from an existing population (t:}, the population size
of founder populations (x), and the duration of bottlenecks (t,),
are the same for all consecutive events. In the first model (model
1) we assume that populations originated by several serial founder
events from the most northerly population (01-AR) to the most
southern latitudes (31-5T). In the second model (model 2) these
events occur in the opposite direction, from higher latitudes
(31-ST) to lower ones (01-AR). The other two models assume
that populations are funded from the ends toward the centre
(model 3), and from the centre toward the ends of current species
distribution (model 4).To avoid spurious results using populations
at similar latitude (mainly C-SAF populations) we conducted this
analysis using only 8 populations (all populations except 13-EC,
19-PC and 22-Pl). Furthermore, we also assume in all models that
there is no migration among populations due to the low mobility
of the studied individuals.

priors of parameters shared by all populations, i.e.,
coalescence times (t, t and t,) and x, were set as uniform
distributions, ranging from 0 to 5 (in units of 4N generations) and 0
to 1, respectively. We also estimated the effective population size
(N) of all populations relative to that of population 1 (which was
set to 1) by using a truncated normal distributed hyper prior with
mean 1, and standard error uniformly distributed from 0.25 to 2.

We used the multilocus coalescent simulation program
micoalsim (version 1,.98) (64) to conduct the coalescent simulations
and to calculate the summary statistics (of the simulated data) for
the ABC analysis. The information of the two studied loci (IT5-1
and COI) was mixed applying a chromosome factor of 1 (for the
nuclear marker) and 0.25 (for the mitochondrial gene). We based
our statistical inferences in 4summary statistics of intraspecific
variation (m, 8, Hd and Kw, the number of haplotypes divided by
sample size), and one statistic capturing information of the level of
genetic variation between populations, D,,. We calculated these
statistics separately for each gene, leaving a final vector of 198
statistics. In order to reduce the putative random noise introduced
by the use of too many summary statistics in the estimation
procedure we performed a PLS transformation (as proposed
by Wegmann & Excoffier (65)), which finally results in 10 linear
combinations of the initial vector of statistics.

We computed the 198 summary statistics vector in 1 million
simulated data sets under each of the four competing evolutionary
models. From these replicates, we retained the 10,000 replicates
closest to the observed data to perform the post-sampling
adjustment, and to obtain the marginal densities and p-values
under the estimated general linear model (GLM). The model
choice (among the four competitive models) was performed via
posterior probabilities and Bayes factors (63).

We also performed separate ABC-GLM analyses for each
individual population (11 independent analyses). For these
analyses, we calculated a vector of 88 summary statistics
describing the intra-population variation (i.e, the same statistics
used for the global scenarios except D) in 2 million simulated
data sets. We evaluated three different population evolutionary
scenarios, i) the standard neutral model {SNM model), ii) a

population that undergoes a bottleneck with a further recent
expansion (BOT model), and iii) two isolated populations (refugia)
with a subsequent secondary contact (REF model) (Fig. 3). Priors
for coalescent times ':'... and t_ in BOT and tom and t_, in REF)
and x (which represent the relative contribution of the different
refugia to the present population size) were uniformly distributed
as in previous analyses. Population size changes in the BOT model
were modeled with a logistic curve as implemented in micoalsim
program. The PLS transformation, the post-sampling adjustment
and model choice steps (across the SNM, BOT and REF models)
were performed as in the structural serial founder model analysis.
We validated our model selection procedure based on Peter et
al. (66). In particular, we simulated 1,000 data sets for each non-
selected model in the model choice procedure, and computed for
each pseudo-observed replicate, the posterior probability that this
data was generated under each of the three competing models.
The precision of the model choice procedure was estimated as the
proportion of data sets correctly assigned to the selected model.
ABC-GLM analyses were performed using programs and R scripts
from the ABCtoolbox package (67), and Perl scripts specifically
written for this analysis.
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Fig. S1. Predicted forest-covered areas in the Atlantic Forest 21,000 years ago (green layer) and 6,000 years ago (salmon layer). Data from
the narrower definition of Carnaval & Moritz (2008).

iz

Fig. S2. Detailed Bayesian Inference tree for COI dataset (A) and IT5-1 data (B). Each color corresponds to one sampling locality and num-
bers at nodes indicate Posterior Probability.
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Outgroup

Fig. $3. COI Bayesian Inference trees built after removing the most variable positions (5thcategory) (A) Analyses conducted after re-
moving in all sequences the most variable positions estimated from the 01-AR population. (B) Analyses conducted after removing in all
sequences the most variable positions estimated using all sequences.

Model 1 Model 2
North = Centre » South North - Centre = South
N, N,
Present °1 =2 . : L Present
A t, A
v
'!.
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Model 3 Model 4
North - Centre » Sauth North » Centre = South
Present Present
A A
Past Past

Fig. S4. Graphical representation of the four serial founder events-based models used in the global ABC analyses. Thicker arrows indicate
a colonization event. t0, time to the last colonization event, tb, bottleneck duration; tc, time between the colonization event and the pop-
ulation recovery (to the current population size, Ne) after the bottleneck phase. Time parameters are expressed in 4Ne generation units.
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Fig. S5. Bayesian Inference tree inferred to estimate C.bergi diversification. The focal nodes are indicated by a black spot. The green
horizontal bar indicates the 95% highest posterior density interval.
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Table S1. Samples used in this study with their GenBank Accession numbers.
Collecting locality M"c':z'a' N. MZUSP® col ITs-1

R. B. Augusto Ruschi (01-AR) / ES F2261 MZUSP PL 1106 ? ?
F2263 MZUSP PL 355 ? “
F2270° MZUSP PL 1107 ? ?
F2288 MZUSP PL 356 ? -
F2328 MZUSP PL 1110 ? ?
F2331 MZUSP PL 1111 ? ?
F2345 MZUSP PL 1112 - ?
F2380 MZUSP PL 357 ? =
F2395 MZUSP PL 1114 ? ?
F2401 MZUSP PL 1115 ? ?
F2408° MZUSP PL 1116 ? :
F2449 MZUSP PL 1117 ? ?
F2486° MZUSP PL 359 - ?

P.E. do Desengano (04-ED) / RJ F2159P MZUSP PL 339 ? -
F2160 MZUSP PL 340 ? .
F2161 MZUSP PL 341 ? «
F2162 MZUSP PL 342 ? .
F2163 MZUSP PL 343 ? ?
F2164 MZUSP PL 344 ? .
F2165" MZUSP PL 345 ? -
F2166 MZUSP PL 346 ? -
F2186 MZUSP PL 347 ? ?
F2203 MZUSP PL 352 ? -
F2220 MZUSP PL 353 ? ?
F2222 MZUSP PL 354 ? -
F3987 MZUSP PL 620 ? ?
F4003 MZUSP PL 621 ? ?
F4009 MZUSP PL 622 ? ?
F4010 MZUSP PL 623 7
F4013 MZUSP PL 624 ?
F4015 MZUSP PL 625 ? -
F4021 MZUSP PL 626 ? ?
F4023 MZUSP PL 627 ? ?
F4025 MZUSP PL 628 ? ?
F4028 MZUSP PL 629 ? ?
F4033 MZUSP PL 630 ? ?
F4034 MZUSP PL 631 ? ?
F4037 MZUSP PL 632 ? ?
F4040 MZUSP PL 633 ? ?
F4046 MZUSP PL 634 ? -
F4058 MZUSP PL 635 ? ?
F4064 MZUSP PL 637 ? -
FA066 MZUSP PL 638 ? -
F4069 MZUSP PL 639 ? ?
F4075 MZUSP PL 640 ? ?
F4077 MZUSP PL 641 ? ?
F4086 MZUSP PL 642 ? ?
F4091 MZUSP PL 643 ? ?
F4093 MZUSP PL 644 ? ?

P.N.S. dos Orgdos (07-50) / RJ F2573 MZUSP PL 360 ? ?
F2603® MZUSP PL 363 ? -
F4184 MZUSP PL 854 ? s

2Vouchers are deposited in the Museu de Zoologia da Universidade de S3o Paulo (MZUSP)
® Individuals whose internal anatomy has been analyzed morphologically

*Floresta Nacional de S&do Francisco de Paula
? GenBank accession number not available yet

— Sequence not obtained
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Table S1. continued.

Collecting locality M‘Z':z"” N. MZUSP* col ITs-1
F4191 MZUSP PL 855 ? .
F4192 MZUSP PL 856 ? .
F4193 MZUSP PL 857 ? -
FA196 MZUSP PL 858 ? "
F4198 MZUSP PL 859 ? .
F4199 MZUSP PL 860 ? ?
F4201 MZUSP PL 861 ? .
F4204 MZUSP PL 863 ? -
F4205 MZUSP PL 864 ? ?
F4206 MZUSP PL 865 ? ?
F4207 MZUSP PL 866 ? ?
F4208 MZUSP PL 867 ? .
F4209 MZUSP PL 868 ?

Fa211 MZUSP PL 869 ? 2
F4213 MZUSP PL 870 ? 5
F4214 MZUSP PL 871 ? %
F4258 MZUSP PL 897 ? s
F4260 MZUSP PL 899 ? :
F4265 MZUSP PL 900 ? -
F4267 MZUSP PL 901 ? ?
F4274 MZUSP PL 905 ? ?
F4286 MZUSP PL 910 ? ?
F4290 MZUSP PL 913 ? ?
F4298 MZUSP PL 915 ? .
F4299 MZUSP PL 916 ? -
F4300 MZUSP PL 917 ? -
F4302 MZUSP PL 919 ? .
F4303 MZUSP PL 920 ? ?
F4304 MZUSP PL 921 ? .
F4305 MZUSP PL 922 ? .
FA306 MZUSP PL 923 ? .
F4307 MZUSP PL 924 ? ?
F4308 MZUSP PL 925 ? -
F4315 MZUSP PL 928 ? .
FA318 MZUSP PL 930 ? -
F4320 MZUSP PL 931 ? -
F4324 MZUSP PL 932 ? -
F4325 MZUSP PL 933 ? .
F4326 MZUSP PL 934 ? ?
P.N.S. da Bocaina (10-SB) / SP F2109 MZUSP PL 328 HQO026416 HQO26455
F2794 MZUSP PL 397 HQD26433 HQD26461
F2800° MZUSP PL 398 HQD26434 HQD26462
F2801° MZUSP PL 399 HQD26435 HQD26463
F2804° MZUSP PL 400 HQD26436 HQD26464
F2805° MZUSP PL 401 HQD26437 HQO026465
F2811° MZUSP PL 402 HQO026438 HQO026466
F2837° MZUSP PL 405 HQ026440 .
F2845° MZUSP PL 407 HQ026423 HQ026470
F2846° MZUSP PL 408 HQD26424 HQD26471
P.E.S. da Cantareira (13-EC) / SP F2935 MZUSP PL 422 ? ?
F2986 MZUSP PL 472 ? ?
F2995 MZUSP PL 473 ? ?
F3008 MZUSP PL 475 ? ?
F3061 MZUSP PL 479 ? ?
F3066 MZUSP PL 545 ? ?
F3522 MZUSP PL 548 ? ?
F3524 MZUSP PL 549 ? s
- F3530 MZUSP PL 550 ? ?

135



Filogeografia Bosc Atlantic brasiler en preparacio
Table S1. continued.
Collecting locality M‘::x‘a’ N. MZUSP* col ITs-1

F3534 MZUSP PL 551 ? ?
F3546 MZUSP PL 552 ? .
F3703 MZUSP PL 567 ? -
F3742 MZUSP PL 569 ? ?

E.B. de Boraceia (16-BB) / SP F2138° MZUSP PL 337 HQO26419 HQ026458
F2149 MZUSP PL 338 HQ026420 HQO26459
F4103 MZUSP PL 811 ? ?
F4110 MZUSP PL 813 ? ?
F4111 MZUSP PL 814 ? ?
F4118 MZUSP PL 815 ? ?
F4120 MZUSP PL 816 ? ?
F4121 MZUSP PL 817 ?
F4122 MZUSP PL 818 ?
F4123 MZUSP PL 819 ? .
F4124 MZUSP PL 820 ? -
F4126 MZUSP PL 822 ? ?
F4127 MZUSP PL 823 ? ?
F4147 MZUSP PL 830 ? ?
F4148 MZUSP PL 831 7 ?
F4149 MZUSP PL 832 ? ?
F4150 MZUSP PL 833 ? ?
F4164 MZUSP PL 846 ? ?
F4165 MZUSP PL 847 ? ?
F4166 MZUSP PL 848 ? ?
F4167 MZUSP PL 849 ? ?
F4168 MZUSP PL 850 ? ?
Fa174 MZUSP PL 851 ? ?
F4175 MZUSP PL 852 T ?
F4176 MZUSP PL 853 ? ?

Cambury (19-PC) / SP F1034 MZUSP PL 303 ?
F1035 MZUSP PL 304 ?
F1038 MZUSP PL 305 ? -
F1045 MZUSP PL 306 ? -
F1048 MZUSP PL 307 ? ?
F4337 MZUSP PL 939 ? ?
F4338° MZUSP PL 940 ? ?
F4339 MZUSP PL 941 ? ?
FA350° MZUSP PL 951 ? ?
F4352 MZUSP PL 952 ? .
F4355 MZUSP PL 953 ? ?
F4356 MZUSP PL 954 ? -
F4378 MZUSP PL 974 ? .
F4380 MZUSP PL 975 ? .
F4401 MZUSP PL 991 ? ?
Fa403 MZUSP PL 992 ? ?
F4404 MZUSP PL 993 ? -
Fa407 MZUSP PL 994 ? ?
F4408 MZUSP PL 995 ? -
F4410 MZUSP PL 996 ? ?

PE. Intervales (22-P1) / SP F2644 MZUSP PL 370 ? ?
F2697 MZUSP PL 377 ? ?
F2698 MZUSP PL 378 ? -
F2702 MZUSP PL 379 ? ?
F2769 MZUSP PL 389 ? ?
F2785 MZUSP PL 392 ? ?
F3081 MZUSP PL 480 HQ026426 -
F3082 MZUSP PL 481 ? .
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Table S1. continued.
Collecting locality M‘;':;:'a' N. MZUSP* col ITS-1
F3088 MZUSP PL 483 ? -
F3089 MZUSP PL 484 ? ?
F3091 MZUSP PL 485 ? ?
F3095 MZUSP PL 486 ? ?
F3097 MZUSP PL 487 ? ?
F3100 MZUSP PL 489 ? -
F3101 MZUSP PL 490 ? ?
F3104 MZUSP PL 491 ?
F3105 MZUSP PL 492 ? -
F3109° MZUSP PL 494 HQ026427 HQO26474
F3111 MZUSP PL 496 ? ?
F3146 MZUSP PL 500 ? ?
F3798 MZUSP PL 615 ? ?
F3805 MZUSP PL 616 ? -
Parque Saint Hilaire (25-SL) / PR F1606 MZUSP PL 321 ? -
F1610 MZUSP PL 322 ? ?
F1616 MZUSP PL 323 ? ?
F1628° MZUSP PL 324 ? ?
F1664° MZUSP PL 326 HQ026401 .
F3583 MZUSP PL 558 ? .
F3585 MZUSP PL 560 ? -
) _ F3611 MZUSP PL 565 ? ?
::r?:: Nacional Serra do Itajai (28- F1528 MZUSP PL 308 > )
F1532 MZUSP PL 309 ? ?
F1555 MZUSP PL 310 ? .
F1570 MZUSP PL 311 ? -
F1572 MZUSP PL 312 ? ?
F1576 MZUSP PL 313 - ?
F1580 MZUSP PL 314 ? ?
F1582 MZUSP PL 315 ? ?
F1583 MZUSP PL 316 ? -
F1584 MZUSP PL 317 ? ?
F1585° MZUSP PL 318 ? -
F1596 MZUSP PL 319 ? ?
F1598 MZUSP PL 320 ? ?
F4610 MZUSP PL 1103 ? ?
F4635 MZUSP PL 1104 ? ?
. e ctadua Serra do Tabule F4636 MZUSP PL 1105 ? ?
arque tstadual Serra do Tabuleiro
(315T) / SC F3230 MZUSP PL 501 ? -
F3236 MZUSP PL 502 ? ?
F3257 MZUSP PL 504 ? ?
F3295 MZUSP PL 506 ? ?
F3306 MZUSP PL 507 ? ?
F3313 MZUSP PL 510 ? -
F3906 MZUSP PL 617 ? ?
F3913 MZUSP PL 618 ?
Outgroup (Choeradoplana banga)
PES. da Cantareira (13-EC) / SP F3011 MZUSP PL 477 ? -
ggoeradopfana iheringi
e Es:g‘:f‘sa:jsfg? doTabuleiro  pa3g5  mzusppLs1L HQ542891 -
FLONA* (34-FN) / RS F3400 MZUSP PL 521 HQ026429 -
Cephaloflexa sp.
R. B. Augusto Ruschi (01-AR) / ES F2473 MZUSP PL 1118 - ?
F2474 MZUSP PL1119 - ?
F2477 MZUSP PL 1120 - ?
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Table S2A. Summary of the neutrality tests for the COI gene

Neutrality test
y Tajima’s D Fu's F, Ramos-Onsins & Rozas R,
Population
n D 95% Cl F. 95% CI R, 95% CI
01-AR 11 1.464* (-1.733,1.631) 4.797* (-1.950,4.848) 0.245%* (0.097 , 0.219)
04-ED 36 1.346 (-1.691,1.817) 2.558 (-5.213,5.928) 0.165 (0.061, 0.186)
07-50 44 -0.758 (-1.700,1.920) -3.28 (-5.197,5.943) 0.087 (0.055,0.180)
10-58 10  -0.993 (-1.739,0.167) 1.842 (-3.713,4.738)  0.205 (0.104 , 0.235)
13-EC 13 0.792 (-1.685,1.872) 0.514 (-2.443,3.733) 0.191 {0.111, 0.266)
16-88 25 -1.159 (-1.686,1.941) -3.176*%* (-2.550,3.960) 0.082* (0.077, 0.242)
19-PC 20 2.167** (-1.746,1.638) 3.964 (-4.504,5.190) 0.228%* (0.080, 0.191)
22-Pl 22 -0.686 (-1.678,1.917) -1.367 (-2.756,4.043) 0.103 (0.084, 0.242)
25-SL 9 0.549 (-1.669,1.612) 3.536 (-1.580,5.057)  0.207 (0.101, 0.235)
28-51 15  -2.283**  (-1.772,1.697) -0.157 (-4.548,5.229) (0.232** (0.089, 0.209)
31-ST 8 2.464** (-1.605,1.577) 6.335**  (-1.494,5.080) 0.279** (0.106,0.251)
*P<0.05 **P<0.01
Linkage Disequilibrium
Population
Z, 95% ClI Wall’s Q 95% Cl

01-AR 11 0.577 (0.168, 0.649) 0.489 (0.102, 0.597)
04-ED 36 0.358 (0.046, 0.502) 0.417 (0,0.518)
07-50 44 0.067 (0.038, 0.489) 0.210 (0,0.5)
10-58 10 0.481 (0.142,0.717) 0.467 (0, 0.692)
13-EC 13 0.425 (0.011,1) 0.500 (0, 1)
16-88 25  0.013 (0.003, 1) 0 (0,1)
18-PC 20 0.711** (0.113, 0.543) 0.595%* (0.063, 0.482)
22-P1 22 0.166 (0.004, 1) 0 (0,1)
25-5L 9 0.476 (0.187, 0.695) 0.330 (0.115, 0.641)
28-51 15 0.885** (0.116, 0.625) 0.877** (0, 0.580)
31-5T 8 0.913** (0.201, 0.726) 0.851** (0.119, 0.679)

*P<0.05 **P<0.01
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Table $2B. Summary of the neutrality tests for the ITS-1 gene

Neutrality test

- Tajima’s D Fu's F; Ramos-Onsins&Rozas R,
Population D 95% Cl F, 95% CI R, 95% CI
01-AR 8 -1.829* (-1.627,1.634) 6.094** (-2.531,4.727)  0.315** (0.106 , 0.254)
04-ED 21 -1.587* (-1.653,1.900) -4.204** (-2.608,4.020)  0.068** (0.090, 0.248)
07-50 10 -1.116 (-1.668,1.830) -2.082* (-2.481,3.779)  0.112** (0.123,0.3)
10-SB 9 - - - = " .
13-EC 10  -1.562* (-1.562,1641) 1.225 (-1.430,2.429) 0.3 (0.146,0.3)
16-BB 22 -1.162 (-1.747,1.797) -0.957 (-5.262,5.604)  0.208** (0.075,0.192)
19-PC 11 1.826* (-1.721,1.617) 9.334** (-2.807,5.050)  0.243** (0.097,0.219)
22-pl 12 -1.865* (-1.747,1.816) -0.849 (-2.897,4.278)  0.156 (0.108, 0.265)
25-5L 2 _ - ) - _ .

28-S 11 _p.181%* (-1778,1713) g 351#x (-3.679,4.652) (.287** (0.101, 0.232)
31-5T 5 1.567* (-1.203,1.583) 3 gg3 (-0.365,5.095) 0.283 (0.102, 0.348)
*P<0.05 **P<0.01
. Linkage Disequilibrium
Population
Z, 95% CI Wall’s Q 95% ClI
01-AR 8 0.927** (0.190, 0.747) 0.910** (0.087,0.72)
04-ED 21 0.120 (0.004, 1) 0 (0,1)
07-50 10 0.188 (0.012,1) 0.286 (0,1)
10-58 9 - - - -
13-EC 10 1x* (0.012, 1) il (0,1)
16-B8B 22 - - - -
19-PC 11 0.850** (0.157, 0.657) 0.898** (0.08 , 0.612)
22-Pl 12 0.306 (0.018, 0.88) 0.818 (0,1)
25-5L 2 - - - -
28-51 11 1%* (0.121, 0.724) 1% {0, 0.706)
31-5T 5 0.945%* (0.281, 0.867) 0.933** (0.182, 0.851)

*P<0.05 **P<0.01
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Table S3A. D, values betwen populations for the COI dataset

07-50
10-SB

0.1039
0.09775
0.09910
0.09127
0.10096
0.10331
0.09480
0.10273
0.10445
0.10465

0.06699
0.07293
0.09938
0.09828
0.08933
0.08802
0.10077
0.10163
0.10704

0.06840
0.07811
0.08653
0.07441
0.07924
0.08573
0.09125
0.09083
07-S0

D, values between populations for the COI dataset

07-50
10-SB

0.06887
0.06298
0.06113
0.05779
0.06785
0.04773
0.06151
0.04372
0.06617
0.04926

0.06222
0.06495
0.09590
0.09517
0.06375
0.08473
0.07176
0.09335
0.08165

0.06069
0.07488
0.08368
0.04909
0.07620
0.05698
0.08323
0.06569
07-S0

0.08659
0.10060
0.08044
0.08472
0.09447
0.08895
0.08812
10-5B

0.08016
0.09455
0.05191
0.07848
0.06252
0.07773
0.05979
10-SB

0.06512
0.07688
0.03460
0.07908
0.09435
0.09119

0.06357
0.05284
0.03286
0.05161
0.08762
0.06735

0.06104
0.06456
0.07265
0.08351
0.09314

0.03738
0.06319
0.04557
0.07715
0.06967

0.07656
0.08364
0.08496
0.09342

0.05271
0.03407
0.05613
0.04747

0.07367
0.09502
0.09420

0.04640
0.08848
0.07054

0.06446
0.08458

0.03220
0.03521

0.08201

0.05337
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Table 54. 5 values for the COI dataset

1 (0***)
Cb07  1(0***)
Cb10 1 (0***)

1(0***)
1(0***)
1(0**#)
1(0***)
1 (0%*¥)
1 (0***)

0,96552 (0***)
Cb07 0,94444 (0***)
Cb10 0,94118 (0***)

0,94444 (0***)
0,96667 (0***)

0,95000 (0***)

0,94737 (0***)

*** P<0.001

1 (0,0002%**)

0,94737 (0,0001%**)

0,90000 (0,0457%)

0,92308 (0,0025**)

1(0***)
1(0***)
1(0***)
1(0***)
1(0***)
1 (0%*#)
1 (0***)
1 (0***)
1 (0***)

5 values for the ITS-1 dataset

1 (0***)
1(0%**)
1(0***¥)
1(0***)
1(0%**)

1 (0***)

1(0,0098*%)
1 (0***)
1(0%**)

1(0**¥)
1 (0***)
1 (0***)
1 (0***)
1(0%**)
1 (0***)
1 (0***)
1 (0***)

Cho7

1(0%**)
1(0%*%)
1(0%*%)
1 ﬁﬁuuli”_
1 (0***)
1(0,0160%)
1(0%*%)

Ccbo7

1 (0,0003**%)

1(0%**)
1(0%+%)
1(0%**%)
1(0%%%)
1(0%**)
1(0%*%)
1(0,0001%**)
Cb10

1(0,0002**%)
1(0%**)
1(0**%)
1(0%*%)
1(0,0198*)
1(0%*%)

1 (0,0006***)
Cb10

1(0***)
1(0%**)
1 (0%*¥)
1 (0**¥)
1(0%**)
1 (0***)

1 (0**#)
1 (0**¥)
1 (0***)
1 (0***)
1 (0**¥)

m- Ao.iiiu
H Hoi*ﬁ_
H_HG***”_
1 ADA_&J

1 (0***)
1(0***) 0,91667 (0,0002***)
1 (0***) 1 (0,0002*%**) 0,95652 (0***)

1(0%**)
1 (0%**)
1(0%*%)
1(0,0165*)
1(0,0001**%)
1(0,0004***)

1(0%*4)
1 (D***)
1(0,0038**)
1(0%*%)
1(0%*%)

1(0**¥)
1(0,0125%)
1(0%*%)
1(0,0001***)

1 (0,0093**)
0,82343 (0***)
1 (0,0001***)

1(0,0123%)

1(0,0960 ns)  0,93750 (0,0005***)
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Table $6. Summary of the isolation-by-distance analysis obtained from D, values vs log geographical
distance (km).

o P-value L P-val
Localites * -value
z ¥ (r<=0) z I {r<=0)
Ancient Forest
01-ED; 04-ED; 07-S0O; 10-5B and 13-EC 2.1707 0.6015 0.0585 2.1152 0.6087 0.083
Recent Forest
16-BB; 19-PC; 22-PI; 25-5L; 28-51 and 31-ST  3.1481 0.5234 0.0398* 3.5223 0.4319 0.0433*
All localities 12.7441 0.5274 0.0003** 13.4694 0.426  0.0025**

*P<0.05 **P<0.01

Table S7 ABC results of the serial founder events models

Model MD PP f
Model 1 1.93x10¢*  0.427 0.023
Model 2 1.38x10¢  0.306 0.019
Model 3 3.69x107  0.143 0.011
Model 4 8.38x107  0.202 0.019

MD, Marginal Density

PP, Posterior Probability

f, Fraction of retained simulations with a likelihood value smaller or equal than of the observed data under
the GLM and using 5 PLS components

Analysis based on 8 populations

Table $8. ABC results for the within-populations analyses.

