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PREMESSA

Questa tesi si basa sull’analisi dei pattern di diversita genetica in alcune specie di
anfibi italiani. Nel capitolo 1 vengono presentate le tematiche e gli obiettivi generali
che hanno ispirato lo studio. Per ognuna delle specie studiate i risultati ottenuti sono
stati elaborati, discussi ed inviati a riviste scientifiche peer-reviewed per la
valutazione e 'eventuale pubblicazione. Ciascuno dei capitoli da 2 a 5 ¢ in ogni sua
parte conforme al manoscritto inviato ad una rivista, ad eccezione della letteratura
citata che viene presentata in forma cumulativa nell’ultima sezione della tesi. Infine,
nel capitolo 6 viene presentata una discussione generale dei risultati ottenuti ed una

analisi della loro rilevanza ai fini degli obiettivi generali dello studio.



1. INTRODUZIONE

La Filogeografia ¢ la disciplina che si occupa dei principi e dei processi che hanno
determinato Dattuale distribuzione geografica delle linee genealogiche dei geni,
all'interno delle specie e tra specie strettamente affini (Avise, 1987). Nonostante la
sua origine recente, le ricerche svolte in quest’ambito hanno prodotto una letteratura
scientifica straordinariamente copiosa (Avise, 2000). L’interesse suscitato da questa
disciplina nasce dalla possibilita che essa offre di far luce sui processi storici che
hanno concorso a strutturare l'attuale distribuzione geografica della variabilita
genetica, ma anche sul possibile ruolo di fattori