. Standard Neutral Model Bottleneck Model Two Refugia Model
Population (SNM) (BOT) (REE)
MD PP f D PP f MD PP f
01-AR 5.26x10° 0.003 0013 5.48x107 2.8x10° 0.005 0.002 0.997%%F 0.565
04-ED 0.043 0.194 0.998 0.114 0.507 0.991 0.067 0.299 1.000
07-50 0.025 0.250 0.980  0.050 0.492 0.993  0.026 0.257 0.974
10-5B 0.018 0.288 0.890 0.024 0.381 0.872 0.021 0.331 0.886
13-EC 0.073 0.139 0.990 0.357 0.683 0.980 0.093 0.177 0.992
16-BB 0.001 0.103 0.090 0.008 650 0.173 0.134
9-PC 0.000 0.015 0.002  7.02x10°% 0.003 0.001 2.51x10°® 0.982%** 0.026
22-PI 0.012 0.176 0.548 0.031 0.454 0.542  0.025 0.370 0.729
25-SL 0.482 0.141 0.324 0.255 0.075 0.178 .684 0.785* 0.960
28-S 1.16x10* 0.051 0.068 6.46x10% 2.82x10* 0.000 0.002 0.949** 0.515
5 309 1019 0000 0,001 0.879* 0,427

PP, Posterior Probability

£, Fraction of retained simulations with a likelihood value smaller or equal than of the observed data under
the GLM and using 5 PLS components

* Bayes Factors > 1:5

** Bayes Factors > 1:10

*** Bayes Factors > 1:50
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Table $9. Validation results for ABC-based model choice approach

Population Observed data Pseudo-observed data sets
PP REF® Q... PP REF(SNM)® P, (%) Q.. PP REF(BOT)® P, (%)
01-AR 0.997 0.748 0.1 0.681 0
19-PC 0.982 0.739 0.3 0.597 0
25-SL 0.785 0.681 2.6 0.667 19
28-S1 0.949 0.776 1 0.490 0
31-ST 0.879 0.783 1.6 0.399 0

2 Posterior Probability of observed data under the REF model

b Quantile 95% of the distribution of Posterior Probabilities of 1000 pseudobserved data (obtained from the
model in parentesis) under the REF model

P, Proportion of of data incorrectly asingned to REF model
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ANNEX

The original design of our Atlantic Forest study aimed to perform a comparative
phylogeographic analysis, expanding with multiple populations our previous study surveying
the Serra da Bocaina conservation unit (10-SB) (Alvarez-Presas et al. 2011). In that study the
comparative analysis of C. bergi and Geoplana goetschi sensu Marcus 1951 revealed that
both species have similar patterns of nucleotide variability distribution and suggested that
the analysed geographic region would have remained stable. However, after extensive and
intensive samplings we found no other planarian species -except C. bergi- with a geographic
distribution covering all the southern part of the Atlantic Forest (SAF). Nonetheless, some
species have partial overlapping distribution with C. bergi (Table 1, Fig. 1) and reasonable
levels of genetic variation to conduct statistical contrast of their patterns of variation. In
this sense, it is critical to have samples from two (or more) species in multiple overlapping
localities to establish the species-specific patterns of variation and to finally determine the
major evolutionary factors shaping nucleotide variation at the AF.

Table 1. Sampling sites where the species has been found.

Geoplana Geoplana
goetschi goetschi
Marcus Riester

Cephaloflexa
bergi

Issoca sp.

Locali
ocality nov.

Reserva Bioldgica Augusto Ruschi (01-AR) X

Parque Estadual do Desengano (04-ED) X

Parque Nacional da Serra dos Orgdos (07-S0) X X
Parque Nacional da Serra da Bocaina (10-SB) X

Campos do Jorddo (11-CJ)

Parque Estadual da Serra da Cantareira (13-EC)
Estacdo Bioldgica de Boraceia (16-BB)

Praia de Cambury (19-PC)

Parque Estadual de Intervales (22-Pl)

®x X X X X X X

Parque Nacional de Saint-Hilaire / Lange (25-5L)

Parque Nacional da Serra de Itajai (28-5l)

®x X X X X X x

Parque Estadual da Serra do Tabuleiro (31-5T)

Floresta Nacional de S3o Francisco de Paula-FLONA
(34-FN)

Here we compare the distribution and genetic patterns found for C. bergi in the
Previous analyses with that from Geoplana goetschi sensu Marcus, Issoca sp. nov. and
Geoplana goetschi sensu Riester 1938, species that are also present in some of the localities
of the distribution range of C. bergi (Table 1, Fig. 1). Geoplana goetschi sensu Marcus is
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the species with the wider distribution, overlapping with some localities where C. bergi is
also found; nevertheless it is also present in a locality where C. bergi was not found (11-
CJ). Table 1 shows the sampling localities of the three additional species, being the north
covered by Issoca sp. nov. and G. goetschi Riester, the centre by G. goetschi sensu Marcus,
an additional species in the south has not yet been found. Here we performed similar
analyses to those done for C. bergi, except from the ABC, that will be conducted when we
have greater number of samples. The GenBank accession numbers of individuals analysed
are shown in Supplementary Table 1.

TR

NAF
CAF

@ Cepholoflexa bergi
A\ Geoplonc goetschi sensu Marcus Evergreean Treajchruti cover
Y Geopiona goetschi sensu Riestar I Decicuous Tresfehub cover

{issoca sp. nov.

Figure 1. Distribution map of Cephaloflexa bergi, Geoplana goetschi sensu Marcus 1951 (according to Marcus
1951 and our own sampling results), Geoplana goetschi sensu Riester 1938 and Issoca sp. nov. species (both
based only in our sampling).

We reconstructed the phylogenetic relationships (by ML and BI) for the 3 new
species. Remarkably, the topology for Geoplana goetschi sensu Marcus 1951 (Fig. 2) does
not reproduce the N-SAF, C-SAF and S-SAF divisions found for C. bergi. However, Bl and
ML trees show that most populations are polyphyletic (except for 22-Pl and 25-SL). The
phylogenetic relationships of ITS-1 gene are less conclusive (figure not shown) although
has equivalent clustering pattern than that of the COl gene, maintaining a basal position
for the population in 11-CJ. 22-Pl and 25-SL remain monophyletic (as in the mitochondrial
inferences), whereas the other conservation units are merged in one cluster.

Although with only two populations, the COIl phylogenetic trees for Geoplana
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Figure 2, Bayesian inference tree from the COI data for Geoplana goetschi sensu Marcus 1951. The scale bar
represents 0.6 nucleotide substitutions per site, and the values at nodes the Posterior Probabilities.
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Figure 3. Bayesian inference trees from the COI genetic data of Geoplana goetschi sensu Riester 1938 (A) and
Issoca sp. nov. (B). Numbers at nodes show the PP values.

goetschi sensu Riester 1938 show that population 07-SO is monophyletic and both
populations (07-SO and 13-EC) have a pattern of genetic structure with two or more deep
clades (highly differentiated) (Fig. 3A). The nuclear gene, however, does not recover the
above monophyletic groups, suggesting that the genetic structure observed with the
mitochondrial gene is not as old as that detected in this population of C. bergi, where
both genes show the same structure. Issoca sp. nov. trees (Fig. 3B) show a clear separation
between the two populations studied (01-AR and 04-ED), but lower levels of internal
structure for the two populations analysed. Again there is a mix of sequences from the
two populations regarding ITS-1 gene trees, which leads to the same conclusions as in the
previous species. Interpopulational levels of variation (in terms of D, and D, Fig. 4) for the
COl gene in species with more than two populations (G. goetschi sensu Marcus) show that
groupings are correlated with geographic distance as in the phylogenetic analyses for the
COl gene.

Table 2 shows the results of nucleotide diversity estimates for COl and ITS-1 genes.
Values of nucleotide diversity (i) are high for both nuclear and mitochondrial markers
and in similar ranges to the found for C. bergi. The distribution pattern of variation among
populations, however, differs across species. For instance, the population distribution of
the P values of G. goetschi sensu Marcus, that has more populations in common with C.
bergi, is not equivalent to that found for C. bergi. The same happens for the results of some
neutrality tests and linkage disequilibrium values (Table 3): the populations with significant
results are not the same across species (Fig. 5).
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Table 2. Summary of the nucleotide diversity estimates

Locality Species n h Hd S 1

col

parque Nacional da Serra da Bocaina (10-5B) G. goetschi Marcus 16 4 0.692 32 0.0169
Campos do Jorddo (11-CJ) G. goetschi Marcus 13 8 0.859 86 0.0292
parque Estadual da Serra da Cantareira (13-EC) G. goetschi Marcus 22 8 0.719 52 0.0138
Estagdo Bioldgica de Boraceia (16-BB) G. goetschi Marcus 28 6 0.532 60 0.0267
Praia de Cambury (19-PC) G. goetschi Marcus 42 23 0.956 48 0.0109
Parque Estadual de Intervales (22-Pl) G. goetschi Marcus 44 10 0.811 34 0.0059
parque Nacional de Saint-Hilaire / Lange (25-5L) G. goetschi Marcus 15 7 0.724 14 0.0067
All localities G. goetschi Marcus 180 66 0.967 202 0.0648
parque Nacional da Serra dos Orgios (07-50) G. goetschi Riester 45 16 0.615 70 0.0153

Parque Estadual da Serra da Cantareira (13-EC) G goetschiRiester 21 17  0.810 107  0.0143
I Ilgi%is e G. goetschi Riester 66

A Sz

isma 01 fspﬁw

< NIOV.|

Locality Species n h Hd SIS n
I15-1 : ’ .
parque Nacional da Serra da Bocaina (10-5B) G. goetschi Marcus 0 2/3 0.0011
Campos do Jorddo (11-CJ) G. goetschi Marcus 0.891 21/24 0.0164
Parque Estadual da Serra da Cantareira (13-EC) G. goetschi Marcus 0.455 19/20 0.0098
Estacdo Biologica de Boraceia (16-BB) G. goetschi Marcus 0.511 7/12 0.0080
Praia de Cambury (19-PC) G. goetschi Marcus 0.426 19/31 0.0071
parque Estadual de Intervales (22-Pl) G. goetschi Marcus 0.350  23/35 0.0148
Parque Nacional de Saint-Hilaire / Lange (25-5L)  G. goetschi Marcus 0 cyz 0
All localities G. goetschi Marcus 0.688 57/114 0.0389
Parque Nacional da Serra dos Orgaﬁoq (DT-SOE) G. goetschi Riester 0.462 0.
Parque Estadual da Serra da Canfareira (13-EC) G. goetschi Riester 0.867 38/81 0.0433

; & ~_ G. goetschi Riester 0509
) i ea §| m 0.23 -y

h= number of haplotypes; = nucleotide diversity; Hd= haplotype diversity; S,= complete deletion
§,=column by column

In general, the three surveyed species show high levels of genetic variation, with
deep clades within the populations , similar to those found in C. bergi. Of these species G.
goetschi sensu Marcus, with a wider distribution range, is the more informative to compare
their patterns of variation with that found in C. bergi. Both species share the presence
of genetically structured populations. These results, therefore, support the C. bergi
conclusions, suggesting that SAF was not as unstable as was previously believed, and that
the paleoclimatic models are not able to make reliable predictions in this region. Moreover,
both species share the grouping of populations 16-BB and 19-PC. This relationship supports
the idea of a secondary contact between 16-BB and 19-PC; since 19-PC lies close to the
coast might have been influenced by sea level changes driven by Quaternary glaciations
(Suguio and Martin, 1978).

There are, however, relevant differences across species. As stated above, the
distribution patterns of nucleotide diversity and linkage disequilibrium results across
populations differ among the 4 species (Tables 2 and 3). These results can reflect differences
in the biology of the species, resulting in a distinct response to the same event, variations
in their mobility or in the levels of gene flow (Zink et al. 2001; Fitzpatrick et al. 2009). For
instance, the expansion of forests during the last glacial stage in So Paulo took place in
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three distinct periods, each presenting a different floristic composition (Ledru et al. 2009),
These forest expansions may be related to the community composition of land planarians,

Table 3. Summary of the neutrality tests for the COI gene

Neutrality test
Tajima’s D Fu's F, Ramos-Onsins&Rozas R,
n D 95% Cl F, 95% Cl R 95% Cl

Population

Geoplana goetschi

sensu Marcus 1951
Parque Nacional da

Serra da Bocaina (10- 16 1.814* (-1.759,1.652) 11.206**  (-4.636,5.196) 0.210* {0.086, 0.202)

SB) _
Campos do Jorddo
11-Cl)

arque Estadual da
Serra da Cantareira 22 -0.989 (-1.755,1.711)  4.734* (-5.528,5.826) 0.101 (0.076, 0.191)
13-EC) . .
stacao Bioldgica de
Boraceia (16-BB)
Praia de Cambury (19-

13 -0.821 (-1.766,1.655)  4.033* (-3.685,5.081) 0.184 (0.872,1)

28 1.482* (-1714,1.778) 17.133**  (-6.113,6.121) 0.177* (0.071,0.183)

PC) 42  -0.957 (-1.673,1.861) -4.344 (-6.681,7.163) 0.088 (0.059, 0.173)

Retque Esterdua) e 44 1406  (-1.683,1.826) 1.402 (-5.837,6.268) 0.095 (0.057, 0.176)

Intervales (22-Pl)

Parque Nacional de

Saint-Hilaire / Lange 15 0.780 (-1.789,1.714) 1.031 (-4.159,4.842) 0.178 (0.091, 0.214)
45 -0.874 (-1.643, ;ﬂdi}' 2321 (-7.468,7.250) 0.086 (0.060, 0.169)

(1709, 1.721) (-5.345,5.516)

Structure
Linkage Disequilibrium
Population
n 2 95% ClI Wall's Q 95% Cl

Geoplana goetschi sensu Marcus 1951

Parque Nacional da Serra da Bocaina (10-SB) 16 0.690**  (0.116,0.589) 0.75** {0, 0.545)
Campos do Jordao (11-CJ) 13  0.468 (0.142,08619) 0.457 (0.070, 0.575)
Parque Estadual da Serra da Cantareira (13-EC) 22  0.505* (0.094,0.530)  0.408 (0, 0.506)
Estacdo Bioldgica de Boraceia (16-BB) 28 0.812** (0.09, 0.480) 0.8** (0.037, 0.437)
Praia de Cambury (19-PC) 42 012 (0.063,0.446)  0.233 (0,0.425)
Parque Estadual de Intervales (22-P1) 44 0.294 (0.047,0.462)  0.25 {0,0.474)
Parque Nacional de Saint-Hilaire / Langg_{ZS-SL)_ 15 0343 (0.091,0.655)  0.154 (0,0.65)

<
|
i -]

(0.098,053) 0.942**  (0,05)

*P<0.05 **P<0.01
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Figure 4. Neighbor-joining trees inferred from D, values (A) and D, values (B) of the COl dataset and applying
the Kimura-2-parameters correction.

closely linked to the presence of their habitat with each species perhaps related to a
different type of forest. The fact that our focal species are not found in all sampled localities,
being the sampling intensity equivalent, and that their distribution overlaps only in a few
of them, may indicate differences in their ecological requirements. Another important
point might be the different dispersal capability of these species. Sunnucks et al. 2006
proposed that certain differences in the composition and amount of mucus produced by
two land planarians could affect their dispersal capabilities and therefore their diversity
pattern distribution. Moreover, in another AF study comparing different species of small
mammals, Costa (2003) found certain differences among taxa that were interpreted as
caused by various vicariant events affecting differentially taxa at different times. Species
with even similar ecological requirements, current distributions, effect of vicariant events,
habitat fragmentation and dispersion rates, may exhibit different evolutionary histories
(Marske et al. 2011), particularly in geologically dynamic environments as the AF. A more
detailed comparative nucleotide diversity analysis of a number of land planarian species in
a smaller region would be needed to clearly ascertain what are the main factors explaining
the differences across species.

Even so, the differences found between species give further support to the idea
that the evolutionary and demographic history of the SAF region has been very complex.
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The levels and patterns of genetic variability found in all surveyed species here make it
clear that current forests in the SE Brazilian AF have persisted for a long time (much more
than predicted by palaeoclimatic models; Carnaval and Moritz, 2008). In any case, the high

Geoplana Geoplana

C epza!o{!exu Gostschl Goctschi Iss occ:’ sp.
ik Marcus Riester o

Population | R, Zys R, Zs R; Zys R, Zys
01-AR o el el
04-ED — | ===

07-50 el i |[f]

10-SB —_ -] =] =

110 | — | — —|—=|—-|-

13-EC — ] —

16-B8B

22-p e el el
25-5L - | ===
28-Sl —|=]=|=|=1-
31-ST — | === |=-|-

Figure 5. Summary of significant results for the R, and Z _ statistics calculated for COI dataset. Red colour
represents evidence for genetic structure. Yellow figures indicate no significant results,
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level of intraspecific variability is a factor
that should be taken into account with
regard to conservation policies (Hughes et
al. 2005). The preservation of these areas is,
therefore, necessary for the maintenance of

present, past and future diversity.
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Table 1 Supplementary Data. continued

N. MZUSP* col__ ITS-1
zucv _...r 874 ?
MZSUP PL 876 ? -
' MZSUP PL 877 ? ?
MZSUP PL 878 ? E)
MZSUP PL879 ? -
MZSUP PL 880 ? ?
MZSUP PL 881 ? ?
423 MZSUP PL 882 ? -
F4236 MZSUP PL883  HQ542893 ?
F4238 MZSUP PL 885 ? ?
F4239 MZSUP PL 886 ? ?
F4240 MZSUP PL 887 ? ?
F4242 MZSUP PL 889 ? =
F4243 MZSUP PL 890 ? ?
F4244 MZSUP PL 891 ? -
F4245 MZSUP PL 892 ? E
F4246 MZSUP PL 893 i
Fa247 MZSUP PL 894 ?
Fa248 MZSUP PL 895 ?
F4257  MZSUP PL896 ?
Fa259 MZSUP PL 898 ?
F4270 MZSUP PL 902 ?
F4271 MZSUP PL 903 ?
F4272 MZSUP PL 904 ?
FA280  MZSUP PL908 >
F4287 MZSUP PL911 ?
| MZSUP PL 912 ?
MZSUP PL 914 ?
MZSUP PL 927 ?

1058 . MZSUP PL 287
i MZSUP PL 288
MZSUP PL 289 HQO26444
muomu. MZSUP PL 290 HQ026406 ‘HQ026445
F2059 MZSUPPL291  HQO26407  HQO26446
F2060 ~ MZSUPPL292  HQO26408  HQO26447
£2061 MZSUPPL293  HQO26409  HQO26448
F2063 MZSUPPL294  HQO26410  HQO26449
F2066 ~ MZSUPPL295  HQO26411  HQO26450
F2096 MZSUPPL297  HQO26412  HQO26451
F2097 MZSUP PL 298 HQ026413 HQ026452
F2098 MZSUP PL 299 HQ026414 HQ026453
F2099 MZSUPPL300  HQO26415  HQO26454
F2833 MZSUPPL404  HQ026439  HQ026467
F2841 MZSUP PL 406 HQO26422 HQ026469
F2848 MZSUPPLAOS  HQO26425  HOO26472
11-¢) F3747 MZSUP PL 787 :
F4527  MZSUP PL1090 : ?
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* Table 1 Supplementary Data. continued

Sampling Geoplana goetschi Marcus 1951
_locality  Code N. MZUsP* col IT5-1

F4133  MZSUPPLE29 ? ?
F4152 MZSUP PL 834 ? ?
F4153 MZSUP PL 835 ? ?
F4154 MZSUP PL 836 ? ?
F4155 MZSUP PL 837 ? ?
'F4156 MZSUP PL 838 ? 7
F4157 MZSUP PL 839 ? ?
F4158 MZSUP PL 840 ? ?
F4159 MZSUP PL 841 ? -
F4160 MZSUP PL 842 ? -
F4161 MZSUP PL 843 ? ?
F4162 MZSUP PL 844 ? ?
F4163 MZSUP PL 845 ? ?

19-pC F4380  MZSUP PL942 ? -
Fa341 MZSUP PL 943 ? -
F4342 MZSUP PL 944 ? =
F4343 MZSUP PL 945 ? -
Fa344 MZSUP PL 946 ? 5
F4345 MZSUP PL 947 ? ?
F4346 MZSUP PL 948 ? -
F4347 MZSUP PL 949 ? ?
F4348 MZSUP PL 950 ? -
F4360 MZSUP PL 956 ? -
F4361 MZSUP PL 957 ? -
F4362 MZSUP PL 958 ? ?
F4363 MZSUP PL 959 ? -
F4364 MZSUP PL 960 ? ?
F4365 MZSUP PL 961 ? -
F4366 MZSUP PL 962 ? -
F4367 MZSUP PL 963 ? .
FA368  MZSUPPL964 ? -
F4369 MZSUP PL 965 ? ?
F4370 MZSUP PL 966 ? ?
F4371 MZSUP PL 967 ? ?
F4372 MZSUP PL 968 ? ?
F4373 MZSUP PL 969 ? -
F4374 M2ZSUP PL 970 ? -
FA375 MZSUP PL 971 ? ?
F4376 MZSUP PL972 s ?
F4377 MZSUP PL 973 ? .
F4381 MZSUP PL976 ?
F4382 MZSUP PL977 ? -
F4383 MZSUP PL 978 ? ?
F4384  MZSUPPLO79 ? :
F4385 MZSUP PL 980 ? -
'F4386 MZSUP PL 981 ? -
F4387 MZSUP PL 982 2 2
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Table 1 Supplementary Data. continued

Sampling Geoplana goetschi Marcus 1951 Geoplana goetschi Riester 1938 Issoca sp nov.
locality Code N. MZUSP* col ITS-1 Code N. MZUSP* COI ITS-1 Code N. MZUSP* COl ITS-1

F3781 MZSUP PL 610 ? -
F3783 MZSUP PL 612 ? ?
F3784 MZSUP PL613 ? =
F3785 MZSUP PL 614 ? -

25-5L F1699 MZSUP PL 1133 ? -
F1704 MZSUP PL 264 HQ026402 HQO026441
F1711 MZSUP PL 1134 ? ?
F1713 MZSUP PL 256 ? ?
F1717 MZSUP PL 1135 ? ?
F1718 MZSUP PL 1136 ? ?
F1720 MZSUP PL 1137 ? -
F1721 MZSUP PL 1138 ? ?
F1722 MZSUP PL 1139 ? ?
F3575 MZSUP PL 556 ? ?
F3581 MZSUP PL 557 HQ026430 HQO26477
F3591 MZSUP PL 561 ? -
F3592 MZSUP PL 562 ? -
F3598 MZSUP PL 563 ? ]
F3603 MZ5UP PL 564 ? =

01-AR= R. B. Augusto Ruschi/ ES; 04-ED= P.E. do Desengano/ RJ; 07-SO= P.N.S. do:

—Sequence not obtained

s Orgaos/ RJ; 10-5B= P.N.S. da Bocaina/ SP; 11-Cl= Campos de Jord3o/ SP; 13-EC= P.E.S. da Cantareira/ SP; 16-BB= E.B. de Boraceia/

SP; 19-PC= Praia de Cambury/ SP; 22-Pl= P.E. Intervales/ SP; 25-SL= Parque Saint Hilaire/ PR
? GenBank accession number not yet available

Outgroups
Sampling locality Species Code N. MZUSP* col o
Parque Saint Hilaire (25-SL) / PR Issoca rezendei F1679 MZSUP PL 1010 - ?
FLONA® /RS Notogynaphallio guaiana F432 MZUSP PL 653 HO542854 ?
F3361 MZUSP PL 1071 HQ542896 ?
P.N.S. da Bocaina (10-PB) / SP Pasipha chimbeva F2813 MZSUP PL 403 ? ?
P.E.S. da Cantareira (13-EC) / SP F3010 MZSUP PL 476 2 3

*Floresta Nacional de S3o Francisco de Paula
*Vouchers are deposited in the Museu de Zoologia da Universidade de Sao Paulo (MZUSP)
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Evidence of the persistence of the land planarian species
Microplana terrestris (Miiller, 1974) (Platyhelminthes, Tricladida)
in microrefugia during the Last Glacial Maximum in the northern

section of the Iberian Peninsula

Evidencies de la persisténcia de la planaria terrestre Microplana terrestris
(Miiller, 1974) (Platyhelminthes, Tricladida) en microrefugis durant [’Ultim Max-
im Glacial a la regioé nord de la Peninsula Ibérica

Marta Alvarez-Presas, Eduardo Mateos, Miquel Vila-Farré, Ronald Sluys i Marta Riutort

(en preparacio)

165



Capitol 5 Resultats

Resum

Les planaries terrestres (Tricladida, Continenticola, Geoplanidae) sén platihelmints
de vida lliure, incloent animals amb un plexe nervios ventral auxiliar i una sola ventral difer-
enciada. Tot i que sén poc conegudes, especialment a Europa, presenten caracteristiques
interessants que les situen com a bons bioindicadors. En un treball anterior sobre Ia diver-
sitat de planaries terrestres a la Peninsula Ibérica, es va trobar que aquesta diversitat era
més gran del que s’esperava. En aquest estudi ens centrem en Microplana terrestris (Mul-
ler, 1774), una espeécie de planaria terrestre que presenta una amplia distribucio a la part
nord de la Peninsula Ibérica. Mitjan¢ant la combinacié de dades morfologiques (tant de
I'anatomia externa com interna) i d’analisis moleculars (el gen mitocondrial citocrom oxida-
saliel nuclear ITS-1) hem avaluat I'estat taxondmic d’aquesta espécie a la Peninsula i hem
inferit la seva historia evolutiva i biogeografica. Els nostres resultats mostren que I'espécie
esta genéticament molt estructurada, presumiblement com a conseqiiéncia d’haver sobre-
viscut en diversos refugis durant I'Ultim Maxim Glacial. Els dos grups principals en qué es
divideix I'espécie a la Peninsula Ibérica (est i oest) semblen tenir un origen diferent: un
és d’origen iberic, mentre que l'altre pot venir d’una recolonitzacié des del nord. També
trobem que la historia biogeografica de I'espeécie reforga la hipotesi filogeografica presen-
tada per el seu habitat, és a dir, els boscos humits.
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tvidence for the persistence of the land planarian species Microplana terrestris (Miiller,
1774) (Platyhelminthes, Tricladida) in microrefugia during the Last Glacial Maximum in
the northern section of the Iberian Peninsula

Marta Alvarez-Presas?, Eduardo Mateos?, Miquel Vila-Farré?, Ronald Sluys® and Marta
Riutort?

1pepartament de Genética | Institut de Recerco de lo Biodiversitat (IRBio), Universitat de Barcelona, Avinguda Diogonal 643 E-08028, Spain
iDepartament de Biologia Animal, Facultat de Biologia, Universitat de Barcelona, Avingudo. Diagonol 643, E-08028 Barcelona, Spain
ynstitute for Biodiversity and Ecosystem Dynamics, University of Amsterdam & Netherlands Centre for Biodiversity Naturalis (section ZMA), P.O. Box 9514,
2300 RA Leiden, The Netherlands

Abstract

This study focuses on Microplana terrestris (Mller, 1774), a species of land planarian that shows a wide distri-
bution in the northern part of the Iberian Peninsula. By combining morphological data (both external and internal anat-
omy) and molecular analyses (mitochondrial cytochrome oxidase | and nuclear ITS-1 genes) we evaluate the taxonomic
status of this species in the Peninsula as well as estimate its evolutionary and biogeographic history. Our results show the
species to be genetically structured, presumably as a consequence of having survived in various refuges during the Last
Glacial Maximum. The two main groups, in which the species is divided in the Iberian Peninsula, seem to have a different
origin: one being of Iberian origin, while the other may have re-colonized from the north. We also find that the biogeo-
graphical history of the species reinforces the phylogeographical hypothesis put forward for its habitat, i.e. wet forests.

Keywords: beech, COI, ITS-1, oak, phylogeography, wet forest.

Introduction

The terrestrial flatworms (Tricladida,
Geoplanidae) constitute a little known group of
free-living Platyhelminthes including about eight
hundred known species, although this number is
presumably a small fraction of the total diversity
of the group (Carbayo and Froehlich, 2008; Mateos
et al., 2009; Vila-Farré et al., 2011). In recent years,
extensive samplings, morphological studies and the
application of molecular tools have revealed that the
diversity of planarians is higher than presumed, not
only in areas as the Atlantic Forest in Brazil, where
many species were already known (Carbayo and
Froehlich, 2008), but also in the Iberian Peninsula
(Mateos et al., 2009; Vila-Farré et al., 2008; Vila-
Farré et al., 2011). Terrestrial planarians are part of
the cryptic soil fauna, making them hard to find with
the usual sampling techniques, which is why there is
a lack of knowledge about their distribution, origin
of their populations and levels of genetic diversity.
Nonetheless, their study may unveil the factors
and processes generating and maintaining diversity
due to their special characteristics: soil in humid

Corresponding author: Marta Riutort, Departament de Genética | Institut de
Recerca de la Biodiversitat (IRBio), Universitat de Barcelona, Avinguda Di-
9gonal, 643, E-08028, Bracelona, Spain. E-mail: mriutort@ub.edu

forests as preferred habitat, low dispersal capability
since they depend on the wet soil and have no
resistant life stages, top predators that rely on the
availability of suitable prey. Hence, the distribution
of terrestrial planarians requires the presence and
good condition of wet forests, suggesting that they
may be good indicators of forests health (Carbayo et
al., 2002; Sluys, 1999) and also an excellent model for
phylogeographic studies (Alvarez-Presas et al., 2011;
Sunnucks et al., 2006).

Microplana terrestris (Miller, 1774) is the
most common terrestrial planarian in Europe. It has
a wide European distribution: from Norway to Spain
and from Portugal to Romania, including the British
Isles, and the islands of Crete, Madeira and Menorca
(Ogren et al.,, 1997; Minelli, 1997; Kawakatsu et
al., 2003; Fauna Europaea Web Service, 2004; Vila-
Farré et al., 2011). It has been recorded also from
Iceland (Lindroth et al., 1973), and from the USA and
Canada (see references in Ogren and Kawakatsu,
1989), Semper (1881) cited M. terrestris (as Planaria
terrestris) from Menorca (Balearic Islands, Spain),
and its presence in mainland Spain has been
documented both by molecular (Mateos et al., 2009)
and morphological evidences (Vila-Farré et al., 2011).
In those studies it was shown that the species has a
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wide distribution in the northern part of the Iberian
Peninsula, where it was found with a high frequency,
although several other species were also present.
The external morphology of live Microplana terrestris
specimens is rather characteristic (Jones, 2005; Jones
et al., 2008; Johns, 1998): up to 2 cm long, 1-2 mm
wide, grey or black body color, white ventral creeping
sole, plump and round in cross-section when
extended, anterior end blunt, with two little lateral
eyes at the apical end. Also, its internal anatomy is
well known (Bendl, 1908; Jones et al., 2008; Minelli,
1977; Von Kennel, 1882). Vila-Farré et al. (2011)
mentioned the possible presence of interpopulation
variability or cryptic species in Iberian specimens
of M. terrestris. This variability consisted in the
presence or absence of two small structures under
the intestine and above the penis papilla, lined with
an epithelium that is histologically very similar to that
of the copulatory bursa and the genito-intestinal duct
(here called “intestinal structure” or “is”).
Microplana terrestris feeds mainly on
molluscs, but also on earthworms and arthropods
(McDonald and Jones, 2007; Winsor et al., 2004) and
it is very sensitive to changes in climatic conditions
and highly dependent on very specific habitats (Jones,
2005): microhabitats in forest soils with moderate
temperatures and with a high humidity during part
of the year. In the Iberian Peninsula these conditions

are found in forests composed of various Quercus
species, riverbank forests, and Fagus sylvaticg
forests, most of these being situated in the northern
third of the Peninsula (Blanco-Castro et al.,, 2005),
Beech and oak forests have been extensively studied
in Europe, based on pollen registers and genetic
variability and thus a good account of their history
through glacial periods is available (Magri et al., 2006;
Magri, 2008; Petit et al., 2002a; Petit et al., 2002b).
These studies show a complex genetic structure with
several refugia being present in southern and central
Europe. A general trend can be recognized among
both groups of trees in the Iberian Peninsula. There
were small scattered refugia, only in the north for
Fagus, and during the Holocene the re-colonization
resulted in a differentiation among the eastern and
western regions in the Peninsula. Although the story
for the two types of trees is slightly different, Fagus
practically did not cross the Pyrenees to the north,
whereas oaks crossed in different directions in the
west and the east. All of this suggests the presence
of two biogeographic regions in the northern Iberian
Peninsula (Blanco-Castro et al., 2005). As Petit et al.
(2002b) pointed out, it would be very interesting
to find out whether this biogeographic break is
paralleled in species having ranges encompassing
both regions. In the case of terrestrial planarians,
given their dependence on the presence of humid

i 4E
Figure 1. Area sampled in this study.Numbers indicate the localities where Microplana terrestris has been found (see Table 1 for the exact
location of the different sampling ites within each location). Mé## codes indicate other morphotypes present along with M. terrestris in
the localities (see Table 1).
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forests, we expect their distributional history to be
correlated with the refugial history of the wet forests.

For the present study, we have performed
an intense sampling of terrestrial planarians
in the northern part of the Iberian Peninsula,
particularly in order to document the prevalence
of M. terrestris in that region. Further, we have
performed a morphological
adult specimens, and have analysed the genetic
variability of two molecules (ITS-1 and COl) in order
to examine whether there is any correlation between

analysis of some

anatomical and molecular variability. Moreover,
we have estimated the population structure of M.
terrestris at the genetic level and its correlation to its
habitat history.

Material and Methods
Study region and specimens

From 1996 to 2010, 68 sites located along an
east-west transect in the northern Iberian Peninsula
were sampled in search of terrestrial planarians, in
particular M. terrestris. The habitats sampled were
moist forest floors (beech, oak, gallery forests) and
the methodology used was direct searches under
rocks and fallen logs. All terrestrial planarians
collected were placed in square plastic containers
(5 x 5 cm) that had been previously filled with wet
soil from the sampling sites. These containers were
kept cool and were transported to the laboratory,
where each individual flatworm was photographed
and its external morphological characters recorded.
Specimens were classified into morphospecies,
according to Mateos et al. (2009). Subsequently,
animals were fixed in 100 % alcohol for molecular
analyses or were cut into two fragments. A small
anterior portion was preserved for DNA analysis and
the rest of the animal was fixed in Steinmann’s fluid
and then preserved in alcohol 70% for anatomical
studies.

Morphological analysis

Fragments fixed in Steinmann’s fluid and
preserved in 70% alcohol were cleared in clove
oil, dehydrated in an ascending series of alcohol
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concentrations, and then embedded in synthetic
paraffin wax, cut at intervals of 57 um, and mounted
on albumen-coated slides. The sections were stained
in Mallory—Heidenhain (cf. Sluys, 1989) or Harris
haematoxylin (cf. Humason, 1967) and mounted in
DePeX. Reconstructions of the copulatory apparatus
were obtained using a camera lucida attached to a
compound microscope. Vouchers are deposited in
the Institute for Biodiversity and Ecosystem Dynamics
(University of Amsterdam, The Netherlands).

DNA extraction,
sequencing

gene amplification and

Specimens preserved in 100% ethanol were
used for DNA extraction with the Wizard® Genomic
DNA Purification Kit (Promega, Madison, WI, USA). A
small piece of tissue in lysis buffer and Proteinase K
was digested overnight previous to the next extraction
steps indicated by the manufacturer. In the case of
the specimens used also by Mateos et al. (2009),
DNA was re-extracted from the remaining tissue kept
in the Animal Biology Department (Universitat de
Barcelona). An approximately 1kb fragment of the
cytochrome c oxidase | (COl) gene was amplified by
polymerase chain reaction (PCR), extending the length
of the sequence already amplified for the Mateos et
al. (2009)’ specimens. We used the following primers:
BarS: GTTATGCCTGTAATGATTG (Alvarez-Presas et al,,
2011) and COIR: CCWGTYARMCCHCCWAYAGTAAA
(Ldzaro et al., 2009). We also used internal primers,
COIF: CCNGGDTTTGGDATDRTWTCWCA, and BBC:
CCAAAAGAAAAATCCTTNCC (Alvarez-Presas et al,
2011) to obtain better quality sequences from the
DNA fragments. The nuclear ribosomal internal
transcribed spacer (ITS-1) fragment was amplified
using the primers ITS9F: GTAGGTGAACCTGCGGAAGG
and ITSR: TGCGTTCAAATTGTCAATGATC (Bagufia
et al., 1999). ITS-1 sequences had a final length of
~500 bp. For COI, PCR conditions using Go Tag® DNA
Polymerase (Promega) and the DNA template were as
follows: an initial denaturation step of 2 min at 95°C
followed by 30 cycles of 50 s at 94°C, 45 s at43°C, and
50 s at 68°C, and a final extension of 4 min at 68°C, on
25 uL volume. In the case of ITS-1 the PCR conditions
were an initial denaturation step of 5 min at 94°C
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followed by 30 cycles of 45 s at 94°C, 30 s at 54°C, and
50 s at 72°C, and a final extension of 4 min at 72°C,
on a 25 pL volume. Amplification products were
purified with a vacuum manifold (Multiscreen®HTS
Vacuum Manifold, Millipore Corporation, Billerica,
MA 01821 U.S.A). DNA sequences were determined
from both strands by using Big-Dye (3.1, Applied
Biosystems, Foster City, CA, USA) and the reaction
products were separated on the ABI Prism 3730
automated sequencer (Unitat de Gendmica dels
Serveis Cientifico-Técnics de la UB).

Molecular species identification

Specimens were first classified into
by their

Unfortunately, most specimens were not big enough

morphospecies external appearance.
to be cut into two pieces (and thus to be analysed
both anatomically and molecularly), and from those
that could, only a small proportion turned out to be
sexually mature. Therefore, we used COI barcodes to
determine the taxonomic status of the specimens.
We included in a RaxML Maximum Likelihood
analysis all the individuals collected, independently
of the morphotype assigned by external appearance.
Additionally we included sequences from Microplana
nana Mateos et al. 1998 (GenBank FJ1969947, 48),
Microplana kwiskea Jones et al. 2008 (GenBank
EU334574, 76), Microplana scharffi (Graff, 1896)
(GenBank DQ666044) and Rhynchodemus species
(GenBank  FJ969946); and

seven specimens

Table 2. Summary of nucleotide diversity estimates

morphologically identified as Microplana terrestris
(Hugh Jones, personal communication) from England.
The last-metioned animals were collected from under
boards in a domestic garden near Thirsk, Yorkshire
(Ordenance Survey grid reference: SE378848, UK;
McDonald and Jones, 2007). One of these individuals
had been used in a previous study by Jones et al.
(2008; GenBank EU334581).

Data analysis

Mitochondrial coding DNA sequences were
aligned using the translated amino acid sequences.
A multiple alignment was obtained by Clustal W as
implemented in Bioedit v.7.0.9.0. program (Hall,
1999). All sequences were unambiguously aligned.
For ITS-1 sequences, the alignment was obtained
using MAFFT version 6 (Katoh et al., 2009) with the
default options. We estimated the DNA sequence
evolution model that better fits the data using
iModelTest 0.1.1. (Posada, 2008), applying the
Akaike information criterion (AIC). Phylogenetic
relationships were estimated by ML (using RAXML
7.0.0 software; Stamatakis, 2006) and Bayesian
Inference (BI) (using MrBayes v. 3.1.2.; Ronquist &
Huelsenbeck, 2003) methods. The best-fit model
of sequence evolution for COI yielded TPM2uf+ T.
However, HKY + I had the next highest likelihood and
AIC scores. Therefore we used HKY +I'in the Bayesian
analyses for its easier implementation. In the case
of Maximum Likelihood, RaxML only implements

No. of

; ’ No. of Haplotype n Nucleotide
Provin
ce (Locality) " haplotypes diversity (Hd) polvml orphle diversity (r)
Col

West Corufia (1 5 13 3 0.513 8 0.0027
Asturigs (2,3) 6 3 0.600 7 0.0033
Logrofio (4) 4 2 0.500 1 0.0006
Navarra 6 7.8) 7 [ 0.952 29 0.0108
East Huesca ! 4 3 3 1.000 7 0.0057
12,13,14) 22 7 0.541 16 0.0023
Engran 7 3 0.667 5 0.0030
Western [P 30 12 0.800 43 0.0141
Eastern [P 26 11 0.674 18 0.0031
64 24 0.883 60 0.0210
West Coruna 15 10 5 0.844 3 0.0025
Asturigs ( 3) 6 i 0.000 0 0.0000
ogrofio (4, 4 2 0.667 2 0.0025
Navarra (5,6.7.8) 5 2 0.600 1 0.0011
Huesca !9 10 3 1 0.000 0 0.0000

G.'mna 2.13) 21 0.095 ] 0.0002..........

England 3 p. 0.667 1 0.0012....
Western |P 26 4 0.403 0.0009
Eastern |P 24 2 0.083 1 0.0002
54 g 0.242 4 0.0006
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Figure 2. Maximum Likelihood tree inferred from the COI dataset. Values at nodes are bootstrap values (10,000 replicates) (above) and
Posterior Probabiliti es (below). Scale bar represents number of substitutions per site. The (+) and (-) indicate presence or absence of
the “intestinal structure” on those individuals that could be studied morphologically, The legend indicates the locality colour code. Taxon

labels are the same as in supplementary Table 1.

the GTR nucleotide substitution model, so we used
the GTR + ' model. Bootstrap support (BS) values
(Felsenstein, 1985) were obtained for ML trees from
10,000 replicates. Three million generations were
run using the Markov Chain Monte Carlo (MCMC)
analysis in two independent runs for the Bl. Sampling
was every 1,000 generations and 3,000 trees were
saved. Log likelihood values of the cold chains were
checked and we verified convergence among runs.
The first 20,000 generations for COl were removed
as burn-in and 15,000 for ITS-1; a 50% majority rule
consensus tree was generated from the remaining
trees in both cases. For both markers we produced
Median Joining Networks (Bandelt et al., 1999), using
NETWORK 4.5.1.6.
Kimura-2-parameters

(K2P) genetic
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distances were calculated with MEGAS5 (Tamura
et al., 2011). For population genetic analyses the
program DnaSP v5.10 (Librado and Rozas, 2009)
was used. We joined in some cases sequences from
geographically close localities. We excluded from
those analyses sampling points represented by only
one individual and that are geographically distant
from any other locality: Les Planes (sampling point
B002, Barcelona), Rabos d’Emporda (G006, Girona),
and Cellers (E023, Lleida). We estimated haplotype
(Hd) and nucleotide diversity (rt; Nei, 1987); through
the Dxy parameter (Nei, 1987) levels of DNA
divergence among populations were examined. For
both markers we applied three neutrality tests t0
determine whether the DNA polymorphism observed
was expected under the neutral hypothesis (Tajima’s
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Figure 3. Median joining network of the
mitochondrial haplotypes and ITS-1 alleles
(inset).

@

D, Tajima, 1989; Fu’s Fs, Fu, 1997 and R, Ramos-
Onsins and Rozas, 2002). Their statistical significance
was estimated by coalescence computer simulations.

A Mantel Test was conducted to test
showed the isolation-by-
distance pattern. We used the Fst genetic distances

whether populations

and the log of the geographic distances in km, using
the Isolation by Distance Web Service 3.16 (Jensen et
al,, 2005).

Results

Field collection,
distribution

species identification and

M. terrestris was detected in 24 of the 68
sampling sites, belonging to 15 Spanish localities
situated in Corufia, Asturias, Logrofio, Navarra,
Huesca, Barcelona, Lleida and Girona (Table 1, Fig.
1) and represented 64.52% of the total number of
terrestrial planarians found atthese localities. Twenty-
nine M. terrestris were fixed for morphological and
molecular analyses; unfortunately, 21 were juveniles.
Also, some of the 60 available Iberian individuals for
molecular analyses could not be sequenced, so that
finally 57 mitochondrial and 51 nuclear sequences
and morphological data from 8 sexually mature
individuals were used in this study.

The ML phylogenetic analysis run to identify
the individual species molecularly resulted in 11
mitochondrial clades (Supplementary data Fig. 1),
With M. terrestris showing the higher frequency and

abundance (Table 1). In the tree obtained, the 57
individuals identified as M. terrestris by their external
appearance constituted a monophyletic group with
the 7 M. terrestris specimens from the United
Kingdom. Moreover, the morphological analysis of
the 8 individuals for which it was possible to obtain
sections of their copulatory apparatus showed all of
them to have the diagnostic features of the species M.
terrestris. We also found that morphotype M3 sensu
Mateos et al. (2009) (corresponding to Microplana
robusta; c.f. Vila-Farré et al., 2011) was very close to
M. terrestris, hence we decided to use it as outgroup
in the following analyses

Molecular datasets and

relationships

phylogenetic

Alignments of mitochondrial COl (822 bp;
64 M. terrestris) and nuclear ITS-1 (543 bp; 54 M.
terrestris) sequences were used for phylogenetic
analyses (GenBank accession numbers are shown in
Supplementary Table 1).

The Maximum Likelihood tree inferred from
the COI gene data is shown in Fig. 2; the phylogenetic
tree inferred by Bl displays the same topology but
with different statistical support in some branches
(values shown in Fig. 2). Sequences group into two
main clades, corresponding to their geographic origin,
either west or east. The western animals belong
to populations from Corufia, Asturias, Logrofio,
Navarra, and Barcelona (1 to 8 and 15 in Fig. 1). The
eastern clade is composed of animals from Huesca,
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Table 3. Summary of COI neutrality tests

Tajima’s D Fu's F, Ramos-Onsins & Rozas R,
Study region
n D 95% Cl F, 95% ClI R, 95% Cl
Corufia 13 -0483 (-1.775,1.773) 2.812  (-2.884,4.149) 0.141 (0.106, 0.256)
Asturias 6 -0.631  (-1.408,1.753) 1.624  (-2.518,3.696) 0.222 (0.141, 0.373)
Logrofio 4 -0.612  (-0.754,1.893) 0.172  (-0.887,1.716) 0.222 (0.000, 0.833)
Navarra 7 -1.435  (-1.567,1.662) -0.062  (-2.814,4.581) 0.232 (0.113, 0.288)
Girona 22 -2.088* (-1.729,1.907) -1.223  (-3.190,4.442) 0.086* (0.082, 0.224)
Eastern IP « e 1a0ne 4aoa  nrecrs  fmeme e
-1 -1. - -3. -3.808, 4.983 .065** .072,0.
(9,10,11,12,13,14) 26 -1.733* (-1.707,1.853) -3.519 (-3.808,4.983) 0.065 (0.072, 0.206)
England 7 1.057  (-1.553,1.811) 1.77 (-2.476,3.968) 0.230 (0.137, 0.350)

*P<0.05; **P<0.01

Lleida, Girona (9 to 14 in Fig. 1), and the United
Kingdom. The phylogenetic trees are congruent
with the reconstructed haplotype network (Fig. 3).
In both types of analyses the western populations
are differentiated into two groups: one including
populations from Navarra and from Barcelona and
the other consisting of populations from Corufia,
Asturias, and Logrofio. One of the sequences from
Navarra (086N034) is highly differentiated from
the rest, but it nonetheless clearly groups with the
western group. In contrast, eastern populations are
grouped in only one cluster in the trees, although
one individual has a basal position, and show a close
relationship among haplotypes in the network (Fig.
3).

Due to the high similarity between
sequences, the topology obtained for ITS-1 was
unresolved (not shown). The median joining network
based on ITS-1 sequences (Fig. 3) shows that the
majority of populations share the same haplotype,
with only a few sequences differing in one or two
positions. No structuring based on the nuclear
marker exists.

DNA sequence variation and neutrality tests

Table 2 shows a summary of nucleotide and
haplotype diversity in both genes. Mitochondrial
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gene values of 1 (nucleotide diversity) are in general
low (below n=0.0057), with the exception of Navarra,
with a value of 0.0108 due to the presence of a very
divergentindividual (086N034, [ocality 8, Table 1). The
number of haplotypes is the same in both regions (12)
but the eastern ones are more similar among each
other. Haplotype diversity per population is usually
quite low. There are no shared haplotypes between
east and west. Within the regions, only Logrofio
shares haplotypes with Corufia and Asturias (one
with each) in the west, and Girona with Huesca in the
east. For ITS-1, the nt value is low (0.002 maximum)
as well as the number of polymorphic sites (S) and of
haplotypes (h). In fact, a single majority haplotype is
shared by most individuals.

Given the reduced levels of variability in ITS-
1 sequences, the rest of analyses were exclusively
performed with COI. Within localities mean pairwise
genetic distances estimated with the K2P correction
are in the range of 0 to 1%. Values between the
western localities range from 0 to 3%, while the
eastern values vary between 0 and 1.6%. West and
east present a difference of 2.4 to 4% and finally,
the between-species difference is about 19% (M.
terrestris vs M. robusta). F_, values are high between
the eastern and the western groups (0.73) as well
as within the western Peninsula (4 groups: Corufia,
Asturias, Logrofio and Navarra, 0.81). In contrast, F;
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is low within the eastern group (2 groups: Girona and
Huesca, 0.13).

Neutrality tests were performed for those
populations for which more than 3 individuals were
available. In the east of the Peninsula this was only
possible for Girona. Therefore, and in view of the
geographical proximity of the eastern localities as
well as their genetic closeness, we also performed
a neutrality test including all eastern sampling
points. The values of Tajima’s D are negative for all
the regions studied, except for the United Kingdom.
for the populations of Girona alone and for the
eastern region the test is significant (Table 3). Fu’s
Fs is statistically significant only for the eastern
localities when grouped together but not for Girona
alone. Lastly, R, (a test best suited for low numbers
of individuals) was significant both in Girona and
the eastern group. When we tested the correlation
between genetic distance (F;) and log-linear
geographic distance, including all the populations,
a p-value of Mantel Test lower than 0.05 (0.011)
showed that the levels of genetic differentiation have
the characteristic pattern of isolation by distance.
Analysing the western and eastern populations
separately, no statistically significant p-values were
found (0.084 and 0.085 respectively).

There are two unexpected results. First, the
population (a single individual) from Barcelona (in
the east) shares its haplotype with one individual
from Navarra (western clade). Second, there is a great
similarity between the UK individuals and those from
the eastern clade in northern Spain, some of them
sharing a haplotype with individuals from Girona (Fig.
land 2).

Morphology

Eight mature specimens were examined for
the presence of the characteristic intestinal structure
(“is”) described by Vila-Farré et al. (2011). We found
animals with this structure in the western clade
(two individuals from sampling point C015, and one
in NO61, Figure 2). For the specimens from Navarra
(N021, NO61, N0O62) only one presents this feature
(215N061), albeit with only one of the two structures
being present. None of the eastern specimens

analysed (sampling points G213, G215) showed
it, albeit that the sample size is very small (Fig. 2;
Supplementary Table 1).

Discussion
Morphological variation vs genetic structure

The morphological variation of the “is”
feature is clearly not uniform through the species
range, not being exclusive of any of the molecular
clades detected. Consequently, we do here interpret
this structure as a morphological polymorphism not
related to any recent speciation event, therefore,
rejecting the possibility of a split of M. terrestris into
two cryptic species in the north of the Peninsula
(Vila-Farre et al., 2011).

Genetic variation in Microplana terrestris

Values of COl nucleotide diversity (m)
are relatively low as compared with Brazilian
populations of other terrestrial flatworm species
(Alvarez-Presas et al,, 2011), but in the same range
as values reported in other land planarian analyses
from Australia (Sunnucks et al.,, 2006). The locality
of Girona and the entire eastern clade present
significant negative values both for D and R, that
can be interpreted as signal of a relatively recent
population expansion. The other studied localities
show not-significant negative values of Tajima’s D, so
that these populations may be considered closer to
the neutral model, rather than the expansion one.
The results of nuclear and mitochondrial genes are
not fully coincident. The median joining network
shows that variation in the nuclear marker is much
lower than in the mitochondrial gene. This situation
stems from the fact that nuclear DNA evolves slower
than mitochondrial DNA, and hence the oldest
coalescence event for DNA alleles is four times older
than for the mitochondrial sequences (Brown et al.,
1979; Hudson, 1990). This fact supplies us relevant
information from the results of the two genes: the
genetic variability and the isolation-by-distance
pattern among all the studied localities observed with
COI data reveal a considerable genetic structure of
M. terrestris populations along an east-west transect
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in the northern part of the lberian Peninsula, while
the lack of structure presented by the ITS-1 suggests
that this differentiation is relatively recent. However,
the distances found among and within groups for
COl, reaching values of 3 and 4%, suggest that this
differentiation cannot be due to events as recent as
the last glacial periods (ending 18 Kya). Although we
cannot calibrate a molecular clock with the present
data, these levels of differentiation should have
needed a time in the order of a few million years
to accumulate, with the rates usually found in most
animals (around a 2% per million years).

Phylogeographic patterns and refuges

The genetic structure observed in M.
terrestris may result from isolation of their
populations in various refuges during the last
glaciations. In view of the fact that these animals
are dependent on the presence of wet forest soils,
the existence of their putative refuges may be
reconstructed from information on the presence of
humid forests in the north of the Iberian Peninsula
before, during and after the glacial period. Extensive
studies based on fossil wood, pollen registers and
genetic variation have been published mainly for
beech and oak forests in Europe (Magri et al., 2006;
Magri, 2008; Petit et al., 2002a; Petit et al., 2002b;
Petit et al., 2003; Ramil-Rego et al., 2000).

According to these studies, beech forests
were reduced during the last glacial periods to a few
refugia of extremely small size. Isozymes data show
the presence of three groups in the present day
beech forests in the north of the Iberian Peninsula.
One group is restricted to the Cantabrian Mountains,
one to the western Pyrenees, and the third group
occurs in the eastern part and is connected with the
populations in southern France (Magri et al., 2006;
Magri, 2008); these three groups originated from
different refugia. During the late Holocene, after the
Last Glacial Maximum (LGM), there would have been
a slow expansion of these forests. However, they
would not have crossed the Pyrenees northward, and
therefore Iberian Peninsula beech did not contribute
to the re-colonization of this type of forest in northern
Europe. Studies of chloroplast sequences from oaks
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in the Iberian Peninsula show that the haplotypes
present in the Cantabrian and Basque regions most
probably persisted in a refuge on the west coast,
whereas the haplotypes found on the south-east
slopes of the Pyrenees and in Catalonia may have
arrived from Italy, or even from the Balkans through
France, during the late-glacial interstadial (similarly
to what has been found for Chorthippus parallelius,
Alnus glutinosa and Triturus cristatus (cf. Hewitt,
1999); Petit et al., 2002b). Thus, Fagus and Quercus
coincide in showing a clear differentiation among
eastern and western populations in the north of the
Iberian Peninsula, and in the fact that the populations
in the east probably have an eastern European origin,
more or less distant, which will involve an important
genetic divergence among both sides.

The mitochondrial genetic differentiation
between the eastern and western clades of M.
terrestris, the marked structure within the west
region, and the low genetic variability and expansion
signals in the eastern part, may all have resulted
from the complex history of their habitat, i.e. the
wet forests. When the glacial periods began, the
planarian populations may have been restricted to a
few refugia: the remnants of the wet forests, mostly
situated in the west of the Peninsula, becoming
isolated in a few distant localities. In the west, the
populations may have expanded their range from the
refuges and established secondary contacts after the
LGM, probably following the northern expansion of
oak, resulting in the present populations in Logrofio,
Asturias and Corufia. On the other hand, the
populations from the Pyrenees (Navarra) would have
remained isolated from the rest and among them
resulting in the high differentiation found among
localities (a single individual collected in locality 8 at
high altitude has an extremely divergent haplotype
with respect to the individuals coming from the valley
regions). This fact suggests that due to the orography
of the Pyrenees the genetic structure produced
during the reduction of habitat in the glacial period
has persisted until today, a situation that is also
found for beech in that region (Magri et al. 2006;
Magri, 2008).

The eastern planarian populations may have
arrived with oak and beech forests (Magri et al. 2006;
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petit et al. 2002b). Petit et al. (2002b) hypothesize
that populations of oak coming from the east and
established in Catalonia would then have constituted
a “secondary refuge” during the colder period of
the Younger Dryas (11-10 ky BP). The low genetic
structure found in eastern planarian populations may
have resulted from the reduced number of refugia
and their recent expansion following the humid
forests (which started in the Pyrenees 4 to 3 kya
(Magri, 2008; Petit et al., 2002b). This hyposthesis
could also explain the high genetic distances found
between eastern and western clades in the Iberian
peninsula. According to this hypothesis, we predict
that the planarian populations in the eastern lberian
Peninsula would have haplotypes that are more
similar to the southern France populations than to
the western clade.

British-East clade relationship

The fact that M. terrestris specimens from
England group among the north-eastern populations
of the Iberian Peninsula (Fig. 2) is difficult to explain
as a consequence of the known history of the humid
forest. The arrival of the species in the British Isles
cannot be explained by Fagus dispersion, since beech
did not colonize central and northern Europe from the
Iberian Peninsula (Magri et al., 2006). Nevertheless,
palaesobotanical data support a spread of oak from
the west of the Iberian Peninsula along the Atlantic
coast of Europe and the exposed English Channel to
the British Isles (Petit et al.,, 2002b). With this data
one may expect British Microplana terrestris to be
closely related to the Iberian Peninsula west clade,
leaving unexplained the close affinity among the
British and eastern Iberian clade. However, in some
localities in the British Isles the presence of two oak
haplotypes coming from the south of France and
Catalonia (Cottrell et al., 2002; Petit et al., 2002b) has
been detected. This presence has been interpreted
as the result of recent anthropogenic introduction
due to oak forests planting and management in
Britain (Cottrell et al., 2002). Although the localities
of the terrestrial planarians analysed do not match
exactly those of the exotic oak haplotypes, it is
Possible that after being introduced, terrestrial

planarians have dispersed through the island. Other
well documented examples of human introduction
of terrestrial planarians with plants already exist in
the British Isles, as is the case of some Neotropical
species (Cannon et al., 1999; Jones and Boag, 1996).
However, the vast distribution of M. terrestris through
the British Isles (H. Jones, personal communication)
casts some doubt on this interpretation. The only
M. terrestris specimen from Barcelona that clusters
within the western clade seems another likely case
of human introduction.

It will be necessary to do a wider sampling
of M. terrestris in the British Isles to find out whether
the haplotypes found in the present study are the
only ones present there or, alternatively, whether
they are mixed with others related to the western
clade of the lberian Peninsula. In the latter case,
the situation will be equivalent to the one found for
oaks. In the first case, if only introduced haplotypes
for terrestrial planarians were found, there are
two possible explanations. One is that Microplana
populations from western Iberian Peninsula were
not able to follow the rapid expansion of oaks
through the British channel and, hence, the animals
introduced from the south of France/Catalonia are
the only Microplana that arrived to the British Isles.
The second explanation would be that planarians
from western Peninsula crossed the channel but were

replaced by the recently introduced M. terrestris.

Despite the scarcity of samples, due to the
difficulty in collecting high amounts of terrestrial
planarians, our data clearly indicate the link between
these animals history and the moist forest evolution
during the last glacial periods. These data seem to
indicate that terrestrial planarians, as other edaphic
fauna, can be good models to corroborate, or even
put forward, phylogeographical hypothesis on the
forest community.
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Supplementary Figure 1. Maximum Likelihood tree inferred from COI data including 110 sequences corresponding to all the individuals
tollected in the Iberian Peninsula for this study (blue circles), plus the British animals identified as M. terrestris (red circles). Each symbol
Tepresents a different morphotype, black squares corresponding to the outgroup species used in the intraspecies analyses: M. robusta.
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Table 1 supplementary material. List of samples used in this study with sampling locality and GenBank
Accession numbers.

Code Histology Collectors Date G%‘ga“k Accession m;{.‘;_bf"
M.terrestris
003B002 M 23/05/1996 IN379967
225G006 M, C 06/11/2006 IN379976 JN380038
071C015* M 01/07/2004 FI969949 IN380022
151C015* M 05/07/2005 Fl969952 IN380024
190C015 juv M 12/04/2006 JN279969 JN380029
191C015* M 12/04,/2006 FI969958 IN380030
193C015* ™M 12/04/2006 F1969959 JN380031
194C015* juv M 12/04/2006 FI969960 JN380032
232C015 M 11/11/2006 IN379977 JN380039
234C015 M 11/11/2006 IN379979 JN380041
235C015 is M 11/11/2006 JN379980
240C015 M 11/11/2006 IN379981 JN380042
241C015 M 11/11/2006 IN379982
242C015 M 11/11/2006 IN379983 JN380043
245C015 is M 11/11/2006 IN379984 IN380044
207N021 normal M,V 12/05/2006 IN379971
209N021 juv M, V 12/05/2006 IN379972
198E023 \Y 16/04/2006 IN379970
086N034* M,V 21/08/2004 FJ969951 JN380023
155L048* M 13/07/2005 FJ969953 IN380025
156L048 M 13/07/2005 IN379968 JN380026
157L048* M 13/07/2005 FI969954 IN380027
158L048* M 13/07/2005 FI969955 JN380028
212N060 juv M, V 13/05/2006 IN379973 IN380034
214N060 juv M, V 13/05/2006 IN379974 JN380035
215N061 is M, V 13/05/2006 IN379975 IN380036
218N062* normal M,V 14/05/2006 FI1969979 JN380037
269G166 M 07/11/2008 JN379985 JN380045
270G166 M 07/11/2008 IN379986 JN380046
271G166 M 07/11/2008 IN379987 IN380047
272G166 M 07/11/2008 IN379988 JN380048
275G167 M 07/11/2008 IN379989 IN380049
276G167 juv M 07/11/2008 JN379990 JN380050
303H200 M 30/05/2009 IN379991 JN380051
304H200 juv M 30/05/2009 JN379992 JN380052
306H201 juv M 31/05/2009 JN379993 JN380053
309G212 juv M 12/09/2009 IN379994 IN380054
310G212 juv M 12/09/2009 JN379995 IN3B0055
311G212 juv M 12/09/2009 JN379996 JN380056
312G212 juv M 12/09/2009 JN379997 JN380057
333G212 M 12/09/2009 JN380009 JN380068
334G212 M 12/09/2009 JN380010 JN380070
335G212 juv M 12/09/2009 JN380011 JN380071
336G212 M 12/09/2009 JN380012 JN380072
337G212 juv M 12/09/2009 JN380013 JN380073
338G212 M 12/09/2009 JN380014 JN380074
313G213 normal M 12/09/2009 IN379998 IN380058
314G214 juv M 25/09/2009 IN379999 IN380059
315G215 normal M 25/08/2009 JN380000 JN380060
316G215 normal M 25/03/2009 JN380001 JN380061
317G217 M 25/09/2009 JN380002 JN380062
322A218 juv M, A, S 23/10/2009 JN380003 JN380063
323A218 juv M, A, S 23/10/2009 JN380004 JN380064
327A220 juv M, A, S 24/10/2009 JN380005 JN380065
330A221 juv M, A, S 24/10/2009 JN380006 JN380066
331A222 juv M, A, S 24/10/2009 IN380007 IN380067
332A223 juv M, A, S 25/10/2009 JN380008 JN380068
MTA A 09/05/2010 JN380021
MT1 A 08/05/2010 JN380016
MT2 LA 09/05/2010 JN380017 JN380076
MT3 1, A 09/05/2010 JN380018 JN380077
MT4 LA 09/05/2010 JN380019
MTS J, A 09/05/2010 JN380020
T4* EU334581 JN380078
Outgrou
197C015* M 12/04/2006 F1969962 JN380033
233C015 M 11/11/2006 IN379978 JN380040
352P234 M, A, S 28/05/2010 JN380015 JN380075

Histology legend, is: intestinal structure present; normal: intestinal structure absent; juv: juvenile individual. Collector Legend, A: Marta
Alvarez-Presas; C: Cristina Cabrera; J: Jill McDonald; M: Eduardo Mateos; S: Eduard Sold; V: Miquel Vila-Farré. * these animals had already
been included in a previous study (Mateos et al., 2009) where a smaller fragment of CO! was analysed and were completed to be used
in the present analyses (GenBank records have been updated to add the new fragment sequenced). Codes in the first column correspond
to a three-digit number specific to each individual according to the order of collection, followed by the code of the locality where it was
found. Individuals collected in the United Kingdom are identified by the code MT or T.
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DISCUSSIO GENERAL

Un dels principals objectius d’aquesta tesi era I'obtencié d’una filogénia ben resolta
tant a nivell dels Continenticola com de les planaries terrestres Neotropicals de la subfamilia
Geoplaninae. L'estudi classic de la sistematica de les planaries requereix una inversié molt
gran de temps per examinar I'anatomia interna (basicament de I'aparell copulador) de cada
individu, ja que els caracters morfologics externs en la majoria dels casos no sén suficients
per identificar espécies (Mateos i col. 1998). A més, el nombre de trets morfologics del
qué es disposa els fa insuficients per resoldre la filogénia del gran nombre d’espécies
que existeix. Per aquests motius, abans del comengament d’aquesta tesi hi havia un gran
conjunt d’estudis morfologics pero tots focalitzats en les descripcions taxondomiques dels
grups, sense resoldre’n explicitament les relacions filogenétiques. Els avengos de la biologia
molecular han fet possible solucionar aquests problemes i agilitzar I'estudi taxonomic i
filogenétic de les planaries. Malgrat aix0, no és una tasca facil. Els seus habits nocturns,
la poca tolerancia a la llum i la dependéncia dels habitats humits condiciona que visquin
en amagatalls. Per altra banda, la coberta de moc que tenen al voltant del cos dificulta
'obtencié d’'un DNA de suficient qualitat per ser amplificat amb facilitat. Al llarg del
desenvolupament d’aquesta tesi hem anat resolent aquests i d’altres inconvenients a I’hora
de treballar amb aquests organismes. En sén exemples la manca de marcadors genétics
informatius, I'optimitzacié del protocol d’extraccié de DNA o I'obtencié d’'un bon mostreig
per intentar resoldre preguntes relacionades amb la filogénia, filogeografia i ecologia dels
tricladides. Els resultats obtinguts ens han estat Utils per poder donar llum a una nova
classificacio d’aquest grup, intentant aprofundir en la seva sistematica, tant a nivell d’ordre
com de subfamilia. A més, el desenvolupament i millora de les metodologies moleculars a
les planaries, junt amb les seves especials caracteristiques, ens ha permes utilitzar-les com
aeina per donar resposta a una pregunta clau que molts autors fa temps que es plantegen:
quin és l'origen de la diversitat que s’observa avui en dia a les regions Neotropicals?
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1 OPTIMITZACIO DE METODOLOGIES PER L’ESTUDI
MOLECULAR DE LES PLANARIES TERRESTRES

1.1 Purificacio del DNA

Per tal d’aconseguir unes seqiiéncies de qualitat vam cercar la metodologia d‘extraccig
de DNA que ens donava un producte més pur. Inicialment utilitzavem una modificacié del
meétode tradicional d’extraccié amb Isotiocianat de Guanidina i Fenol-Cloroform (Carranza
col. 1998a, b) descrit préviament per RNA (Chirgwin i col. 1979). A més de ser molt costés i
toxic, en moltes ocasions aquest protocol donava mals resultats, ja que els polisacarids del
moc interfereixen en I'extraccié de manera semblant al que ocorre amb els mol-luscs (que
també tenen molt de moc; Sokolov, 2000) o amb les plantes (per la paret vegetal; Jobesi col.
1995). En individus vius és possible extraure el moc abans de I'extraccié fent un tractament
amb clorur de cisteina, perd aquest tractament no és possible en els individus fixats en
alcohol. La majoria dels que arribaven al laboratori estaven fixats, per tant, el moc queda
incldos amb el teixit. Aixi doncs vam provar diversos productes comercials (veure Taula 1)
especifics per a fer extraccions de plantes i fongs (que presenten un problema semblant),
i amb productes d’extraccié general. Tant sols un va donar bons resultats, tot i havent de
modificar forga el protocol del fabricant (Wizard Genomic DNA Purification Kit, de Promega;
Capitols 2, 3,4 5). Una peculiaritat a destacar és que el DNAzol (Molecular Research Center
Inc., Cincinnati, OH), producte que es fa servir habitualment per fer extraccions de DNAamb
planaries d'aigua dolga, no va donar bons resultats amb planaries terrestres. Aixd podria ser
causat per una diferent composicié del moc en els organismes aquatics i en els terrestres.

Taula 1. Métodes d’extraccio assajats per tal d’obtenir bona qualitat de DNA de planaries terrestres.

Métode Casa comercial/ Referéncia Efectivitat
Wizard_ Genomic DNA Purification Kit* Promega Bona

Isotiocianat de Guanidina* Chirgwin i col. 1979 Forga bona

Extraccio eLEel:iﬁca de planaries* Bessho i col. 1997 Forga bona
SPEEDTOO TISSUE DNA EXTRACTION KIT Biotools aixa
DNAz Molecular Research Center Baixa
E.Z.N. A Fungal DNA Kit Omega Biotek Baixa
DNeasy Plant Qiagen Baixa
Protocol extraccid mol-luscs Wlnnepennlckx i col. 1993 Baixa
DNeasy Blood & Tissue Kit Qiagen Nul-la
E.Z.N.A. Mollusc Extraction Kit Omega Biotek Nul-la
ion Kit-GF1 Vivantis Technologies Nul-la

*Aplicant algunes modificacions al métode original

1.2 Cerca de nous marcadors

La cerca de nous marcadors moleculars per a planaries ha estat un dels punts més
importants i costosos d’aquesta tesi. Hem provat una gran quantitat de gens, encara que la
majoria d’ells sense éxit (Taula 2), ja sigui per problemes d’amplificacié o bé per no presentar
la variabilitat adequada al problema que es volia estudiar. Cercavem gens que fossin
conservats a nivell d’ordre o de subfamilia, segons I'estudi, perd que alhora presentessin
variabilitat suficient per resoldre les branques més basals de les filogénies. Vam provar tant
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Taula 2. Gens provats per les diferents analisis

Filogénia Filogénia

Gén Origen tricladides Geoplaninae Flogeografia
185 rDNA Carranza i col. 1996 1 1 3
285 rDNA Alvarez-Presas i col. 2008 1 1 3
28SrDNATI  Tesi 3 3 3
Histona H3 Colgan i col. 1998 2 2 2
Bessho i col. 1992; Lazaro i col.
ol 2009; Alvarez-Presas i col. 2011; 1 1 1
Tesi
165 Arnedo i col. 2004; Tesi 3 3 3
125 Desconegut 2 2 2
EF-la Tesi - 1 3
ATPasa-alpha  Tesi z 3 5
ITs-1 Bagufia i col. 1999 3 3 1
Actina Tesi 2 2 2
Aldolasa Tesi 2 2 2
EF2 Tesi 2 2 2
NADH-1 Desconegut - 3 3
Cox3 Desconegut - - 2
COx2 Desconegut 2 2 2
Citocrom b Universal 3 3 -
NADH-5 Boore, 1999 2 2 2
Informatiu

*No es va poder amplificar
*No contenia informacié a aquest nivell
-No es va provar per aquest estudi

gens nuclears (de proteines ribosomals, reguladors del metabolisme,...) com mitocondrials
per les analisis filogenétiques i per les filogeografiques. La utilitzacié de gens (o fragments
de DNA) amb diferents origens (nuclear i mitocondrial) és molt informatiu per resoldre
filogénies a diferents nivells: els gens mitocondrials sén més variables i aporten informacié
a nivell de poblacié o espécie, mentre que els nuclears solen ser bons per resoldre parts
més basals de les filogénies. Un dels problemes que poden haver afectat el baix rendiment
del nombre de gens provats en vers els que es van poder amplificar, pot ser la poca
disponibilitat de seqiiéncies de planaries o grups filogenéticament propers a les bases de
dades pabliques. La divergéncia de les seqiiéncies de planaries respecte a les trobades als
bancs de dades i/o els alts nivells de variabilitat dins de les propies planaries dificulta Ia
possibilitat de dissenyar bons jocs d’encebadors per amplificar gens nous.

Pel que fa als gens nuclears en particular, en el cas del 18 i 285 rDNA es va intentar
buscar una estratégia per amplificar de forma especifica el dos tipus presents a planaries
(Carranza i col. 1996) per tal de poder disposar de la informacié dambdues copies.
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Malauradament, en el cas del 28S una de les cOpies no presentava prou variabilitat i es va
descartar per als estudis filogenétics (capitol 2). Després de fallar en I'intent de fer servir
altres gens nuclears per la filogénia de Continenticola (com la Histona H3; Taula 2), va ser
possible amplificar dos marcadors nuclears més, I'EF-1a i 'ATPasa-a, ja de cara al treball de
filogénia de Geoplaninae. D’aquests dos, el cribratge de la variacié nucleotidica només ens
en va deixar un, 'EF-1a, que presenta una bona resolucié a nivell de branques internes,
’ATPasa, a més de ser poc variable a nivell de subfamilia, ha donat problemes d’amplificacié
i s’ha descartat en aquesta ocasio. El fragment amplificat pero presenta un petit intré que
en el futur pot ser d’utilitat a altres nivells, com el poblacional per exemple. Aixi, el disseny
de nous oligonucleotids més especifics per optimitzar 'amplificacié d’aquest gen queda
pendent per un futur.

En el cas dels gens mitocondrials, la proporcié d’exit en aconseguir nous marcadors
va ser inferior, probablement degut a I'alt grau de variabilitat d'aquest genoma. Els gens
ribosomals 16S i 12S rDNA, no van donar bons resultats a cap nivell; el 12S no el vam poder
amplificar i el 16S era massa variable. Altres gens, com el COX2 o la NADH5 tampoc es van
poder amplificar (Taula 2), de manera que després de moltes proves tan sols es va poder
utilitzar el gen COI. Aquest ha estat Gtil per quasi totes les analisis d’aquesta tesi, toti que a
nivell de filogénia de tricladides vam veure que els resultats eren millors si el descartavem,
perque els alts nivells de saturacié que presentava emmascaraven la poca senyal dels altres
gens a nivell de les branques basals. Per la filogénia de Geoplaninae, en canvi, la saturacié no
va ser problema, i la seva informacidé, sumada a la dels altres gens, va ser important a nivell
de branques internes. Per als estudis filogeografics, la manca de marcadors mitocondrials
amb la variabilitat adequada per aquest tipus de treballs, ens ha limitat a utilitzar només el
gen COI, que hem pogut complementar amb la informacié de I'intré nuclear ITS-1, que ja
s’havia utilitzat en altres estudis amb planaries (Bagufa i col. 1999; Lazaro i col. 2009).

En les analisis filogenétiques, la concatenacié dels gens resulta sempre en una millor
resolucié que les analisis individuals. En general, els gens ribosomals estarien donant
informacié a nivell més basal dins les filogénies, complementat per la resolucié que donen
els altres gens a nivell més terminal. Concretament, en el cas de la filogénia de les planaries
terrestres Neotropicals, el 285 sembla ser el gen que millor explica la historia evolutiva del
grup. Quan el concatenem amb la resta de gens (COI i EF-1a) es manté la topologia obtinguda
amb el 28S, variant tant sols els suports estadistics. Malgrat aix0, encara queden zones
de les filogénies sense resolucié. Actualment, en I'era de la gendmica, la cerca individual
de nous gens és massa lenta i perd sentit. Utilitzar dades genomiques (transcriptomica)
(Philippe i col. 2007; Dunn i col. 2008) o bé fer la cerca de nous marcadors a partir d’analisis
de resultats de les noves tecnologies de seqiienciacié (ngs) (Bybee i col. 2011) pot ser una
molt millor estratégia tant pels estudis filogenétics com pels filogeografics. No obstant aix,
en les filogénies I'addicié de més gens no té per qué implicar millor resolucié filogenética
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(Paps i col. 2009b) i és més important trobar I'equilibri entre el nombre de taxons i la
seva representacio que no pas augmentar molt el nombre de posicions nucleotidiques o
aminoacidiques.

1.3 El mostreig: ampliar el “taxon sampling”

Tenir un mostreig ampli és necessari per obtenir bones inferéncies. En aquesta
tesi hem ampliat el mostreig d’alguns géneres respecte analisis prévies. S’han aportat
seqiiéncies dels géneres Dolichoplana, Novibipalium, Spathula a les analisis filogenétiques
dels Continenticola, a més de molts géneres de planaries terrestres Neotropicals, com
Geoplana, Notogynaphallia o Issoca, per I'analisi a nivell de la subfamilia Geoplaninae amb
les quals no s’havia treballat encara a nivell molecular. A més, s’ha aconseguit un objectiu
important per als estudis filogeografics, que és tenir un mostreig en quantitats adequades
per tota la regid d’estudi. S’ha trobat una espécie de distribucié amplia, Cephalofiexa bergi
que cobreix tota la regid, mentre que se n’ha trobat d’altres amb distribucié més restringida,
que també han estat Gtils per comparar els resultats de la primera (Annex capitol 4).

Malauradament, en algun cas, com el del gen mitocondrial COI, I'adicié de més taxons
ha resultat en filogénies interespecifiques menys resoltes. Aquest fet, que pot semblar
contradictori amb I'afirmacié de Paps i col. (2009b) esmentada anteriorment, pot ser
degut a les altes taxes de substitucio dels gens mitocondrials, sumades a I'antiguitat de les
planaries. El COI es satura rapidament, efecte que es multiplica a I'incrementar el nombre
de taxons estudiats. Aixi doncs, en cada cas cal considerar quins gens s’utilitzen, i a quin
nivell, per determinar si la millor estratégia és augmentar el nombre de taxa o augmentar
el nombre de gens.
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2 UN NOU ESCENARI FILOGENETIC/SISTEMATIC PELS
TRICLADIDES

Uestat del coneixement de la sistematica dels tricladides abans del comengament
d’aquesta tesi era forca pobre. La majoria d’estudis eren purament taxonomics, basats en
descripcions morfologiques, i cap d’ells tenia prou poténcia per poder inferir la filogénia del
grup, degut a la debil informacié filogenetica dels caracters morfologics. Malgrat que ja hi
havia estudis moleculars previs, cap d’ells havia aconseguit respondre algunes preguntes
clau, com la verificacio del monofiletisme de les planaries terrestres, les relacions entre els
seus grups (relacions internes) i la filogénia de la subfamilia Geoplaninae. Tot i que encara
queden algunes qliestions pendents, les analisis realitzades en aquesta tesi han aconseguit
resoldre alguns punts que han contribuit al millor enteniment de la posicié d’aquests
organismes i que seran el punt de partida per a estudis posteriors basats en aguests taxons
de gran interés ecologic.

2.1 Delimitacio i identificacio d’especies a planaries terrestres

Per realitzar estudis filogeografics i filogenetics és imprescindible comprovar que tots
els individus i poblacions que representen una determinada espécie realment pertanyen a
aquesta. En el nostre cas hem realitzat aquesta comprovacio sempre mitjancant una analisi
filogenetica previa, a I'estil de la metodologia de DNA Barcoding (Hebert i col. 2003). Aixi
abans de realitzar els estudis filogenetics o filogeografics hem assignat els individus a la seva
especie corresponent basant-nos en la informacié del gen COI. (Fig. 3 de la Introduccid).
Els resultats d'aquestes analisis ens permetien identificar aquells individus que podrien
haver estat mal identificats a nivell de la morfologia externa o bé que podien pertanyer a
noves especies. En tots els casos complementavem aquests resultats amb un estudi de la
morfologia interna dels individus afectats, per tal de comprovar si els resultats morfologics
i els moleculars coincidien, ja que I'Gs d’un sol gen per delimitar una espécie o bé per
identificar un individu pot donar lloc a errors importants.

Un exemple de la utilitat d’aquesta estratégia és el cas de I'espécie Geoplana goetschi.
Estudis morfologics previs havien fet palés I'existéncia de certes diferéncies anatomiques
entre els individus identificats com a G. goetschi (Carbayo, 2003; capitols 2 i 3). Gracies a
I'analisi de les seqliéncies de COI, nosaltres vam poder corroborar que aquestes variacions es

B

devien a la presencia de dues especies criptiques (Fig.
9). A posteriori s"han tornat a analitzar els individus a
nivell morfologic i s’han trobat més trets, que en un
futur seran utils per la descripcié d’una espécie nova
(Geoplana goetschi sensu Marcus, 1951; Imatge de |a
dreta) i per dur a terme els canvis taxondmics pertinents a l'altra (Geoplana goetschi sensu
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Riester, 1938; Imatge de I'esquerra), que segurament
passara a formar part d’un génere nou, proposat a la
tesi de F. Carbayo (2003) amb el nom de Riestera.
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Figura 10. Imatge de dos individus del génere Microplana que presenten un aspecte morfologic molt semblant.
Al'esquerra un llinatge molecular nou encara per descriure a nivell morfologic (M22). A |a dreta Microplana
terrestris. Imatges: Eduardo Mateos.

El mateix ha ocorregut amb alguns individus del génere Microplana de la Peninsula
Ibérica. Al 2009, Mateos i col-laboradors van utilitzar dos marcadors genétics (COl i 18S)
per esbrinar si els llinatges genétics coincidien amb els morfotipus definits amb caracters
anatomics externs. Els seus resultats van indicar que molts dels trets morfologics externs
no eren adequats per la identificacié d’espécies, i que en bastants casos morfologies quasi
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idéntiques corresponien a llinatges genetics forga allunyats. En el nostre cas, molts dels
espécimens identificats com Microplana terrestris per morfologia externa (aparentment
idéntics, Fig. 10) han resultat pertanyer a diferents llinatges moleculars, pels quals, ¢
posteriori, s’han trobat trets morfologics distintius (especialment a nivell del patré dels
ulls). Tots aquests fets apunten a I'existéncia d’espécies criptiques; en un futur proxim
s'ampliaran les analisis amb estudis de I'anatomia interna del seu aparell copulador i, si és
necessari, es descriuran les noves especies.

El nombre d’espécies que ocupa un espai és important a I'hora de valorar-ne [a
biodiversitat. El concepte d’espécie ha estat molt debatut des de I'época de Darwin i fins
i tot abans, i encara és motiu de controversia. En el cas de les planaries, amb pocs trets
morfologics a estudiar, de vegades és molt dificil discernir si les variacions observades
sén polimorfismes o bé caracters distintius d’espécies. Per a les planaries brasileres, les
evidéncies que s’han utilitzat per descriure noves espécies han estat morfologiques (estudi
de I'anatomia interna de I'aparell copulador) i moleculars amb I'estudi de la variabilitat del
gen mitocondrial COI i 'addicié de la informacié d’un gen nuclear, I'ITS-1. La conservacié
d’aquest fragment nuclear en general ens ha permés confirmar quan els individus
pertanyen a la mateixa espécie. En algunes planaries d’aigua dolga hi ha diagnosis d’espécies
basades en pocs trets morfologics, de vegades tant sols un, perod val la pena plantejar-se
si realment una sola estructura anatomica és suficient per separar espécies. Per exemple,
la particularitat morfologica que van trobar a M. terrestris Vila-Farré i col. (2011) es va
comprovar que era només un polimorfisme gracies a I'estudi molecular (capitol 5). Per
altra banda, la diferenciacié molecular que s’observa en el DNA de M. terrestris entre l'est
i 'oest de la Peninsula Ibérica, encara no s’ha reflectit en canvis morfologics, perd podria
ser un cas d’especiacié incipient. Si es manté I'aillament i manca de flux genétic entre els
dos grups a llarg termini (potser d’aqui a centenars de milers o milions d’anys), es podria
acabar produint un esdeveniment d’especiacio al-lopatrica, que s’hauria originat per causa
de l'aillament geografic inicial degut als moviments tectonics del terciari, i posteriorment
agreujat per les glaciacions. En el cas de les dues espécies en qué es divideix G. goetschi
(molt més diferenciades a nivell genétic), no sembla que es tracti d’'una especiacio recent. En
aquesta ocasio no parlariem d’especies criptiques, sind que es tractaria més probablement
de convergéncia evolutiva, assolint les dues espécies aparences externes molt semblants.

Aixi doncs, la combinacié de diferents proves diagnostiques (morfologia externa, DNA,
aillament reproductiu, comportament, citologia, ultraestructura dels caracters, etc.) a I'hora
de definir espécies de planaries terrestres és molt important, tot i que malauradament
no sempre és possible. Es molt més rapid treballar amb eines moleculars que amb eines
histoldgiques, per aquest motiu, la deteccié de grups divergents dins de les espécies a nivell
molecular (com ocorre a Choeradoplana iheringi, per exemple, al capitol 2), pot servir com
a guia per un posterior estudi morfoldgic que ajudi a distingir els grups naturals.
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2.2 Estat del coneixement de la biodiversitat de planaries
terrestres

Una de les contribucions d’aquesta tesi a llarg termini sera la descripcié de varies
espécies noves, tant de planaries neotropicals, com de planaries ibériques. Fins al 2008
s’havien descrit un total de 162 espécies de planaries terrestres només al territori brasiler;
la majoria d’elles dins del Bosc Atlantic (Carbayo i Froehlich, 2008). Aquest nombre
representa gairebé el 20% del total conegut al mon. Els nostres resultats indiquen clarament
que el nombre d’espécies encara desconegudes pot ser molt més elevat. En els mostrejos
realitzats per dur a terme les analisis filogeografiques i filogenétiques d’aquest treball,
l'equip del Dr. Fernando Carbayo ha recol-lectat prop de 3.000 animals que representen
unes 220 morfoespécies. Aquesta és una aproximacié del nombre real d’espécies, doncs
encara no s’ha pogut estudiar amb profunditat |a histologia de tots els morfotipus, i per tant
classificar-les correctament. De les 140 morfoespeécies ja analitzades a nivell histologic, al
menys unes 18 sén espeécies noves pendents de descripcié morfologica (algunes incloses en
aquesta tesi). Si la proporcié es manté, arribariem a tenir gairebé una trentena d’espécies
noves, només en tres anys de mostrejos. Un cas especialment peculiar és el de la composicié
faunistica de la Reserva Bioldgica Augusto Ruschi (poblacié 01-AR al capitol 4). Fins ara no
s'havien cercat planaries terrestres en aquest estat; en els mostrejos recents, en canvi, s’hi
han trobat 55 morfoespécies, el major registre d’entre tots els parcs. Per altra banda, poques
de les morfoespeécies recollides a 01-AR es troben també en altres unitats de conservacio
del sud del Bosc Atlantic. Aquesta localitat pertany al que esta definit com a centre del Bosc
Atlantic (CAF), a diferéncia de la resta d’espais estudiats en aquest projecte, que pertanyen
al sud (SAF). Les diferéncies trobades entre 01-AR i la resta de localitats ens indiquen que
segurament la composicié de les comunitats de planaries terrestres en les dues regions sera
diferent, cosa que encara incrementara més el nombre d’espécies en un futur.

Al contrari que a Brasil, les abundancies d’individus per localitat de mostreig a la
Peninsula en general son petites, tot i que en algunes localitats es pot arribar a trobar
un elevat nombre d’espécimens. Des de l'inici d’aquesta tesi el coneixement sobre les
planaries terrestres a la Peninsula Ibérica ha augmentat exponencialment, sobretot gracies
al treball de Vila-Farré, Mateos i col-laboradors. Els estudis moleculars realitzats (Mateos
2009 i capitol 5), a més, han demostrat I'existéncia de diversos llinatges genétics que no es
corresponen amb cap de les espécies descrites. Mateos i col. (2009) predeien la possibilitat
d'arribar fins a un nombre de 15 espécies a la Peninsula, i les analisis previes realitzades
pel capitol 5 amb tots els individus recol-lectats (descartats per no ser M. terrestris), també
apunten a |a preséncia de noves espécies que podrien augmentar aquest nombre. Alguns
d'aquests llinatges han estat ja analitzats a nivell de la seva morfologia interna i descrits
i altres resten pendents de ser estudiats, de manera que la xifra de possibles espécies
noves segueix en augment. Des de 2008 s’han descrit a nivell morfologic diverses espécies
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autoctones de la Peninsula i s’han localitzat punts on es poden trobar taxons ja descrits ala
resta d’Europa. La primera fou Microplana groga (Jones i col. 2008), procedent del parc de
Collserola (a Barcelona) i paral-lelament, Vila-Farré i col. van descriure tres noves espécies
més (Microplana aixandrei, M. grazalemica i M. gadesensis, totes procedents de Sierra de
Grazalema, Andalusia). A més de les tres espécies gaditanes, Vila-Farré i col-laboradors han
publicat al 2011 la descripcié de dues espécies noves més (M. hyalina i M. robusta) i han
donat noves cites de M. monacensis a Navarra (abans només localitzada a Monaco), M.
groga i M. terrestris, entre d’altres. Aixi doncs el nombre d’espécies descrites de planaries
terrestres de la Peninsula ha augmentat de 3 a 9 en els Gltims anys.

2.3 Canvis en la sistematica dels Continenticola

En l'estudi filogenétic molecular dels Continenticola, capitol 1, vam inferir una série
d’agrupacions que contradeien un bon nombre de taxons definits fins aquell moment
en base a la morfologia, i per tant proposavem la necessitat de fer una revisié de la
sistematica d’aquest grup (Fig. 11 esquerra). Aquests canvis, junt amb d’altres ja proposats
anteriorment, han estat recollits en la nova taxonomia dels Tricladida publicada recentment
(Sluys i col. 2009), basada sobretot en les nostres dades moleculars, donada la manca de
dades morfologiques. Un dels resultats més importants del capitol 1 és que es corrobora
definitivament que el grup germa de la familia Geoplanidae és la familia Dugesiidae, fet que
s’havia proposat anteriorment (Carranza i col. 1998a; b; Baguiia i col. 2001; Bagufia i Riutort
2004). En consequiéncia, les planaries terrestres ara estan incloses definitivament dins del
subordre Continenticola (Carranza i col. 1998b), la superfamilia Geoplanoidea (Stimpson,
1857) i la familia Geoplanidae (Stimpson, 1857)(Figura 11B) de manera que s’elimina I'Gs del
terme Terricola per denominar els tricladides terrestres, i aquests deixen de ser un subordre
per passar a ser una familia. Aquest fet ha obligat a degradar un rang tots els seus taxons, aixi,
el que eren families han esdevingut subfamilies i aquestes, a part de patir reorganitzacions,
han esdevingut tribus, en algunes ocasions (Taula 3). A més d’aquest canvi substancial les
nostres analisis també van resultar en la necessitat de la reorganitzacié interna d‘alguns
grups de planaries terrestres. Un exemple de canvi a nivell de les agrupacions internes és
el fet que vam detectar que les dues subfamilies (Rhynchodeminae i Microplaninae) que

Taula 3. Comparacié del grau filogenétic dels diferents grups de planaries terrestres estudiats, abans i després
d’aquesta tesi.

Grup antic/nou Nivell previ Nivell actual*

Terricola / Geoplanidae SubOrde Familia
Bipaliidae / Bipaliinae Familia Subfamilia
Geoplanidae / Geoplaninae Familia Subfamilia
Rhynchodemidae / Rhynchodeminae Familia Subfamilia
Caenopianinae/ Caenoplanini Subfamilia Tribu
Microplaninae / Microplaninae Subfamilia Subfamilia

ini Subfamilia Triby

*Segons Sluys i col. 2009
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constituien la familia Rhynchodemidae necessitaven una revisié morfologica i taxondomica
ja que no formaven un grup monofiletic (Figura 11A), proposta recollida en el treball
d'Sluys i col-laboradors (2009) (Annex 3; Taula 3). Per tant, dins les planaries terrestres hi
trobem actualment les subfamilies Bipaliinae (Graff, 1896), Microplaninae (Pantin, 1953),
Rhynchodeminae (Graff, 1896) i Geoplaninae (Stimpson, 1857). Aixi també, dins de la
que ara és la subfamilia Rhynchodeminae, s’inclouen 5 tribus, entre elles Rhynchodemini i
Caenoplanini, que en les nostres analisis apareixien sempre com a grups germans.

Continenticola
o« Planarioidea Geoplanioidea

Figura 11. A: arbre resum de la filogénia molecular dels tricladides (modificat d’Alvarez-Presas i col. 2008;
Capitol 1), on els noms dels taxons segueixen la nomenclatura prévia a Sluys i col. 2009 (Taula 3). B: esquema
filogenétic dels tricladides segons Sluys i col. 2009.

La nova taxonomia proposada pero no recull totes les troballes del capitol 1 d’aquesta
tesi. En els arbres obtinguts algunes espécies de dugeésids s'agrupen amb les planaries
terrestres, el que podria representar un retorn a |'aigua dolca. Ball al 1981 ja havia denotat
que aquestes especies presentaven algunes peculiaritats a nivell morfoldgic. Dins d’aquest
grup “especial”, el génere Romankenkius presenta adenodactil, caracter que I'apropa a les
planaries terrestres, que solen tenir també aquesta estructura, tot i que no se’n coneix
gaire bé el seu origen i funcid. L'agrupacié de Romankenkius i Spathula amb Microplaninae
(Fig. 11A) és dificil d’explicar, ja que a més de que es tracta de planaries amb requeriments
ecologics molt diferents, tenen distribucions completament separades (a la Fig. 12 es pot
veure |a distribucié dels géneres de dugésids i a la Fig. 14 la dels geoplanids), que només
podrien explicar-se mitjancant un possible ancestre comi present a Gondwana. Per
tots aquests motius aquesta agrupacié no s’ha tingut en compte en la nova taxonomia
proposada. Quedaria pendent incloure a I'analisi més taxons i sobretot més marcadors
moleculars, capacos de donar informacié sobre canvis tan antics, per tal d'augmentar la
resolucié dels arbres obtinguts i poder tenir una hipotesi clara sobre quina és la posicié
filogenética d’aquests géneres. Un estudi morfologic detallat també seria interessant, ja
que si aquests organismes provenen de planaries terrestres, haurien de tenir algun caracter
oresta de caracter que els identifiqués com a tal, com per exemple restes de |a sola ventral
Caracteristica de les planaries terrestres, o algun tipus de musculatura especial.
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En resum, malgrat que no s’han pogut resoldre totes les qliestions plantejades d’inicj
sobre la classificacié de les planaries, I'esquema actual és molt més clar que fa uns anys,
A I'Annex 3 es pot veure la comparacié dels dos esquemes taxonomics existents abans i
després de la nostra aportacio a la filogénia dels tricladides.

2.3.1 Canvis en la taxonomia d’alguns grups

Els grans grups que trobem a les filogénies moleculars de Geoplaninae (capitol
2) sén congruents amb algunes agrupacions morfologiques fruit d’'un estudi de Grau i
col-laboradors (Grau, 2010), encara no publicat i basat en algunes descripcions anteriors de
F. Carbayo (2003). Gracies a la comparacio entre els resultats moleculars i aquests estudis
és possible avaluar quins sén els caracters morfologics més informatius a I’'hora de esbrinar
les relacions entre géneres. A priori, sembla ser que alguns dels caracters més rellevants
sén aquells que estan relacionats amb el tipus de musculatura i la disposicié dels feixos
musculars, aixi com la distribucié dels ulls i les fosses sensorials i el tipus de faringe. A
partir de la combinacié dels resultats moleculars i les diagnosis morfologiques, i com ja es
proposa en el capitol 2, es descriuran noves espécies i fins i tot nous géneres que renovaran
la sistematica de la subfamilia Geoplaninae, augmentant aixi la seva diversitat, i sobretot el
seu coneixement.

Pel que fa a Microplaninae, encara no s’ha pogut fer un estudi profund sobre la seva
filogénia interna (només disposem de representants del génere Microplana), perd siques’ha
vist que la seva taxonomia canviara en un futur, fruit de la incorporacié de noves espécies,
algunes d’elles trobades durant el curs d’aquesta tesi. No obstant aix0, aquesta subfamilia
esta lluny de ser la més diversa en quant a géneres i espécies com és el cas de Geoplaninae,
ja que sembla presentar una variabilitat molt més monotona i reduida. El baix nombre de
géneres pertanyents a la subfamilia Microplaninae contradiu la hipdtesi d’una posicié més
primitiva per al grup (Fig. 13B), donat que en general s’espera que un grup antic presenti
major diversitat (Losos i Glor, 2003). No obstant aixd, alguns dels seus trets morfologics, aixi
com la seva distribucié cosmopolita (Fig. 14), recolzarien la seva condicié més primitiva, que
pel moment, quedara com un altre interrogant i que comentarem a continuacio.

2.4 Congruencia entre dades moleculars, morfolog:ques ide
distribucio geografica

2.4.1 Els geoplanids i els dugésids séon grups germans?

Les evidéncies moleculars recolzen de forma molt clara I'agrupacié de dugésids i
geoplanids com a grups germans, en canvi es dificil trobar evidéncies morfologiques que
donin suport a aquesta agrupacid. L’tnic tret comu entre planaries terrestres i dugésids
trobat per Carranza i col-laboradors (1998b), l'estructura de l'ull, podria no ser una
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sinapomorfia, ja que, segons Sluys i Kawakatsu (2006), també es dona en moltes espécies
de dendrocélids i fins i tot en alguns membres de la familia Planariidae (Sluys i col. 2009).
Treballs de Falleni i col. (2006 i 2009) han descrit alguns caracters ultraestructurals de les
gonades femenines de diverses espécies de planaries terrestres, com son la presencia de
rovell i la manca de granuls corticals als oocits, juntament amb I'existéncia de globuls de
la closca de l'ou als vitel-locits, que suggereixen una proximitat filogenetica major entre
les planaries terrestres i els dugésids, que no pas amb les planaries marines ni amb les
altres planaries d’aigua dolga (planarids i dendrocélids). A més, aquest caracter no es troba
en altres planaries d’aigua dolga ni en planaries marines o altres platihelmints (Sluys i col.
2009), fet que recolzaria les evidéncies moleculars.

Figura 12. Mapa de distribucio dels géneres de la familia Dugesiidae. Informacio extreta de http://
turbellaria.umaine.edu (incloent cites tant d’'endemismes com d’introduccions).

2.4.2 Les planaries terrestres son monofilétiques?

Un dels temes importants que concerneixen la filogénia dels Continenticola esta
relacionatamblamonofiliadeles planariesterrestres, que nos’ha pogut recuperar mitjangant
cap dels estudis moleculars que s’han fet fins al moment. El nostre treball és sense dubte
el més complert en quant a nombre d’espécies i grups inclosos en la filogénia, aixi com en
nombre de gens implicats. No obstant aix0, encara no esta clar si les planaries terrestres
s6n un grup monofilétic o no. Les nostres dades semblen indicar que la resposta positiva
és la correcta, perd no podem oblidar que aquests resultats no han rebut mai un suport
molt elevat degut a un artefacte de les dades en I'arrelament de I'arbre. L'atraccié del grup
extern cap a les branques llargues de diferents grups de planaries terrestres, en molts casos
impedia recuperar aquest com un grup monofilétic. Aquest problema pot estar relacionat
amb I'antiguitat del grup i amb una radiacié, possiblement massa rapida, relacionada amb la
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colonitzacié del medi terrestre. Sluys i col 2009 confirmen que existeixen tres sinapomorfies
morfologiques que recolzarien la monofilia del grup, (definides pel mateix Sluys al 1989(a)):
la preséncia de la sola ventral, el sistema nervids diploneure i un tipus de musculatura molt
complexa a la faringe. Basant-nos en aixo, assumim la monofilia dels geoplanids, a I'espera

de noves dades moleculars que aconsegueixin demostrar aquesta posicio.

2.4.3 Quin grup de planaries terrestres és més antic?

D’acord amb els nostres resultats i tirant enrere en el temps, sembla ser que el que
va emprendre 'aventura terrestre hauria estat I'ancestre dels geoplanids (descendent
de I'ancestre comu de geoplanids i dugesids), acceptant les evidéncies de que el grup és
monofilétic. Quin és el grup més proper a aquest possible ancestre dels que tenim en
I'actualitat és el que no queda del tot clar, possiblement degut altre cop al problema de

I'arrelament.
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Figura 13. Esquema de la classificacio de les planaries terrestres (Geoplanidae) que inclou només els grups
que s’han estudiat en aquesta tesi, segons la nova nomenclatura proposada a Sluys i col. 2009 i sense incloure
Spathula i Romankenkius. A: Opcié que contempla els Bipaliinae com a més basals. B: Microplaninae a la base
i agrupacions segons Marcus (1953) i Froehlich (1967) (amb nomenclatura antiga).

Un cop fora de l'aigua les nostres dades moleculars suggereixen que els Bipaliinae
serien el primer grup en aparéixer (Fig. 13A), i posteriorment s’haurien separat els
Microplaninaeil’agrupacié formada per Geoplaninae i Rhynchodeminae (incloent els actuals
Rhynchodemini i Caenoplanini; Annex 3). El fet de tenir molts ulls marginals formats per una
cel-lula pigmentada (Shirasawa i Makino 1981; Sluys 1989c), converteix els Bipaliinae en un
excepcié dins dels geoplanids i ens podria ajudar a entendre aquesta posicié més basal
del grup, ja que aquesta estructura és més propera a Maricola i Planariidae. Malgrat aixo,
també es podria entendre I'estructura ocular de Bipaliinae com una pérdua secundaria i no
com un caracter primitiu. Aixd, sumat amb la restringida distribucié del grup (contraria al
que s’esperaria d’un grup taxondmic més antic; Fig. 14) ens fa dubtar sobre la posici6 basal
de Bipaliinae. A més, no s’ha plantejat anteriorment que aquest grup pogués ser basal.
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Al contrari, Marcus (1953) i Froehlich (1967) suggeriren que la familia Rhynchodemidae, i
especialment la subfamilia Microplaninae, seria la més primitiva, basant-se en la distribucié
biogeografica i les caracteristiques morfologiques (petites espécies de cos cilindric i allargat,
amb I'extrem anterior arrodonit o troncat, i amb un parell d’ulls disposats anteriorment).
D'altra banda, Bipaliidae i Geoplanidae serien derivats per ser geograficament més limitats.
Anteriorment, Froehlich (1955b) també havia proposat que els Microplaninae podien ser
basals dins de les planaries terrestres degut a la presencia d’un sistema nervids en forma
de cordons, caracter que ell considerava més primitiu. Aquest estat de “primitivisme” seria
compatible amb I'agrupacié de Microplaninae amb les planaries d’aigua dolca dels géneres
Spatula i Romankenkius. Tot i aix0, no esta clar que aquest tipus de sistema nervios sigui un
caracter primitiu, ja que podria tractar-se d’una adaptacio a la forma i mida del cos d’aquest
grup (com passa també dins d’alguns géneres de Geoplaninae; capitol 2). Aixi doncs, el
problema sobre quin és el grup més basal de planaries terrestres segueix obert, a I'espera
de noves dades que puguin pal-liar els efectes de la rapida radiacié que va patir el grup.

. .o ?” 7 Eudoxiaotoplanini £ Pelmatoplanini ' Anzoplanini 1 Microplaninae

[—
[e— 1 Rhynchodemini ) Caenoplanini ! Bipaliinae 1 Geoplaninae

Figura 14. Distribucié geografica de les subfamilies i tribus de planaries terrestres, segons les dades més

recents, publicades a http://turbellaria.umaine.edu.

Es probable que 'origen dels dos grans grups (dugeésids i geoplanids) sigui molt antic i
la radiaci6 de les planaries terrestres rapida, cosa que s'observa en la curta longitud de les
branques basals en contrast amb les molt llargues branques terminals (arbres filogenétics,
capitol 1). Aixi doncs, calen altres evidencies (altres gens, representants d’altres géneres o
altres caracters morfologics) que facin possible determinar quina és la posicié basal dins de
les planaries terrestres.
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3 FILOGEOGRAFIA DE PLANARIES TERRESTRES

3.1 Bosc i planaries: una estreta relacio

Les caracteristiques ecologiques dels taxons sén importants per entendre quina és |3
seva historia evolutiva. Donada la seva dependéncia del medi que habiten, degut a la manca
de mecanismes per controlar la humitat, els canvis en les comunitats de planaries terrestres
estan molt interrelacionats amb els boscos en els que es troben (els boscos humits). A la
Peninsula es troben planaries terrestres tant a fagedes (Fig. 14A) com a boscos d’alzines
i roures, aixi com també a zones de vegetaci6 de ribera (propia de les vores dels rius).
Sempre, pero, en zones humides i ombrivoles. Es solen trobar sota pedres, perd també sota
els troncs podrits i en comptades ocasions sota la fullaraca (possiblement, aquest és el lloc
on realment hi ha major nombre d’individus, perd també és el menys favorable per la cerca
d’aquests). A més, a excepcio de les especies exotiques, les planaries de la Peninsula sén
sensibles a I'estat de conservacio de I'habitat en el quée es troben, i és dificil trobar-les en
zones humanitzades (tot i que se n’han trobat en arees de picnic o els voltants d’alguna casa
enmigdel bosc). Percontra, ales planaries brasileres no ésinfreqlient trobar algunes espécies
generalistes als voltants de les cases o en nuclis urbans (fins i tot prop dels contenidors
de la ciutat de Sdo Paulo (Claudia Olivares, comunicacié personal)). Malgrat aixo, que sén
excepcions, els geoplanids brasilers es troben a boscos semicaducifolis i ombrofils densos
(Fig. 14B), mostrant especial preferéncia pels territoris coberts d’Araucaria (Fig. 14C), de

manera que també sén molt dependents dels boscos que habiten.

Figura 14. Imatges dels boscos on es troben de forma preferent les planaries terrestres. A: bosc d’Araucaria
del sud de Brasil (Floresta Nacional de S3o Francisco de Paula); B: bosc ombrivol dens de I'estat de Santa
Catarina (Paulo Lopes); C: fageda tipica de la Peninsula Ibérica (Asturies).

Aquesta connexié bosc-planaria, més el fet que sén organismes especialistes, fan de
les planaries un marcador biologic molt Util per detectar canvis en la distribucié historica
dels boscos. Lestreta relacio de les planaries terrestres amb els boscos queda molt ben
reflectida al capitol 5 d’aquesta tesi, on es veu com la historia evolutiva de les planaries
de la Peninsula Ibérica ha seguit fidelment la historia del bosc humit. Aquesta situacié ens
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déna més confianga a I'hora d’assegurar que la preséncia de planaries terrestres al Bosc
Atlantic és una clara indicacié de la preséncia del bosc.

Per altra banda, les planaries terrestres sén animals amb baixa capacitat de dispersid.
Aquesta caracteristica probablement ha contribuit en la generacié del patré d'aillament per
distancia que s’observa sobretot a les poblacions de C. bergi al llarg del Bosc Atlantic, i en
concret a les de més al sud (S-SAF), aixi com també a les poblacions de M. terrestris de
I'oest de la Peninsula Ibérica. La baixa capacitat dispersiva es deu tant a la seva dependéncia
del bosc (ja que si no hi ha bosc, no poden passar) com a la manca de formes resistents.
Probablement aquests caracteristiques junt amb la seva mida petita fan que no requereixin
una superficie massa gran per mantenir les seves poblacions, de manera que poden persistir
en refugis aillats, de mida massa petita per als vertebrats (Garrick i col. 2007; Casu i col.
2011). De fet, tots els resultats obtinguts en aquesta tesi sén els que esperariem trobar
en espécies amb poca mobilitat de regions ecologicament estables, sobretot en el cas del

Brasil.

3.2 L’origen de les poblacions brasileres és molt antic

La gran variacié genética, tant dins com entre poblacions, que trobem a C. bergi, aixi
com els nodes profunds de les filogénies inferides, indiquen que l'origen de la diversitat de
les poblacions d’aquesta espécie és molt antic. El fet que I'ITS-1 presenti el mateix patrd
d'estructuracié que COI a les poblacions brasileres també és un signe d’estabilitat a llarg
termini i d’antiguitat. Finalment, la datacié de la diversificacié de les poblacions en fa uns
10 milions d’anys i dels tres grans grups (N-SAF, C-SAF i S-SAF) en fa uns 8 (Fig. S5, capitol
4), és una edat molt anterior al Plistoce. De fet, aquesta datacid ja situaria les planaries
en el bosc ancestral de I'actual Amazones i el Bosc Atlantic que cobria la regid, i permetria

explicar aquestes primeres grans divisions per esdeveniments geologics.

Aixi, 'origen de la diversitat actual d’alguns organismes (incloses les planaries
terrestres), és tan antic que una de les hipotesis més influents sobre 'origen de la diversitat
Neotropical, la hipdtesi dels Refugis del Plistocé (Haffer, 1969; Vanzolini i Williams, 1970),
no pot explicar la majoria dels esdeveniments d’especiacié ja que moltes de les espécies es
van originar abans que comencessin els cicles glacials del Quaternari (Hewitt, 1996; Taberlet
i col. 1998; Hewitt, 1999; Costa, 2003, Rull, 2008; Hoorn i col. 2010).

3.3 Estructura genética de les poblacions de planaries terrestres
brasileres

Lanalisi genético-poblacional realitzada en aquesta tesi mostra que les poblacions de
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planaries terrestres del sud del Bosc Atlantic brasiler (SAF) tenen una elevada estructuracig
genética. De fet, detectem tant uns alts nivells de diversitat genetica (dins i entre
poblacions), com una alta estructuracié genética (inter- i intrapoblacional) i fins i tot la
petjada molecular de I'aillament per distancia. La comparacio dels nostres resultats amb els
de Sunnucks i col. (2006), basats en dades de planaries terrestres australianes, revela que,
tot i utilitzant els mateixos organismes, C. bergi presenta valors molt més alts de variabilitat
genética. A més, no vam detectar signes d’expansio poblacional (sobretot al sud). El fet de
no trobar 'empremta caracteristica de colonitzacions recents contradiu resultats anteriors,
alguns basats en models paleoclimatics, que prediuen una alta inestabilitat a SAF (Carnaval i
Moritz, 2008) amb una possible recolonitzacio des dels territoris de més al nord. Els resultats
obtinguts amb planaries impliquen la preséncia de boscos de manera relativament continua
a les regions del sud del Bosc Atlantic. Les nostres dades, per tant, donen suport a les
conclusions derivades d’estudis on s’ha observat un nombre elevat d’espécies endémiques
precisament a les regions del sud (Costa i col. 2000; Pinto-da-Rocha i col. 2005). Una possible
explicacié per la inexactitud de les prediccions dels models paleoclimatics podria residir en
que les dades de precipitacid i clima antics no tenen gaire precisid. A més, és possible que
aquests dos parametres no siguin suficients per predir correctament la preséncia del bosc
humit: de fet hi ha altres factors que també poden afectar |a biota.

3.4 Historia evolutiva de les poblacions brasileres

Els resultats de les analisis de coalescencia i dels models d’ABC globals i individuals,
suggereixen que la historia evolutiva del Bosc Atlantic ha sigut modelada per I'accié de
diversos mecanismes. De fet, una de les conclusions més importants que es poden extreure
de tots els treballs filogeografics realitzats al Bosc Atlantic és que la historia evolutiva de
la zona ha estat molt complexa, i que un sol mecanisme evolutiu no és capag d’explicar els
patrons de variacié que es puguin trobar al nord, al centre i al sud de la regié (Fitzpatrick i
col. 2009). En una regié geograficament tan diversa és poc probable que una tinica explicacié
basada en els refugis forestals, o les barreres geoldgiques pugui explicar la historia evolutiva
d’aquesta regié (Thomé i col. 2010). En el nostre cas, els nostres resultats permeten
hipotetitzar el segiient escenari evolutiu: I'ancestre comu de totes les poblacions de C. bergi
seria molt antic (~13 milions d’anys) i es podia trobar distribuit al llarg de tot el Bosc Atlantic.
La primera limitacié al flux génic que va patir aquesta poblacié ancestral (entre CAF i SAF,
~10 milions d’anys) podria correspondre a una barrera geografica antiga, com l'orogénesi
del Riu Doce. Aquesta barrera al flux génic també es detecta en altres organismes, com
per exemple ocells (Cabanne i col. 2008), mamifers (Costa i col. 2000) i papallones (Brown,
2005). Aixi doncs, les diferéncies en el patré de variacié entre la poblacié de més al nord
(01-AR), que es troba dins de CAF (Fig. 15) i la resta, tindria el seu origen a la limitaci6 al flux
genic imposat per aquesta barrera geografica.
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Lempremta filogenética ens ha servit per dividir el SAF en tres grans regions
geografiques (N-SAF, C-SAF o S-SAF) (Fig. 2, capitol 4). Probablement aquesta divisi6 del SAF
es podria explicar també per la preséncia de barreres geografiques (Fig. 15). La divisi6 entre
N-SAF i C-SAF no té una barrera geologica clara, tot i que a la zona de contacte s’hi troben
un gran nombre de discontinuitats que historicament poden haver limitat el flux génic entre
poblacions d’organismes. Per exemple, entre les poblacions 10-SB i 13-EC hi ha situada la
zona de falla de Campo do Meio (4 en la Fig. 15) i la conca del riu S3o Francisco (5 en la Fig.
15), que van poder tenir influéncia en la separacio d’'aquestes regions. La divisié entre C-SAF
i S-SAF és més clara, doncs coincideix amb la situacié del lineament de Guapiara (1, Fig. 15),

que es troba entre les poblacions 22-P1 i 25-SL.

Figura 15. Principals barreres geografiques presents a la regié del Bosc Atlantic basant-se en Thomé i col.
2010. 1: Lineament de Guapiara; 2: zona de cisallament de Cubat3o; 3: discontinuitat del riu Paraiba do Sul;
4:zona de falla de Campo do Meio; 5: discontinuitat superior del riu S3o Francisco; 6: falla de Caratinga. CAF:
Bosc Atlantic central; SAF: Bosc Atlantic sud; N-SAF: nord del Bosc Atlantic sud; C-SAF: centre del Bosc Atlantic
sud; S-SAF: sud del Bosc Atlantic sud. Uombrejat blau cel correspon a la prediccié de bosc segons Carnaval i
Moritz (2008) fa 21,000 anys segons els models més restrictius.

Es interessant destacar que les tres regions del SAF han tingut histories evolutives
diferents. Aixi, les poblacions de més al nord (N-SAF) presenten caracteristiques més
compatibles amb les prediccions dels models paleoclimatics de Carnaval i Moritz (2008). Es
tractaria doncs d’una regié de clima més estable, majoritariament coberta per boscos i amb
pocs efectes de les glaciacions del Plistocé. Segons els resultats dels models d’ABC (Fig. 16)
no hi ha evidéncies clares ni d’una expansié poblacional ni d’estructuracié genética deguda

205



Discussio

a possibles contactes secundaris.
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Figura 16. Comparacio de les probabilitats posteriors dels tres models testats a cada poblacio de forma
individual (SNM -model neutre estandard- en blau; BOT -model de coll d'ampolia- en vermell; REF -model de
dos refugis- en groc).

Les caracteristiques genetiques de C-SAF també suggereixen que aquesta regio ha
estat coberta (com a minim parcialment) per bosc durant un periode prolongat de temps.
Un cas singular dins d’aquesta regio és el de la poblacié 19-PC, que mereix una mencio
especial (seccid 1.4.1.). A més, a les poblacions de C-SAF (13-EC, 16-BB, 19-PC i 22-P|, Fig.
15) s’observa un patro d’agrupacio filogenética segons la proximitat de les poblacions al
mar. S’agrupen per una banda 13-EC i 22-Pl (amb una posicié geografica més interior) i per
I'altre 16-BB i 19-PC (més costaneres). Aix0 es podria explicar per la preséncia de barreres
fisiques que impedeixen el flux génic entre les poblacions més costaneres i les més interiors.
La discontinuitat de Cubatao (2, Fig. 15) podria ser una d’aquestes barreres, ja que separa
clarament les poblacions de I'interior de les més properes a la costa. A més, la subdivisio
de C-SAF en dos grups pot estar relacionada amb la formacié de la vall del Riu Paraiba do
Sul (3, Fig. 15), que va comencar fa uns 15 milions d’anys (Petri i Fulfaro, 1983; d’Horta i col.
2011). Aquesta va donar lloc a dues de les grans cadenes muntanyenques del Bosc Atlantic
(Serra do Mar i Serra da Mantiqueira). En els anys posteriors a la seva formacié ha tingut
efectes importants en les distribucions de diferents organismes, com algunes aus (d’Horta
i col. 2011) o Geoplana goetschi sensu Marcus (Annex capitol 4). D’altra banda, la poblacio
25-SL (S-SAF) presenta alguns individus més propers a 16-BB i 19-PC, totes elles costaneres.
A les zones intermédies entre la poblacié 25-SL i les de més al nord en I'actualitat no hi
ha bosc conservat perqué és una regié molt afectada per I'antropogenitzacid, i per tant
no han pogut ser mostrejades. Possiblement existia una continuitat entre les poblacions
costaneres, aquestes poblacions intermeédies (extingides en I'actualitat) presentarien una
variabilitat semblant a la de la poblacié 25-SL i la resta, que explicarien les semblances
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que s'observen actualment entre les poblacions 25-SL i 16-BB i 19-PC, separades per molts
kilometres de distancia. Aixi, a C-SAF sembla que la influéncia dels canvis en el nivell del
mar i la proximitat a la costa va ser més forta que a les altres regions (N-SAF i S-SAF).

La historia evolutiva de S-SAF ha estat més complexa. Els nostres resultats indiquen
que aquesta regidé no ha estat colonitzada recentment per les planaries terrestres. En
conseqiiéncia, ha hagut d’estar coberta per boscos, com a minim en fragments des de fa
molt de temps. En aquest cas, tots els nostres resultats mostren una gran estructuracié
genética, fet que concorda amb Thomé i col. (2010), que basant-se en dades de gripaus, van
detectar un possible refugi a Rio Grande do Sul, que podria haver estat una de les fonts de
la diversitat que actualment es detecta al S-SAF. A més, I'estructura genética observada a les
poblacions de S-SAF no és compatible amb un model d’equilibri neutral (SNM) (Fig. 16). Per
contra, aquesta estructuracié pot ser la marca molecular d’un procés en el que en el passat
els organismes haguessin estat separats en fragments petits de bosc. De fet en aquestes
poblacions el millor model d’ABC és el de refugi, on les poblacions actuals correspondrien
a la barreja d’individus procedents de diferents refugis d’'una mateixa area geografica
(contactes secundaris). Les nostres analisis indiquen que aquests contactes secundaris han
de ser relativament recents, de I'ordre de milers d’anys, i podrien correspondre amb el
final de I'altim periode glacial (ocorregut entre fa 23.000 i 12.000 anys; Ledru i col. 2009),
quan els habitats tropicals es van desplagar i expandir cap a latituds majors (Behling, 1995;
Behling i Negrelle 2001; Bauermann, 2003; d’Horta i col. 2011).

3.4.1 El cas particular de les poblacions d’Augusto Ruschi (01-AR) i
Praia de Cambury (19-PC)

Les poblacions 01-AR i 19-PC presenten unes particularitats que mereixen ser
comentades. La poblacié 01-AR es troba al nord del corredor de Serra do Mar (a l'estat
d'Espiritu Santo) dins del que Cabanne i col. (2008) consideren el centre del Bosc Atlantic
(CAF). La preséncia d’'un bosc més antic en aquesta regié demostrada préviament (Carnaval
i Moritz, 2008; Carnaval i col. 2009), podria explicar I'alt nivell de diversitat nucleotidica
que es troba en aquesta unitat de conservacid, encara que també podria representar un
contacte secundari recent entre poblacions molt diferents genéticament. Probablement
aquesta poblacié sigui més propera genéticament a altres poblacions no mostrejades
situades més al nord de CAF. Aquest podria ser un dels motius pels quals observem una
diferéncia tan notoria respecte la resta de poblacions de C. bergi. Un altre factor que podria
estar influint en la forta diferenciacié de la poblacié 01-AR és el canvi en el clima i 'augment
de pluges que hi ha a I'estat d’ES respecte al nord de RJ (Oliveira-Filho i Fontes, 2000), i
Que estaria condicionant el tipus de bosc que s’hi troba, més favorable per les planaries
terrestres. L'elevada variabilitat nucleotidica que es troba a la poblacié 01-AR, juntament
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amb algun polimorfisme morfologic existent (F. Carbayo, comunicacié personal), podria
indicar que ens trobem davant d’un cas d’especiacié incipient, pero caldrien més dades per
confirmar-ho.

La poblacié 19-PC també presenta dos clades filogenétics molt divergents (Fig. 2Ai 28
del capitol 4): un que s’agrupa amb el conjunt de les poblacions del centre (C-SAF) i I'altre
amb les del nord (N-SAF). Durant el Plistocé i I'Holoce la costa d’America del Sud va patir
transgressions marines degudes basicament als canvis climatics i les fluctuacions del nivell
del mar (Suguio i col. 1985; Ribeiro, 2006). Tots aquests moviments poden haver afectat
la composicié de la poblacié 19-PC (com s’ha proposat per altres organismes; Suguio i
Martin, 1978), que pel que sembla, ha tingut una historia molt complexa, influida per molts
altres aspectes. Un signe d’aixd és que cap dels models assajats amb ABC és suficientment
probable encara que el de refugi presenta les probabilitat posterior més alta (Fig.16).
Aquesta poblacié i la 16-BB sén molt properes a zones humanitzades, per tant, existeix la
possibilitat que els individus de les dues localitats s’hagi barrejat en algun moment, fet que
donaria lloc a les relacions que trobem avui (correspondria també, per tant, a un contacte

secundari).

3.4.2 Comparacio de dues espécies en un mateix territori

El patré de distribucié de diferents espécies també ens pot ajudar a explicar la
historia evolutiva. De fet, al comparar diferents espécies pertanyents a les mateixes
poblacions del Bosc Atlantic brasiler (Annex capitol 4), no observem patrons generals. Les
especies tenen diferents requeriments ecologics, cosa que limita les seves distribucions de
manera diferenciada. Una prova d’aixd és que hi ha poblacions dins del rang de distribucio
de C. bergi on no s’ha trobat aquesta espécie i en canvi si que existeix G. goetschi sensu
Marcus, per exemple. Lesfor¢ de mostreig ha estat el mateix per totes les espécies, per
tant, podem estar segurs que si no s’ha trobat és perqué no n’hi ha o que esta present a
una densitat molt més baixa. Fins i tot entre espécies amb requeriments ecologics similars,
mateixa distribucié actual i nivells de dispersié semblants, poden tenir diferents histories
evolutives, particularment en ambients geoldgicament dinamics (Marske i col. 2011). Aixi
doncs, no és d’estranyar trobar resultats desiguals entre espécies. La futura cerca d’altres
espécies, amb distribucions solapades a les de C. bergi o G. goetschi, ens permetra realitzar
analisis comparatives que ens podran donar una visié més global sobre la historia evolutiva
i demografica del Bosc Atlantic brasiler.

3.5 Patrons i nivells de variabilitat a les planaries ibériques

Lorigen de la diversitat a les poblacions de la Peninsula no sembla tan antic com el de
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les espécies Brasileres. Tant pel gen mitocondrial com pel nuclear presenten uns nivells
de variabilitat molt més semblants als de les planaries australianes (Sunnucks i col. 2006)
i als d’altres organismes, com poblacions de planaries d’aigua dolg¢a (Lazaro i col. 2009) o
algunes especies de Drosophila (Baffii Ceron, 2002). Amés, les planaries terrestres Ibériques
presenten signes d’expansio poblacional relativament recent (malgrat que els resultats no
sempre son significatius). Tots aquests fets son compatibles amb una major influéncia de
les glaciacions en els patrons de diversitat observats en aquestes poblacions que a les del
Brasil. En el cas d’Europa, es parla de tres focus de refugi, situats a les peninsules Ibérica,
Italica i dels Balcans (Hewitt, 1996; 2000; Rodriguez-Sanchez i col. 2011). Els microrefugis
ibérics poden haver estat reservoris de diversitat durant les glaciacions i explicar part de la
variabilitat genética que trobem actualment en els boscos.

La majoria dels treballs filogeografics que s’han fet amb espécies d’arbres de
boscos humits de la Peninsula Ibérica presenten una distribucié dels haplotips equivalent,
amb dos llinatges (com a minim) ben separats a I'est i l'oest de la Peninsula (Fig. 17). La
correspondencia dels haplotips mitocondrials de les poblacions de M. terrestris amb els
refugis de faig i roure (Magri, 2008; Petit i col. 2002) podria indicar la preséncia d’aquesta
especie en els fragments romanents de bosc durant les Gltimes glaciacions. Si aixo hagués
estat aixi, les planaries haurien seguit les posteriors expansions del bosc després del desglag.

Quercus ilex
o

Figura 17. A I'esquerra, imatge modificada de Petit i col. 2005 (a Rodriguez-Sanchez i col. 2010) amb un
esquema sobre la dispersid post-glacial de l'alzina (Quercus ilex). A la dreta, imatge modificada d’'Olalde i col.
2002 on es mostra la distribucié d’haplotips de roure de la Peninsula Ibérica.

Una de les poblacions que millor reflexa la preséncia de refugis al nord peninsular
és la de Navarra, on s'observa una alta variabilitat, quedant separada de la resta de les
poblacions de l'oest. La poca capacitat de mobilitat de les planaries confinades al refugi
dels Pirineus explicaria que s’haguessin mantingut aillades durant un periode més llarg que
la resta. Altres organismes també presenten poblacions diferenciades en els Pirineus, fet
relacionat amb la historia de les glaciacions (com per exemple la processionaria dels pins;
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Rousselet i col. 2010). Un exemple paral-lel al de Microplana és el dels cargols terrestres
(Vialatte i col. 2008), amb requeriments ecologics similars als de les planaries terrestres, Per
aquests animals es va inferir I'existencia de refugis a Cantabria, Picos d’Europai els Pirineus.
Durant els periodes interglacials les poblacions d'Astiries van patir una expansié rapida cap
al nord amb I'expansid dels boscos de roure. A I’'hora, les poblacions dels Pirineus quedaven
confinades als refugis glacials, com possiblement ha passat amb les planaries.

lgual que a Brasil, a Europa també hi ha evidencies de moviments tectonics ocorreguts
durant el Terciari. Lesdiferéncies entre estioest que estroben tant en poblacions de planaries
com en poblacions d’arbres, com I'alzina surera (Quercus suber; Magri i col. 2007), es poden
atribuir a moviments antics de trencament tectonic (Oligoceé o Mioce). A més, possiblement
el procés de vicarianca generat per aquests moviments és el que ha generat les semblances
que es troben entre els roures de |'est ibéric i els genotips de Franga, Corsega, Italia i Algéria
(Petit i col. 2002), que pot haver afectat també les poblacions de planaries terrestres. Per
aquest motiu és interessant, com es proposa al capitol 5, determinar el grau de variabilitat
i semblanga d’aquestes poblacions, aixi com de les del nord d’Europa i la Gran Bretanya,
per tal de confirmar si els patrons de dispersié i vicarianca de les poblacions de planaries

segueixen en tots els casos els trobats en els boscos.

3.6. Implicacions per la conservacio

Tots els nostres resultats, tant al Brasil com a la Peninsula, denoten la clara necessitat
de conservar els boscos on es troben els nostres individus model: les planaries terrestres.
Es dificil conservar una regié geografica si no es coneix la seva biodiversitat. Per aixo, cal
fer més inventaris per prendre consciéncia de quines sén les zones més diverses i alhora
més amenagades, i per tant, necessitant més plans de conservacié. Un alt nivell de variacio
intraespecifica, com el que trobem a C. bergi, s’ha de tenir en consideracid pels esforcos
de conservacié (Matolweni i col. 2000; Hughes i col. 2005). Gracies al coneixement dels
requeriments ecologics i de I'alta dependéncia del seu habitat que presenten les planaries
terrestres, hem pogut determinar arees que historicament han estat cobertes de bosc. Per
tant, aquestes arees del sud del Bosc Atlantic, a les que no s’havia donat gaire atencid, son
també un gran reservori de biodiversitat (Fitzpatrick i col. 2009). Aixi doncs, seria necessari
Iallargament del corredor de Serra do Mar cap a latituds més altes per recuperar la connexio
entre arees que actualment es troben aillades.

Probablement el futur escalfament global intensificara el moviment del Bosc Atlantic
cap a zones de més altitud o latitud (com ja va océrrer en el passat) i reduira I'area coberta
per bosc a la Serra dos Orgdos (07-S0) i altres serralades del SE de Brasil (Behling i Safford,
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2010). Els canvis que s’estan donant en l'actualitat a nivell global sén molt més rapids que
els es van donar durant les eres glacials. Els organismes, en general, tenen una capacitat
limitada d’adaptacié al canvi; si el esser huma redueix drasticament els seus habitats, sera
impossible que es mantingui en un futur proper la biodiversitat actual.
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CONCLUSIONS

La concatenacié dels gens 18S rDNA, 28S rDNA i COI és resolutiva per inferir la
filogénia interna dels tricladides i de la subfamilia Geoplaninae (on també ho és el
gen EF-1a). Malgrat aixo, cap dels gens utilitzats és resolutiu de forma individual.

. Alguns dels nous marcadors provats per resoldre la filogénia dels tricladides a nivell
de familia, subfamilia i génere no han pogut esser utilitzats, ja sigui per problemes
d’amplificacié (Histona H3, ATPasa-alpha o 12S) o per un un excés de variabilitat
(16S).

Les dades moleculars han permes resoldre les relacions filogenétiques internes dins
de geoplanids (planaries terrestres) i dugésids. Les agrupacions obtingudes en alguns
casos no es corresponen amb els taxons definits en base a dades morfologiques.
Aquests resultats, junt amb resultats moleculars previs, han donat lloc a una amplia
revisio taxonomica de Tricladida.

Dins de la familia Dugesiidae, els generes Girardia i Neppia sén els més basals, i
els géneres Schmidtea i Dugesia son grups germans. D’altra banda, encara que les
dades moleculars indiquen que la familia Bipaliidae és la que apareix en posicié més
basal, aquesta posicié no s’ha pogut confirmar amb seguretat. Aquesta manca de
resolucié pot ser deguda a la rapida radiacié que va patir aquest grup en el pas al
medi terrestre.

La radiaci6 de les planaries terrestres genera també un artefacte en l'arrelament dels
arbres en les analisis filogenétiques de Geoplanoidea (Dugesiidae i Geoplanidae).
Aquest fet podria explicar la manca de resolucié en la determinacié del caracter
monofiléetic de les planaries terrestres i de Dugesiidae.

En la filogenia de Geoplaninae, es recuperen diversos grups amb un alt suport,
alguns d’ells a més refermats per trets morfologics, com I'agrupacié dels clades PEX
o LIS, entre d’altres. A més, I'estat monofilétic d’alguns taxons, descrits en base a
trets morfologics, es confirma amb les dades moleculars. Malgrat aixo, les relacions
a nivell basal no han quedat prou resoltes.
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10.

11.

12.

13.

La filogénia molecular de Geoplaninae també ha desvetllat que cal una revisié
taxonomica del grup, on hi ha géneres i espécies per descriure de novo i d'altres,
com Geoplana, que necessiten una redescripcio.

Les planaries terrestres, invertebrats amb baixa capacitat de dispersid, depredadors
especialistes i amb alta dependéncia dels boscos, constitueixen un bon model per a
estudis filogeografics a petita escala geografica.

Les poblacions de planaries brasileres presenten alts nivells de diversitat nucleotidica
amb un origen molt antic, que es remunta possiblement al Miocé. A més, presenten
patrons d’estructuracié significatius dins i entre poblacions, i 'emprenta molecular
de l'aillament per distancia.

Els patrons de diversitat observats a Cephaloflexa bergi no es poden explicar com a
conseqiiencia d’un Unic escenari evolutiu global, siné que han estat formats per la
interaccié de complexos processos geologics i evolutius.

L'analisi filogeografica al sud del Bosc Atlantic (SAF) indica que han existit regions
cobertes de bosc durant un periode llarg de temps, com a minim en forma de
refugis, que els models paleoclimatics han estat incapacos de predir.

Les poblacions de Microplana terrestris de la Peninsula Ibérica presenten un nivell
de variabilitat nucleotidica menor que les poblacions brasileres, amb un patré de
variabilitat i evolucié probablement lligat a les glaciacions del Plistocé.

Les planaries ibériques es troben estructurades en dos clades diferenciats a est i
oest, que podrien tenir el seu origen en els desplagaments dels boscos durant els
cicles glacials.
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METODES D’INFERENCIA FILOGENETICA A PARTIR DE
DADES MOLECULARS

1. Metodes basats en distancies

Els primers métodes d’inferencia filogenetica aplicats a les dades moleculars es
basaven en la distancia geneética entre les seqiiéncies. Per estimar aquesta distancia, el
nombre de canvis observats entre dues seqiiéncies es corregeix aplicant un model evolutiu.
Existeixen molts models i cadascun assigna diferents probabilitats a cada tipus de canvi
nucleotidic depenent de les assumpcions prévies del model.

El model de Jukes i Cantor (1969) és un dels més utilitzats i assumeix que la probabilitat
de substitucié d’un nucledtid per un altre és la mateixa per tots els casos. Més tard es va
veure que les transicions sén més freqiients que les transversions, assumpcio que esta a la
base del model de Kimura-2-parametres (1980). De cada model evolutiu se’n pot deduir
una correccié matematica amb la que podem estimar el nombre de canvis real entre dues
seqliéncies a partir dels canvis observats.

Comparant les seqliéncies 2 a 2 i aplicant aquesta correccié obtenim la matriu de
distancies. Existeixen diferents métodes de reconstruccié d’arbres a partir de la matriu de
distancies i el Neighbor-joining (NJ) és un dels més populars. El métode de NJ (Saitou i
Nei, 1987) agrupa les sequiéncies de forma que I'arbre resultant minimitza la distancia total
de l'arbre. En l'arbre representat, la longitud de les branques en general representa les
distancies genétiques.

L'avantatge dels métodes que fan servir distancies és que son molt rapids i que donen
com a resultat un tnic arbre. No obstant aix0, recentment s’han desenvolupat métodes
estadistics, com la Maxima Versemblanga o la Inferéncia Bayesiana, que també apliquen
models evolutius en la inferéncia i aprofiten millor la informacié continguda a les dades.

2. Maxima Parsimonia

La Maxima Parsimonia (MP) és un meétode d’inferéncia que prové de les filogénies
morfologiques i es basa en el criteri cladistic (proposat per W. Hennig). En moltes ocasions,
aquest métode assumeix que sabem quin és 'estat primitiu i quin el derivat de cada caracter
(totique en dades moleculars aixd no és possible) i que els caracters derivats compartits sén
una evidéncia de I'existéncia d’un grup monofilétic (definit per sinapomorfies). Implica que
I'estat derivat ha aparegut només un cop (és a dir, que no existeix homoplasia) i que no es
pot tornar d’un estat derivat a 'ancestral. A la practica, i en les dades moleculars en concret,
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aquestes assumpcions no sempre sén certes. En MP per a cadascun dels arbres possibles
relacionant els OTUs es calcula el nombre minim de passes (canvis d’estat de caracter) que
explica els estats de caracter observats a la matriu (I'alineament). Aquest procés es repeteix
per cadascun dels caracters (posicions de l'alineament) i es selecciona aquell/s arbre/s que
requereix/en el minim nombre de passes (canvis d’estat). En cas d’obtenir més d’un arbre es
sol representar l'arbre consens. En els arbres de MP en general, la longitud de les branques
no representa ni el temps evolutiu ni els canvis d’estat.

Alguns dels desavantatges de la MP sén que és computacionalment costosa, que les
dades moleculars poden ser molt homoplasiques i que la manca d’us de models evolutius
'exposa a la possibilitat de ser molt inconsistent sota determinats fendmens evolutius
(taxes diferents entre llinatges o entre posicions). També s’ha criticat dels meétodes de
parsimonia I'is poc eficient de la informacié nucleotidica, ja que les posicions nucleotidiques
informatives (criteri de parsimonia) representen només una fraccié de totes les posicions
variables.

Fins fa poc temps la MP era I'iinic métode que permetia estudiar alhora caracters
morfologics i moleculars, perd actualment també és possible fer-ho mitjangant la inferéencia
bayesiana.

3. Maxima Versemblanca

La Maxima Versemblanga (MV), proposada per Felsenstein al 1981, fa servir els
mateixos models evolutius que els métodes de distancies. La MV estima la probabilitat
de que un alineament (les dades) hagi estat el resultat d’'un model i una determinada
historia evolutives i selecciona I'arbre que té la major probabilitat de donar lloc a les nostres
dades. Per fer-ho, es calcula la probabilitat d’obtenir les dades observades (I'alineament
de seqiiéncies) posicié per posicid, sota un determinat model evolutiu (probabilitats
de canvi nucleotidic, frequencies nucleotidiques, etc.) i per cadascun de tots els arbres
(topologies) possibles, triant aquell que presenta una probabilitat més alta pel total de
les posicions. Normalment, a I'hora que s’infereix la topologia, també s’estima la longitud
de les branques (proporcional als canvis acumulats) i els valors dels parametres del model
evolutiu. D'aquesta manera aquesta metodologia no sols ens permet deduir les relacions
filogenetiques entre OTUs, sind que a més ens dona informacié sobre el procés evolutiu
que ha generat les seqliéncies comparades. -

Al ser un métode amb base estadistica, la MV és molt flexible i permet la facil
aplicacié de tests estadistics. L'ts de models evolutius complexes i la possibilitat de tractar
de forma diferent les regions del DNA depenent de la seva variabilitat, permetent que
s’adapti a practicament qualsevol tipus de dades complexes. Perd aixd també vol dir que
a I'haver d’explorar més possibilitats, també es necessita molt de temps per inferir una
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filogenia. Un model més complex per explicar 'evolucié ha de calcular més parametres, que
s’estimen a partir de les dades (per tant, s'incrementa la incertesa). Models més complexes
poden explicar millor les nostres dades, perd quants més parametres incorporem a I'analisi,
incrementem el temps computacional i la taxa d’error, per aixd és important triar el model
adequat a les nostres dades, sense escollir-ne un de més complex per defecte. Per altra
banda, la impossibilitat computacional d’analitzar totes les topologies possibles, fa que
els diferents algoritmes utilitzats en la reconstruccié (segons els programes que es facin
servir) presentin diferents estratégies per cercar d’entre totes les possibles la topologia
més probable sense haver d’avaluar-les totes. Aquest fet condiciona els arbres dels quals es
calculara la probabilitat, cosa que pot variar 'eficiéncia i I'eficacia dels diferents programes.

4. Inferéncia Bayesiana

La inferéncia Bayesiana és el métode més recent que, igual que la MV, es basa en
les probabilitats derivades d’'un model evolutiu, pero a diferéncia d’aquella, s’analitzen les
dades mitjancant el concepte de probabilitat posterior enunciada al Teorema de Bayes.
El valor optimitzat és la probabilitat de I'arbre donades les dades observades i el model
evolutiu escollit (probabilitat condicionada). Els primers a utilitzar la inferéncia bayesiana
foren Rannala i Yang al 1996. Laplicacié de determinats algoritmes matematics (com
I'analisi per cadenes de Markov) el converteix en un métode rapid i eficient. Larbre amb la
major probabilitat a posteriori sera la millor estima de la filogénia. Gracies a les cadenes de
Markov (MCMC) és possible cercar a I'atzar dins de I'espai d’arbres i anar-los desant segons
un criteri establert. L'algoritme de MCMC funciona de manera que mitjancant un métode
estocastic es proposa un nou estat per la cadena (aquest pot ser un nou arbre o uns nous
valors pels parametres del model evolutiu), el nou estat es guarda amb una certa probabilitat
d’acceptacié. Aquesta és d’1 si el nou estat és millor que I'anterior i, en cas de ser pitjor,
la probabilitat d’acceptacid és proporcional a la diferéncia que existeix entre els dos estats
(tindra moltes probabilitats de ser acceptat si no és gaire pitjor que I'anterior i poques si ho
és molt). Aquest procés es reitera milers o milions de vegades de manera que les cadenes
mostregen l'espai d’arbres d’una forma molt eficient, i a partir de cert moment tots els
arbres i parametres proposats es trobaran dins de la regié amb una probabilitat posterior
més elevada de tot I'espai d’arbres. Direm llavors que la cadena ha assolit I'estabilitat ja que
les noves propostes variaran al voltant dels mateixos valors de probabilitat. La proporcié
dels cops que un arbre apareix en les cadenes una vegada assolida la zona estable és una
aproximacié valida de la seva probabilitat posterior. Huelsenbeck i Ronquist al 2001 van
millorar el métode MCMC incorporant I'ds de cadenes de Markov fredes i calentes en
paral-lel (MC3). Les cadenes calentes poden explorar millor I'espai d’arbres filogenétics, ja
que els pics sén més baixos i les valls menys profundes (cobrint una major area de l'espai
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d’arbres), permetent amb major facilitat el pas d’un pic de probabilitat moderada a un de
més alta. Si una cadena calenta troba un arbre millor aquesta passa a ser la freda, al final
les inferéncies es basen només en els valors obtinguts a la cadena freda. L'arbre inferit és
el consens de tots els arbres obtinguts un cop assolida 'estabilitat i la proporcié amb que
apareix cada grup monofilétic en aquests arbres és la seva probabilitat posterior. Un dels
problemes que es pot trobar és que les cadenes no puguin sortir d’un pic perque la vall
que el separa del pic millor és massa profunda. En aquest cas l'arbre final no seria el millor
perque en la cerca s’hauria assolit un maxim local, és a dir, 'arbre escollit és el millor de
la zona, perd no és el millor de tots els arbres possibles. Per aquest motiu és recomanable
fer més d’una cerca alhora (generalment dues). Si les dues execucions independents del
programa convergeixen en el mateix resultat ens assegura que no s’han estancat en un
maxim local (o és poc probable que la solucié trobada correspongui a un maxim local).

5. Suport estadistic

Un cop hem construit I'arbre, ens cal una mesura de la confianca estadistica que
les dades ens donen per a cadascuna de les branques d’aquest. Per trobar aquests valors
existeixen diverses metodologies. La més utilitzada és el Bootstrap, que es basa en generar
un alt nombre de pseudorépliques mostrejant posicions a I'atzar de la nostra matriu original.
Les noves matrius tenen el mateix nombre de caracters que aquesta i es permet repetir
posicions. A partir de cada pseudoréplica s’infereix una filogénia i la confianca per a cada
grup s’obté calculant en quin percentatge de les filogénies obtingudes apareix. Aquest valor
és una aproximacio de quina és la probabilitat de que una branca interna aparegui quan es
faci de nou I'analisi amb una mostra independent (Felsenstein, 1985) i és pot interpretar
com la probabilitat que la branca interna es trobi a I'arbre real (Felsenstein i Kishino,
1993). En general, es considera que els valors de bootstrap sén molt conservadors, pel que
s’accepta que un grup amb un suport del 75% o superior és un grup monofilétic segons les
nostres dades, i la metodologia i el model evolutiu emprats. D’altra banda pero, un valor de
bootstrap baix no té per que ser indicatiu de qué la relacié sigui falsa, només vol dir que no
té suport estadistic (amb les nostres dades i el model que haguem utilitzat).

El jackknifing (Farris i col. 1996) és un métode similar al bootstrap. En aquest cas a
cada pseudoreéplica s’elimina de forma independent una proporcié dels caracters a I'atzar,
amb la mateixa probabilitat per cada caracter de ser eliminat, sirﬁpliﬁcant la relacié entre
freqiéncia i suport. El suport de Bremer (Decay index) (Bremer, 1994), només s’utilitza en
MP. Mesura la diferéncia en nombre de passos entre I'arbre de MP que inclou el grup i el
primer arbre que no l'inclou (en el qual el grup ja no és monofilétic). No té una interpretacié
estadistica immediata.

La probabilitat posterior (PP) és el suport estadistic que s’utilitza a la inferéncia
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bayesiana. Es tracta de la probabilitat de que un node sigui real donat el model i les dades
utilitzats (Huelsenbeck, 2002). Al ser una probabilitat, el rang de valors esta entre 0i 1. En
comparacioé amb els valors de bootstrap, els valors de PP solen ser molt menys conservadors
(Suzuki i col. 2002; Cummings i col. 2003), acceptant com a monofilétic un grup segons les
nostres dades, generalment quan presenten valors de PP superior al 0.90.
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MESURES DE VARIABILITAT GENETICA | TESTS DE
NEUTRALISME

1. Mesures de variabilitat intrapoblacional

Els estadistics més importants per la quantificacié de la variabilitat dins de poblacions
a nivell de DNA sén:
+* Nombre de llocs segregants o polimorfics (S): és el nombre de llocs polimorfics dins
de cada espécie o poblacid. Les posicions segregants tenen normalment dos nucleotids
diferents, encara que tedricament podrien presentar les quatre variants nucleotidiques.
S ésun estadistic que depén de la grandaria mostral i del nombre de nucleotids estudiats.
Nombre de mutacions (Eta, n): és un estadistic que indica el nombre minim de
mutacions necessaries per justificar el nombre S observat. Aquest valor és igual que

»
0.0'

S, 0 més gran, quan existeixen posicions trial-leliques o tetraal-leliques (és a dir, com a
minim han calgut dues o tres mutacions per explicar aquestes posicions polimorfiques).

¢ Diversitat nucleotidica (n): és el nombre mitja de diferéncies nucleotidiques (k) per
posicid nucleotidica en comparar dues seqliencies de DNA. Aquest és un dels millors
estimadors, ja que és independent de la grandaria mostral i del nombre de posicions
estudiades. Pel seu calcul es comparen les seqiiencies per parelles i es calcula el nombre
promig (k) de diferéncies. k i t indiquen el mateix, perd les unitats de k sén la regié (o
el gen) d’estudi mentre que 1t és per nucleotid. Aquest parametre és molt utilitzat en
els estudis poblacionals, ja que a més d’aportar informacié sobre els nivells de variacié
a una sequencia de DNA, permet comparar els valors de diferents estudis. Aquest és un
estimador, a més, de la heterozigositat per nucleotid.

+* Estimador de Watterson (8): descrit per Watterson al 1975, aquest parametre és
equivalent a k quan les mutacions sén selectivament neutres, la poblacié és panmictica
i es troba en equilibri mutacié-deriva. El parametre es defineix com 6=N U (on N, ésla
grandaria efectiva de la poblacié i u la taxa de mutacié neutra per generacid). Si dividim
© per la longitud del fragment que estudiem, obtindrem el calcul de I'estimador de
Watterson per nucleotid (equivalent a I'heterozigositat per nucleotid).

*

*

Nombre d’haplotips (h): és el nombre de sequiéncies de DNA diferents que es troben a
la mostra. Aquest estadistic depén de la grandaria mostral i a més de la longitud de la
regié que estem estudiant. h déna informacio sobre el nombre de seqiiéncies, perd no
del nivell de variabilitat genética. Si tota la variabilitat consisteix en una tnica posicié
polimorfica, per exemple, només tindrem dos haplotips a la poblacié, independentment
de les seves freqliéncies.

*

% Diversitat haplotipica (Hd): és una estima del nombre d’haplotips d’una poblacié
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determinada que té en compte la distribucié de les seves freqliencies. Com més gran és
el seu valor (el rang és compres entre 0 i 1), més gran és el nivell de variabilitat.

++ Desequilibri de lligament (LD): és el nivell d’associacié entre dos o més loci. Diem que
una poblacié esta en desequilibri de lligament quan el nivell d’associacié és més alt del
que s’esperaria per atzar. En una poblacid, dos loci es troben en equilibri de lligament
quan el genotip d’'un cromosoma en un locus és independent del genotip a 'altre locus.

2. Mesures de variabilitat interpoblacional

Els estadistics més utilitzats per la quantificacid de la variabilitat entre poblacions
sén:

“* Dxy: és el nombre mitja de diferéncies nucleotidiques per lloc entre dues poblacions.
Quant més diferents siguin dues poblacions a nivell nucleotidic, més gran sera el valor
d’aquest estadistic.

% Da: és el nombre net de substitucions de nucleodtids per lloc entre les poblacions, és a
dir, els valors de Dxy menys l'efecte de la variacio dins de la poblacid.

% F:aquest estadistic mesura els nivells de variacié genetica atribuibles a les diferéncies
existents dins de les poblacions. Per aquest index, els valors es troben entre el 0i I'l. Es
basa en els estadistics originals de Wright (1951) i es pot fer servir per estimar els nivells
de flux génic (parametre N_, on N és la grandaria efectiva de la poblacié i m la taxa de
migracio).

3. Els tests de neutralisme

Existeixen diversos tests estadistics que permeten contrastar la teoria neutralista
a partir de la variabilitat detectada a les poblacions naturals (els denominats tests de
neutralisme). El que fan aquests tests és detectar desviacions significatives no compatibles
amb la hipotesinul-la. Quan una d’aquestes proves rebutja la hipotesi nul-la és perqué alguna
de les suposicions del model d’equilibri neutralista ha estat violada. Si cap d’aquests tests
déna valors significatius, és perqué existeix una situacio d’estabilitat demografica. S’han
desenvolupat métodes (tils per contrastar diferents escenaris evolutius, i que capturen de
manera diferencial diferents tipus d’informacié:
%+ Tests basats en dades intrapoblacionals:

» Llestadistic D de Tajima (Tajima, 1989), basat en l'espectre de freqiiencies, es
calcula com les diferéncies entre el nombre de llocs segregants i el nombre mitja
de diferéncies nucleotidiques. Aquest test pot detectar variacions en |'espectre
de seqiiéncies, de manera que un resultat positiu indicaria un excés en el nombre
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de variants de freqgliéncies intermédies (que podria ser degut a l'estructuracié

poblacional); i valors negatius es correspondrien amb un excés de variants de

baixes freqiiéncies (que podria ser degut a una expansié poblacional o a I'accié de
la seleccié positiva). Si les mutacions sén neutres i les poblacions estan en equilibri

el valor esperat de D seria 0.

»> Lestadistic R, (Ramos-Onsins i Rozas, 2002) es basa en la diferéncia entre el
nombre de mutacions uniques (singletons) en un llinatge particular i el nombre
mitja de diferéncies nucleotidiques. Aquest test és dels més potents per I'analisi
de grandaries poblacionals petites. El fonament d’aquest test és que el nombre
esperat de singletons en una genealogia després d’un creixement poblacional brusc
recent és k/2, i en conseqiiéncia s’esperen valors baixos de R, per casos amb aquest
escenari demografic.

» Lestadistic Fs de Fu (Fu, 1997) fa servir informacié de la distribucié haplotipica
i nucleotidica. Es basa en la probabilitat de tenir un nombre determinat d’al-lels
en una mostra de seqiiéncies donat un valor de 8. Els tests que calculen aquest
estadistic soén més potents quan es treballa amb grandaries mostrals grans. Tendeix
a 0 en situacié de neutralitat, igual que la D de Tajima. Un valor negatiu d’aquest
estadistic podria indicar un excés d’al-lels poc freqiients produit per un excés de
mutacions Uniques causades per una expansio recent.

» Tests basats en els nivells d’associacié entre posicions polimorfiques i que poden
servir per analitzar I'estructuracié de les poblacions:
= L'estadistic ZnS (Kelly, 1997), que és una mesura global dels nivells d'associacié

entre al-lels (LD) entre diferents parells de llocs polimorfics.

» L'estadistic Za (Rozas i col. 2001), és un estadistic semblant a ZnS, perd només
compara els polimorfismes adjacents i es pot fer servir per analisis dels nivells
de recombinacio.

= Bde Wall (Wall, 1999) és una mesura de I'associacié entre llocs segregants, i els
seus valors es troben entre 0 i 1. B és un test estadistic molt potent per analisis
dels nivells de subdivisié poblacional.

= Q de Wall (Wall, 1999), aquest estadistic és una correccié de I'anterior tenint
en compte els parells de llocs segregants. Igual que B, els seus valors estan
escalats de 0 a 1 i s’espera que siguin majors sota una situacié de subdivisié
geografica que sota el model neutral de panmixi. No esta clar quin és |'efecte
de la recombinaci6 sobre aquest estadistic, ja que Q és la suma d’un terme que
esta positivament relacionat amb la recombinacié i un que hi esta negativament
correlacionat.

Un aspecte molt important a tenir en consideracid és el paper de la recombinacié. S’ha
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vist que la no incorporacié dels nivells de recombinacid en els tests de neutralisme redueix

la seva poténcia estadistica. Aixi doncs, a I'analisi de dades de gens nuclears s’haurien

d’estimar els valors de recombinacié, i fer les simulacions de coalescéncia tenint en compte

aquest factor.

»,
0.0

Tests basats en dades intra- i interpoblacionals de polimorfisme i divergéncia: un
exemple és el test de Hudson-Kreitman-Aguadé (test HKA; Hudson i col. 1987), que
utilitza les dades d’una comparacié interespecifica d’almenys dues regions del genoma
aixi com les dades del polimorfisme intraespecific de les mateixes regions com a minim
d’una espécie. El test esta basat en el fet que per mutacié neutra existeix una correlacidé
positiva entre els nivells de variacié intra- i interespecifica.

Tests basats en dades interpoblacionals o interespecifiques. Una de les analisis
més potents es basa en la comparacié de la divergéncia: quan es comparen regions
codificadores de diferents espécies i s’estimen el nombre de substitucions no sindnimes
(Ka; impliquen canvi d’aminoacid) o les sinonimes (Ks; no impliquen canvi d’aminoacid).
Si les mutacions fossin selectivament neutres, esperariem que els dos valors fossin
idéntics. w és el quocient entre Ka i Ks i s’utilitza com a mesura del grau de limitacio al
canvi (limitacié funcional) al qué esta sotmeés un gen o proteina. Aixi, un valor menor que
1 podria indicar que la seleccié purificadora ha eliminat els canvis no sindbnims, mentre
que un valor més gran pot ser una evidéncia de la seleccié adaptativa (la seleccié ha
actuat en favor d’alguns d’aquests canvis).
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ANNEX I

Aspectes més rellevants de I'anatomia interna i externa de les planaries terrestres.

1. Epidermis

La superficie corporal de les planaries esta coberta per un epiteli simple, format per
cel-lules que solen tenir formes que van des de cilindriques a clbiques. Lepidermis de la
zona ventral degut a la seva adaptaci6 al medi terrestre presenta una modificacid especifica
i forma la sola ventral. Es caracteritza per la presencia de cilis i el predomini relatiu de
glandules cianofiles i dona forga de propulsié per accid ciliar o muscular, o per la combinacié
d’ambdds. En algunes espeécies la sola ventral és formada per un tipus d’epiteli especial
constituit per cel-lules epidérmiques enfonsades profundament dins del teixit connectiu
subjacent, enlloc d’estar disposades sobre una membrana basal. Aquest mecanisme
protegeix les cél-lules de I'estrés mecanic i la destruccio total i en facilita la regeneracié
(Winsor, 1998). La preséncia o abséncia de la sola ventral aixi com la seva amplada relativa
sén caracters importants taxonomicament.

La coloracié de les planaries és deguda a l'existéncia de cél-lules pigmentaries que
es troben sota de I'epidermis (Romero, 1987). Existeix diferéncia en la coloracié segons el
grup i la distribucié, presentant les planaries europees coloracions molt més monotones
i fosques, sense gaires patrons. Les planaries tropicals, en canvi, sén molt més acolorides
i amb dissenys molt diferents amb un patré de coloracid viu i contrastat que abasta una
amplia gamma de colors, amb el dors mono o policromatic, i el ventre sovint blanquinés.
El color i la pigmentacio fosca en general augmenta a mida que I'animal madura (Froehlich,
EM, 1955), tot i que no té per qué ser sinonim de maduresa sexual.

Hi ha diversos tipus de cél-lules secretores que desemboquen en l'epidermis, les
cel-lules rabditogines sén molt caracteristiques i son les responsables de la produccié de
rabdites, que sén secrecions (cossos epidérmics) en forma de bastons (Seitenfus i Leal-
Zanchet, 2004). Els rabdites els ajuden a segregar una substancia mucosa que els recobreix
el cos i que pot tenir diverses funcions: adhesiva, de locomocid, funcié de captura de
preses, com a element repulsiu contra possibles predadors i també pot tenir una funcié
homeostatica. A més tenen altres tipus de glandules secretores de moc, entre elles, les
glandules eritrofiles, per exemple, que secreten granuls amb propietats adhesives o que
protegeixen |'epiteli contra la pérdua d’humitat (Winsor, 1998).

2. Musculatura

Distingim dos tipus principals de musculatura en aquests animals:

** Musculatura subepidérmica
Es troba sota la membrana basal (musculatura cutania) i generalment és tripartida,
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amb una capa externa de musculs circulars, una capa intermédia de fibres obligles i
una capa interna de fibres longitudinals, totes elles llises (Fig. 1I-1). Algunes espécies
presenten un estrat de dues capes, pero és estrany, per exemple a Caenoplana coerulea
la musculatura externa és una simple capa de fibres circulars obliqties (Winsor, 1991). La
formacié de feixos de fibres i I'espessor relatiu de les capes serveixen per distingir entre
els membres de les families Rhynchodemidae i Geoplanidae. Gracies a aquestes fibres
les planaries terrestres es mouen arrossegant-se mitjancant ondulacions musculars,

d’'una manera molt semblant a la dels cargols.

Figura II-1. Esquema de la musculatura

=== =======—==—== ml subepidérmica de les planaries terrestres. ml:
7_‘: 5 ';-c g :-< S UL S R 8. ’( iy mg capa de musculatura longitudinal; md: capa de
T musculatura diagonal; mc: capa de

g €V musculatura circular; ev: epidermis ventral.

Basat en Sluys (1989a)

Musculatura mesenquimatica

Com en tots els platihelmints, I'espai entre els organs interns esta ple de teixit
connectiu lax anomenat mesénquima o parénquima, en el qual es produeixen les fibres
musculars que constitueixen el mesenquima muscular (Seitenfus i Leal-Zanchet, 2004).
En les planaries terrestres, aquesta musculatura parenquimatica suposa una adaptacio
al medi terrestre (Meixner, 1928), ja que intervé activament en la locomocio, creant
ones peristaltiques que fan que el cos es mogui (Jones, 1978; Minelli, 1981).

|y

3 —— s e T F - F
4 4 = o 0080085

Figura II-2. Esquema dels tipus de musculatura mesenquimatica d’una planaria terrestre en tall transversal.
dd: capa muscular doble diagonal dorsal; i: intesti; t: testicles; sp:capa muscular supra-intestinal; sb: capa
muscular sub-intestinal; sn: capa muscular sub-neural (Modificat de Grau, 2010).

3.

Sistema digestiu

La boca és un petit porus ventral, situat al comengament de la meitat posterior del

cos i esta connectada amb una faringe evaginable (d’origen mesenquimatic, segons Hyman

(1951)), que depenent de la seva posicio a les planaries terrestres pot ser de diferents

tipus (cilindrica, campaniforme o en collaret). La faringe rep dos o més tipus de cél-lules
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secretores (=glandules faringies; Seitenfus i Leal-Zanchet, 2004). Pot existir un esofag que
comunica la faringe amb l'intesti, que és format per tres branques o troncs ramificats, un
anterior i dos posteriors amb diverticles i cec, sense anus. Efectuen digestié extracel-lular
gracies a enzims proteolitics. Les cél-lules fagocitiques de la gastrodermis completen la
digestio (intracel-lular) i 'aliment no digerit és expulsat per la faringe.

4. Sistema excretor

El seu sistema excretor té una importancia critica per a la regulacioé i conservacio de
Iaigua. Realitzen 'excrecid i osmoregulacié mitjangant protonefridis amb cél-lules flamigeres
i contenen un elevat nombre de nefridioporus. Les restes metaboliques s’eliminen en gran
part per difusié a través de la paret del cos.

5. Sistema nervios

Un dels caracters que defineixen les planaries terrestres és el sistema nervids central
del tipus diploneural (Steinbdck, 1925), situat en posicid ventral. Aquesta estructura
especialitzada probablement esta relacionada amb la preséncia de la sola ventral (Sluys,
1989a). A les planaries d’aigua dolga els cordons nerviosos dorsals i laterals sén conspicus
o absents i les fibres nervioses s’'uneixen a les comissures per formar una mena de plexe.
A les planaries terrestres, en canvi, el sistema nervios es caracteritza per presentar un part
endinsada en el mesénquima, la placa ventral nerviosa, o, en espécies subcilindriques, un
parell de cordons nerviosos ventrals Gnics, i el plexe nerviés ventral (molt desenvolupat),
ubicat directament sota la musculatura cutania. Els cordons nerviosos ventro-laterals estan
units per una série de comissures transversals (Fig. II-3). Les planaries terrestres tenen un
gangli cerebral anterior (“cervell”) constituit per dos |0buls simétrics units per comissures
nervioses.

Figura 11-3. Comparacié del sistema nerviés d’una planaria d’aigua dolga (esquerra) i una terrestre (dreta).
pl:plexe; cnv: cordd nervios ventral; pv: pont ventral; cv: comissura ventral; pnv: plexe nerviés ventral; sv: sola
ventral. Basat en Sluys (1989a).

6. Organs sensorials

Els principals organs dels sentits son els ulls, les fosses sensorials i el marge o vora
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sensorial, perd a més hi ha diversos tipus de receptors sensorials (mecano i quimioreceptors)
associats a I'epidermis (Seitenfus i Leal-Zanchet, 2004).

Els ocel-les o ulls sén taques oculars sensibles a la llum (les planaries en general
sén fotosensibles). Els ulls (amb un diametre d’entre 20 i 50 um en planaries terrestres)
estan formats d’una capa de pigment que es produeix dins de les cel-lules fotoreceptores.
Els ulls de Geoplanidae i Bipaliidae sén nombrosos i es troben espaiats pel llarg del cos o
lateralment (Carbayo, 2005). En alguns grups (Choeradoplana, Cephaloflexa) els ulls estan
absents en I'apex de la regi6 cefalica. El nombre i la posicid dels ocel-les és un caracter
taxonomic molt utilitzat per classificar planaries terrestres.

La vora sensorial, probablement associada amb la quimiorecepcid, és una franja fina
al marge ventral anterior del cos (i de vegades també s’estén posteriorment), a través de la
qual desemboquen papil-les i les fossetes sensorials. Aquestes son invaginacions tubulars
epidérmiques de 15 a 40 um de profunditat (Carbayo, 2005), probablement responsables
de quimiorecepcid, en les que hi ha terminacions sensitives i que estan distribuides en
fileres (simples o ramificades).

7. Sistema reproductor

Les planaries terrestres son animals hermafrodites que es poden reproduir tant
asexual com sexualment. En el seu grup germa, la familia Dugesiidae, es presenten
multiples casos de reproduccioé asexual, ja sigui partenogenética o per fissid. En el cas de les
planaries terrestres és sabut que poden regenerar (Morgan, 1899), perd no s’ha demostrat
si s’utilitzen els mecanismes d’asexualitat com a sistema natural de reproduccié. Pel que
fa a la reproduccié sexual, practiquen fecundacié creuada i tenen un sistema reproductor
complex. aparell reproductor masculi (Fig. I1-4) consta de varis parells de testicles fol-liculars
disposats en una o més series longitudinals (ventrals a Caenoplaninae i Pelmatoplaninae
o dorsals a Geoplaninae) amb espermatozoides forga especialitzats que s'emmagatzemen
en un parell de conductes eferents que van a parar a la vesicula prostatica ventralment
a I'intesti (localitzada posteriorment a la faringe), amb la qual es realitza la transferéncia
d’esperma entre individus. L'organ copulador masculi (el penis) es compon d’una part
bulbosa (bulb penial) i una conica, la papil-la penial, que pot ser molt petita o inexistent
(caracter important en la taxonomia del grup). El penis de les planaries terrestres pot ser
protractil, més comu en Bipaliidae i Microplaninae, o evers (girat enfora), més freqiient en
Rhynchodeminae i Geoplaninae. Aproximadament a l'altura de la faringe, en els animals
adults, els conductes eferents es dilaten per formar falses vesicules seminals, anomenades
aixi perque emmagatzemen el semen i no sén responsables de la produccié de secrecions
seminals. Aquests conductes desemboquen en la vesicula prostatica, una regié que rep
les secrecions dels nutrients necessaris per mantenir la viabilitat dels espermatozoides. La
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vesicula prostatica, situada interna o externament al bulb penial, continua amb el conducte
ejaculador, que travessa la papil-la penial, quan és present, per donar lloc a una cavitat,
Iatri masculi (Seitenfus i Leal-Zanchet, 2004). L'aparell reproductor femeni esta format
per un parell d’ovaris, que normalment es troben en posicié ventral al costat del cap i que
continuen en un parell d’oviductes que viatgen cap a la part posterior del cos (rebent les
secrecions de les glandules vitel-lines) i s'obren en I'atri femeni per mitja d’'una vagina més o
menys conspicua. La posicid i orientacié del conducte glandular comu i de la vagina serveix
per distingir entre els géneres de Geoplaninae.

Figura lI-4, Esquema de I'aparell reproductor masculi i femeni d’una planaria terrestre, modificat de Seitenfus
i Leal-Zanchet, 2004. af: atri femeni; am: atri masculi; bp: bulb penial; cd: conducte deferent; ce: conducte
ejaculador; cgc: canal glandular comu; f: faringe; g: gonopor; i: intesti; o: ovari; od: oviducte; pp: papil-la
penial; t: testicle; vp: vesicula prostatica.

Els atris femeni i masculi estan en contacte (a la zona de convergencia és on es troba
el gonopor o porus genital) i és on té lloc la fecundacid. Durant la copula, el penis d’un
dels individus s’insereix en el gonopor de I'altre individu. L'esperma rebut s'emmagatzema
a la bossa copuladora, que és una estructura de forma generalment ovalada o irregular
(Sluys, 1989b) fins al seu Us reproductiu o bé per usar-lo com aliment. Aquesta bossa es
comunica amb I'atri a través del canal de la bossa, que és allargat i sol rebre una abundant
secrecio glandular. Hi ha diversos tipus de cél-lules secretores que desemboquen en I'aparell
copulador, responsables de diverses funcions, com la lubricacié, I'adhesio, la formacié
d’'una capsula que contindra els ous, el manteniment de la viabilitat dels espermatozoides,
entre d‘altres (Graff, 1899, Hyman, 1951). Un o més ous sén fecundats i, junt amb algunes
cel-lules amb vitel, es tanquen en un petit capoll (cocoon). La formacié del cocoon (Fig. II-5)
es dona en tres estadis, segons Winsor (1998). En algunes espécies es troba una estructura
anomenada adenodactil, que té forma digital, i esta associada a I'atri genital. Té funcio poc
clara, tot i que podria estar relacionada amb la formacié de la coberta del capoll (Winsor,
1998), sembla una petita papil-la del penis i esta format per especialitzacions musculars i
glandulars. El capoll acabat s’expulsa pel gonopor juntament amb secrecions de la glandula
viscosa, que cimentael capollal substrat, quedant fixat directamentalacarainferior de pedres
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o plantes. Aquests capolls inicialment tenen un
color vermellés o marro, que s’enfosqueix a mida

que passen les hores. Tenen un desenvolupament
embrionari altament modificat amb la preséncia

d’'una faringe embrionaria transitoria i després

d’unes setmanes surten de 5 a 10 juvenils de cada

Secrecid de la membrana viscosa cd p5U|a.
miés interna del capoll
al voltant dels ous
i les céllules vitel-lines

Secrecid d'esclerotina g !
C ‘ condensacio

Estadi 3. Les esclerotines s’enganxen
a la membrana viscosa per formar
la paret externa del capoll

. Figura II-5. Esquerra: imatge d’'una planaria terrestre a
punt dextreure un cocoon. Imatge: F. Carbayo. Inferior:
imatge d'un cocoon de Microplana terrestris. Imatge: E.
Mateos.
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Taula llI-1. Estat de la taxonomia dels Terricola abans de I'inici d’aquesta tesi,

Famili Subfamili T ;
Bipaliidae o Graff, 1896
Bipalium Ehmpksotn, 1&5'6 RE,
G awakatsu gren
_ Novlbipalium Froehlich EM 1998
Geoplanidae . Shmpson 1857
Caenoplaninae %n RE Kawakatsu M, 1991
Artioposthia

Geoplaninae

Pelmatoplaninae
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Rhynchodemidae . . Gra

Microplaninae Pantm 1953
Amblyplana i
Artiocotylus raff
Diporodemus H man, 1938
Geodesmus etschnikoff, 1865
Geobenazzia Minelli, 1974
Incapora Marcus, 1953
Microplana VEdeV 1890
Othelosoma i

. Pseudarticotylus e a,

Rhynchodeminae Correa, 1947
Cotyloplana Spencer, 1892
Dollchoplana oselev, 1877
Platydemus Graff, 1896

Rhynchodemus Leidy, 1851
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Classificacié actual dels Tricladides. Basat en Sluys i col-laboradors (2009), amb algunes
modificacions. Marcats de color verd hi ha els géneres que s’han utilitzat, ja sigui en anélisis

especifiques del grup o com a grups externs, en aquesta tesi:
Order TRICLADIDA Lang, 1884
Suborder MARICOLA Hallez, 1892
Superfamily CERCYROIDEA Béhmig, 1906
Family CENTROVARIOPLANIDAE Westblad, 1952
Genus Centrovarioplana Westbald, 1952
Family CERCYRIDAE B6hmig, 1906
Genus Stummeria Bohmig, 1908
Genus Oregoniplana Holmquist and Karling, 1972
Tribe Cercyrini Bohmig, 1906
Genus Probursa Hyman, 1944
Genus Pacifides Holmquist and Karling, 1972
Genus Puiteca Du Bois-Reymond Marcus, 1955
Genus Cerbussowia Wilhelmi, 1909
Genus Sabussowia Bohmig, 1906
Genus Cercyra Schmidt, 1861
Family MEIXNERIDIDAE Westblad, 1952
Genus Meixnerides Westblad, 1952
Genus Jugatovaria Sluys and Ball, 1989
Superfamily BDELLOUROIDEA Diesing, 1862
Family UTERIPORIDAE Béhmig, 1906
Subfamily UTERIPORINAE Bohmig, 1906
Genus Foviella Bock, 1925
Genus Uteriporus Bergendal, 1890
Genus Nexilis Holleman and Hand, 1962
Genus Allogenus Sluys, 1989
Genus Dinizia Marcus, 1947
Genus Leucolesma Marcus, 1948
Genus Vatapa Marcus, 1948
Genus Micaplana Kato, 1937
Subfamily ECTOPLANINAE Bresslau, 1933
Genus Obrimoposthia Sluys and Ball, 1989
Genus Nesion Hyman, 1956
Genus Tryssosoma Ball, 1977
Genus Paucumara Sluys, 1989
Genus Ectoplana Kaburaki, 1917
Genus Ostenocula Sluys, 1989
Genus Procerodella Sluys, 1989
Genus Miroplana Kato, 1931
Family BDELLOURIDAE Diesing, 1862
Subfamily BDELLOURINAE Diesing, 1862
Genus Nerpa Marcus, 1948
Genus Pentacoelum Westblad, 1935
Genus Syncoelidium Wheeler, 1894
Genus Bdelloura Leidy, 1851
Subfamily PALOMBIELLINAE Sluys, 1989
Genus Palombiella Westblad, 1951
Genus Miava Marcus, 1954
Genus Oaghuhawaiiana Kawakatsu and Mitchell, 1984
Genus Synsiphonium Hallez, 1911
Superfamily PROCERODOIDEA Diesing, 1862
Family PROCERODIDAE Diesing, 1862
Genus Procerodes Girard, 1850
Genera Incertae Sedis:
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Genus Micropharynx lagerskiéld, 1896
Genus Tiddles Marcus, 1963
Suborder CAVERNICOLA Sluys, 1990

Family DIMARCUSIDAE Mitchell and Kawakatsu, 1972
Genus Balliania Gourbault, 1972
Genus Rhodax Marcus, 1946
Genus Opisthobursa Benazzi, 1972
Genus Mitchellia Kawakatsu and Chapman, 1983

Suborder CONTINENTICOLA Carranza, Littlewood, Clough, Ruiz-Trillo, Bagufia and Riutort, 1998
Superfamily PLANARIOIDEA Stimpson, 1857

Family PLANARIIDAE Stimpson, 1857
Genus Planaria Miller, 1776
Genus Polycelis Ehrenberg, 1831
Genus Phagocata Leidy, 1847
Genus ljimia Bergendal, 1890
Genus Seidlia Zabusov, 1911
Genus Crenobia Kenk, 1930
Genus Atrioplanaria De Beauchamp, 1932
Genus Digonoporus An der Lan, 1941
Genus Hymanella Castle, 1941
Genus Plagnolia De Beauchamp and Gourbault, 1964
Genus Bdellasimilis Richardson, 1968
Genus Paraplanaria Ball and Gourbault, 1978

Family DENDROCOELIDAE Hallez, 1892
Genus Dendrocoelum Orsted, 1844
Genus Bdellocephala De Man, 1875
Genus Anocelis Stimpson, 1857
Genus Procotyla Leidy, 1857
Genus Sorocelis Grube, 1872
Genus Rimacephalus Zabusov, 1901
Genus Protocotylus Korotnev, 1908
Genus Polycladodes Steinmann, 1910
Genus Archicotylus Korotney, 1912
Genus Baikaloplana Berg, 1925
Genus Miodendrocoelum De Beauchamp, 1929
Genus Dendrocoelopsis Kenk, 1930
Genus Baikalobia Kenk, 1930
Genus Acromyadenium De Beauchamp, 1931
Genus Caspioplana Zabusova, 1951
Genus Armilla Livanov, 1961
Genus Hyperbulbina Livanov and Porfirjeva, 1962
Genus Papilloplana Kenk, 1974
Genus Hyperpapillina Porfirjeva, 1973
Genus Atria Porfirjeva, 1970
Genus Baikalocotylus Porfirjeva, 1977
Genus Alaoplana Kenk, 1974

Family KENKIIDAE Hyman, 1937
Genus Sphalloplana De Beauchamp, 1931
Genus Kenkia Hyman, 1937

Superfamily GEOPLANOIDEA Stimpson, 1857

Family DUGESIIDAE Ball, 1974
Genus Girardia Ball, 1974
Genus Bopsula Marcus, 1946
Genus Cura Strand, 1942
Genus Weissius Sluys, 2007
Genus Schmidtea Ball, 1974
Genus Dugesia Girard, 1850
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Genus Neppia Ball, 1974
Genus Romankenkius Ball, 1974
Genus Eviella Ball, 1977
Genus Spathula Nurse, 1950
Genus Reynoldsonia Ball, 1974
Family GEOPLANIDAE Stimpson, 1857
Subfamily BIPALIINAE Von Graff, 1896
Genus Bipalium Stimpson, 1857
Genus Diversibipalium Kawakatsu, Ogren, Froehlich and
Sasaki, 2002*
Genus Humbertium Ogren and Sluys, 2001
Genus Novibipalium Kawakatsu, Ogren and Froehlich,
1998
Subfamily MICROPLANINAE Pantin, 1953
Genus Amblyplana Von Graff, 1896
Genus Diporodemus Hyman, 1938
Genus Geobenazzia Minelli, 1974
Genus Incapora Du Bois-Reymond Marcus, 1953
Genus Microplana Vejdovsky, 1890
Genus Othelosoma Gray, 1869
Genus Pseudoartiocotylus lkeda, 1911
Genus Statomicroplana Kawakatsu, Froehlich, Jones,
Ogren and Sasaki, 2003*
Subfamily RHYNCHODEMINAE Von Graff, 1896
Tribe Rhynchodemini Von Graff, 1896
Genus Anisorhynchodemus Kawakatsu, Froehlich, Jones,
Ogren and Sasaki, 2003*
Genus Cotyloplana Spencer, 1892
Genus Digonopyla Fischer, 1926
Genus Dolichoplana Moseley, 1877
Genus Platydemus Von Graff, 1896
Genus Rhynchodemus Leidy, 1851
Tribe Caenoplanini Ogren and Kawakatsu, 1991
Genus Arthurdendyus Jones and Gerard, 1999
Genus Artioposthia Von Graff, 1896
Genus Australopacifica Ogren and Kawakatsu, 1991*
Genus Australoplana Winsor, 1991
Genus Caenoplana Moseley, 1877
Genus Coleocephalus Fyfe, 1953
Genus Endeavouria Ogren and Kawakatsu, 1991
Genus Fletchamia Winsor, 1991
Genus Kontikia C. G. Froehlich, 1955
Genus Lenkunya Winsor, 1991
Genus Newzealandia Ogren and Kawakatsu, 1991
Genus Parakontikia Winsor, 1991
Genus Pimea Winsor, 1990
Genus Reomkago Winsor, 1991
Genus Tasmanoplana Winsor, 1991
Genus Timyma E. M. Froehlich, 1978
Tribe Anzoplanini Winsor, 2006
Genus Anzoplana Winsor, 2006
Genus Fyfea Winsor, 2006
Tribe Eudoxiatopoplanini Winsor, 2009
Genus Eudoxiatopoplana Winsor, 2009
Tribe Pelmatoplanini Ogren and Kawakatsu, 1991
Genus Beauchampius Ogren and Kawakatsu, 1991
Genus Pelmatoplana Von Graff, 1896
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Subfamily GEOPLANINAE Stimpson, 1857
Genus Amaga Ogren and Kawakatsu, 1990
Genus Cephaloflexa Carbayo and Leal-Zanchet, 2003
Genus Choeradoplana Von Graff, 1896
Genus Enterosyringa Ogren and Kawakatsu,1990
Genus Geobia Diesing, 1861
Genus Geoplana Stimpson, 1857
Subgenus Barreirana Ogren and Kawakatsu,
1590
Subgenus Geoplana Stimpson, 1857
Genus Gigantea Ogren and Kawakatsu, 1990
Genus Gusana E. M. Froehlich, 1978
Genus Issoca C. G. Froehlich, 1978
Genus Liana E. M. Froehlich, 1978
Genus Luteostriata** Carbayo, 2010
Genus Notogynaphallia Ogren and Kawakatsu, 1990
Genus Pasipha Ogren and Kawakatsu, 1990
Genus Polycladus Blanchard, 1845
Genus Pseudogeoplana Ogren and Kawakatsu, 1990*
Genus Supramontana Carbayo and Leal-Zanchet, 2003
Genus Xerapoa C. G. Froehlich, 1955
*indica grup col-lectiu.
**indica que aquest génere es va descriure posteriorment a la publicacié d’Sluys i col. 2009.
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ANNEX IV

CARACTERITZACIOMORFOLOGICA DELS TAXONS
ESTUDIATS

1. Cephaloflexa bergi Graff 1899

El génere Cephaloflexa Carbayo i Leal-Zanchet (2003) és format per geoplaninids de cos allargat,
subcilindric o subsemicircular; amb el terg¢ anterior del cos progressivament aprimat, sense constriccions o
expansions; sense solcs a la regio ventral. Cephaloflexa bergi va ser descrita al 1899 per Graff com Geoplana
bergi i inclosa per Ogren i Kawakatsu al 1990 dins del génere Notogynaphallia. Actualment és I'espécie tipus
del génere Cephaloflexa. Pot fer fins a 8 cm de longitud i té coloracions que van des del taronja o marro fins
al verd fosc i en algunes ocasions presenta una ratlla fosca sagital amb el cap de color negre (Marcus, 1951).
En repos, el cos queda enrotllat en una espiral plana, amb I'extrem anterior embolicat cap al dors (Fig. IV-1).
Quan repten, I'extrem anterior del cos queda enrotllat cap al dors i ventralment concau. En estat d’alarma, o
quan perd el contacte amb el substrat, C. bergi estén I'extrem cefalic, de manera que pot explorar un espai
relativament gran per a tornar a la seva posicio habitual (Froehlich, CG, 1955). La sola ventral és ampla i
els ulls i les fossetes sensorials es troben absents a I'apex anterior. No tenen musculatura mesengquimatica
longitudinal, mentre que la musculatura mesenquimatica subneural transversal només esta a la regio cefalica.
Pel que fa a I'aparell reproductor, no tenen papil-la peniana i les parets de I'atri masculi es troben plegades.
Els testicles tenen una posicié Unica entre la capa supraintenstinal i I'intesti. La vagina esta dirigida dors-
anteriorment, sense papil-les sensorials ni adenodactils (Carbayo, 2003). Cephalofiexa bergi Graff 1899 s'ha
citat a 11 localitats de Brasil (Carbayo i Froehlich, 2008)(Fig.IV-1).

Trimreres

Distribucid C. bergi &

ES= Espiritu Santo

RI= Rio de Janeiro
SP=S&o Paulo

PR= Paran&

SC=Santa Catarina
RS= Rio Grande do Sul

Figura IV-1. Mapa de la distribucié de C. bergi al Bosc Atlantic de Brasil basat en dades publicades (Carbayo i
Leal-Zanchet, 2008) i resultats dels mostrejos d’aquesta tesi. Imatge: F. Carbayo.
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2. Geoplana goetschi sensu Marcus (1951)

El génere Geoplana Stimpson, 1857 el formen Geoplaninae de cos allargat, amb
una sola ventral 1/3 més ampla que el cos. La musculatura subepidérmica longitudinal esta
ben desenvolupada i la musculatura mesenquimatica longitudinal no existeix o esta poc
desenvolupada. Referent al copulador, hi ha papil-la peniana i el canal femeni desemboca
dorsalment a I'atri. No tenen organs glandulars cefalics, papil-les sensorials ni adenodactils
(Carbayo, 2003). Pel que fa a Geoplana goetschi, hi ha certa controversia pel que fa a la
seva classificacié. Geoplana goetschi sensu Marcus (1951), que difereix significativament
de Geoplana goetschi sensu Riester (1938). Riester va descriure I'espécie amb manca
d’una papil-la peniana permanent, mentre que en una analisi posterior, Marcus i Froehlich
van trobar que tots els individus tenien una papil-la peniana permanent (Leal-Zanchet i
Carbayo, 2001). Segons Marcus, Geoplana goetschi comprén animals de cos fins a uns 200
mm de longitud de cos pla i marges gairebé paral-lels al llarg de tot el cos. El dors és de
color groguenc amb taques de color oliva fosc. La majoria dels animals tenen un parell
de bandes laterals groguenques. La boca i el porus genital es troben en el quart quarter
del cos. Gracies a les peculiaritats histologiques del sistema muscular es pot reconéixer
de forma inequivoca el material descrit per Marcus. Temporalment I'espécie goetschi s’ha
assignat al génere Geoplana, pero caracteristiques de |I'aparell copulador indiquen que en
un futur s’haura de redescriure I'espécie i segurament assignar-la a un génere nou dins de
Geoplaninae.

2 a0
Kilbmetres

ES= Espiritu Santo

RJ= Rio de Janeiro
SP=S&o Paulo

PR= Parana

SC= Santa Catarina
RS= Rio Grande do Sul

Figura IV-2. Mapa de la distribucio de Geoplana goetschi sensu Marcus 1951 al Bosc Atlantic brasiler, basat en
dades dels mostrejos d'aquesta tesi, ja que les dades de Carbayo i Froehlich (2008) barregen les dues espécies
(Geoplana goetschi Marcus i Geoplana goetschi Riester), de manera que no es poden distingir. Imatge: F.
Carbayo
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3. Geoplana quagga Marcus 1951

Es tracta d’organismes amb una franja dorsal mitjana de color blanc. Els ulls es
disposen en series simples, concentrant-se més al davant que no pas al darrere.

Pel que fa al copulador, els conductes eferents es disposen dorsalment als
ovovitel-loductes, dilatant-se a la zona post-faringea, plens d’esperma. El conducte
ejaculador comenca sent curt, estret i amb musculatura propia, dilatant-se quan entra al
bulb penia. Unanell muscularsepara |I'atri masculi del comu. L'atri femeni és molt voluminds,
de superficie esférica, revestit d’un epiteli sense cilis.

Aquesta espécie va ser una de les provades per l'estudi filogeografic del Bosc
Atlantic, pero es va descartar per la seva poca variabilitat genetica. Aquesta baixa diversitat
nucleotidica pot estar relacionada amb I'ecologia de I'espécie, ja que aquesta és generalista
i és freqiient trobar-la en regions molt afectades per I'accié de I’home.

ES= Espiritu Santo
RJ=Rio de Janeiro
SP=Sao Paulo

PR= Parana

SC= Santa Catarina
RS= Rio Grande do Sul

Figura IV-3. Mapa de la distribucié de Geoplana quagga al Bosc Atlantic de Brasil i detall del copulador segons
Marcus, 1951. Imatge: F. Carbayo.
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4. Enterosyringa pseudorhynchodemus Riester 1938

Aquesta espécie fou primerament descrita com a Geoplana pseudorhynchodemus per
Riester (1938), i no va ser fins al 1990 quan Ogren i Kawakatsu van descriure el nou génere
Enterosyringa, al qual pertany aquesta espécie en I'actualitat. Es tracta de geoplaninids de
cos linear i esvelt, amb una sola filera d’ulls marginals. La sola ventral ocupa un 50% de
I'amplada ventral, amb musculatura cutania fina especialment sota del peu arrossegador.
La musculatura cutania és més forta que la parenquimatica. Un sol canal intestinal
cutani s’obre a la cara ventral prop del copulador, amb testicles dorsals i papil-la penial
ben desenvolupada. El canal femeni entra horitzontalment i els conductes ovovitel-lins
s’aproximen ventralment des de la part posterior. Ovaris posteriors, i més a prop de la base
de la faringe que de I'extrem anterior. E. pseudorhynchodemus es caracteritza per presentar
tots els caracters generals del génere, amb testicles en posicié dorsal i el sistema nerviés
en forma de dos cordons longitudinals, a diferéncia de la majoria de Geoplaninae. Aquesta
especie presenta la mateixa distribucio que G. quagga. També va ser una de les candidates
a I'estudi filogeografic, pero la seva mida petita generava dificultats per trobar-la, i molts
problemes a les extraccions de DNA, de manera que també es va descartar.

Figura IV-4, Detall de I'aparell copulador de Enterosyringa pseudorhynchodemus, segons Riester, 1938
(superior). Imatge de I'espécie (inferior). Foto: F. Carbayo.
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5. Choeradoplana iheringi Graff 1899

Els organismes pertanyents al génere Choeradoplana (Graff, 1896) sén geoplanids de
cos allargat, sola ventral llarga, ocupant més d’un terg de la longitud del cos. Musculatura
longitudinal cutania forta, presentant ventralment una porcié interna del plexe nerviés
cutani. Tenen una musculatura longitudinal parenquimatica molt prima o absent. Els
testicles son dorsals. L'extrem cefalic té un organ musculo-glandular. Sense papil-les
sensorials i aparell copulador sense adenodactils (Froehlich, 1955). Choeradoplana iheringi
(Graff, 1899) és I'espécie tipus del génere, assignada per Froehlich al 1955. Presenta una
musculatura subcutania formada per tres capes musculars subepitelials (circular, obliqua
i longitudinal). El canal femeni entra a I'atri genital dorsalment. Segons la redescripcié de
Leal-Zanchet i de Souza (2003) el seu dors sol ser marré o color crema amb petites taques
de color marré fosc o clar i els ulls marginals. Uextremitat anterior del cos esta enrotllada
dorsalment, tant si esta reptant com si es troba en repos (Fig. IV-5). Pel que fa a I'anatomia
interna, la faringe és de tipus campaluniforme (potser com adaptacié a alguna presa) i no
tenen esofag, de manera que la cavitat intestinal es comunica directament amb la llum de la
faringe. La vesicula prostatica o seminal té dues regions, una interna tubular i l'altra externa,
de forma variable, molt ben comunicades amb I'atri masculi, que és ciliat. La vagina té
forma de C, corbada dorso-anteriorment i és folrada per epiteli cilindric pseudoestratificat.
L'atri femeni és allargat i ciliat. Donat que no tenen papil-la peniana (tret caracteristic del
génere), la regié externa de la vesicula prostatica es comunica directament amb la regié
interna de I'atri masculi, sense la intervencié d’un conducte ejaculador. Com a peculiaritat,
hi ha espermatozous associats a secrecions formant conglomeracions semblants a
espermatofors.

Pel que fa a la seva ecologia, aquesta espécie té preferéncia per habitats més alterats,
de manera que pot ser un bon indicador biologic de les pertorbacions que pugui haver patit
I’habitat en el qual es trobi (Carbayo i col. 2002). Es va provar per fer estudis filogeografics,
pero va resultar ser poc variable a nivell genetic.

L e ﬂ'
KiEratras

Distribucid C. theringi A

ES= Espiritu Santo
RJ= Rio de Janeiro
5P=Sho Paulo

PR= Parand

SC= Santa Catarina
RS= Rio Grande do Sul
MG= Minas Gerais

Figura IV-5. Mapa de la distribucié de Choeradoplana iheringi amb detall del copulador segons Leal-Zanchet i
Simone, 2003. Imatge: M. Alvarez-Presas.
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6. Issoca sp. nov.

El génere Issoca fou descrit per Froehlich al 1955 per a geoplanids de cos allargatisola
ventral allargada, ocupant més d’un ter¢ de la longitud del cos. Igual que Choeradoplana,
amb musculatura longitudinal cutania forta i la parenquimatica molt fina o absent. També
presenta els testicles dorsals i I'extremitat cefalica amb un organ musculo-gladular, de
superficie adhesiva. Sense papil-les sensorials i sense adenodactils al copulador. Tampoc
presenta papil-la peniana, en general, o és intra-atrial. En particular, I'espécie nova, que
s’ha trobat només a dues localitats (Fig. IV-6), es caracteritza per ser gran (fins a 12 cm de
longitud). Té el dors i el ventre de color blanc, amb el cap de color ataronjat, amb un parell
de linies negres medials separades per una banda blanca mitjana groga sobre la qual hi ha
una linia negra. Les regions laterals tenen taques arrodonides negres. La boca es troba en
el cinque anterior de la bossa faringea, i la faringe és cilindrica. L'aparell copulador té una
vesicula prostatica extrabulbar, piriforme, amb expansions laterals a la seva regié proximal.
La papil-la peniana és tronc-conica, disposada obliquament cap al ventre, menor que |'atri
masculi. LUatri femeni és ampli i sense plecs, en forma d’embut, tan llarg com el masculi i
ampliament comunicat amb aquest. La descripcio morfologica d’aquesta especie encara no
ha estat publicada, i sera una de les feines futures d'aquesta tesi.

] 400
it
Klometres

Distribucio /ssoca sp. nov. 4

ES= Espiritu Santo

RJ= Rio de Janeiro
SP=S&o Paulo

PR= Parana

SC= Santa Catarina
RS= Rio Grande do Sul

Figura IV-6. Mapa de distribucio (on s’ha localitzat fins al moment, dins d’aquesta tesi) i imatge de la nova
espécie del génere Issoca cedida per F. Carbayo.
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7. Geoplana goetschi sensu Riester (1938)

Segons una descripcié de Froehlich (1956), son animals que per morfologia externa
tenen el dors de color castany-ocre, amb una linia al mig fina, al marge una linia castany fosc
(quasi negre) que per dins és groga. El ventre és de color crema i I'extrem anterior acostuma
a ser més fosc. Pel que fa al copulador, no presenten papil-la peniana (tret que diferéncia
aquesta especie de la descrita per Marcus al 1951 i de la que hem parlat anteriorment,
Geoplana goetschi sensu Marcus (1951)), que és substituida a I'atri masculi per un plec
circular.

ES= Espiritu Santo

RJ= Rio de Janeiro
SP= S&o Paulo

PR= Paranéa

SC= Santa Catarina
RS= Rio Grande do Sul

Figura IV-7. Mapa de la distribucié de Geoplana goetschi sensu Riester 1938 segons les dades obtingudes en
aquesta tesi. Detall de I'aparell copulador de segons Carbayo, 2003 i imatge cedida per F. Carbayo.
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8. Microplana terrestris Miiller 1774

Microplana terrestris va ser la primera planaria terrestre descrita i és considera la més
abundant. Alguns dels caracters del génere Microplana (definit per Kawakatsu i col. al 2003)
son: “Microplaninae amb el cos allargat i arrodonit, amb dos ulls petits, amb un penis ben
desenvolupat a |I'aparell copulador masculi, amb papil-la peniana i I'aparell femeni amb un
sol canal (vagina), desembocant a I'atri comu; sense adenodactils, ventoses o tentacles”.
Microplana terrestris presenta aquests caracters, i d'altres que el defineixen com espeécie.
Sén organismes d’'uns dos centimetres de longitud i 1 a 2 mm d’ample, amb el color del
cos gris, marronds o negre pero la sola ventral de color blanc. Amb el cos cilindric, I'extrem
anterior és arrodonit, amb dos ulls petits als laterals (Johns, 1998; Jones, 2005). L'anatomia
interna és ben coneguda, com s’ha descrit anteriorment i es pot observar a la figura (Fig.
IV-8). Es possible que després dels resultats obtinguts en aquesta tesi, la distribucié de
M. terrestris canvii, ja que és possible que alguns dels registres que hi ha de I'espécie a
Europa realment correspongui a alguna de les variants moleculars que s’han trobat, i que
possiblement esdevindran noves espécies, molt semblants per morfologia externa a M.
terrestris i facils de confondre.

o 400
Kilometres

Figura IV-8. Mapa de distribucié de Microplana terrestris a Europa segons dades de www.faunaeur.org/
distribution.php amb detall de I'anatomia interna de I'aparell copulador segons Ogren, 1984. Imatge: E.
Mateos.
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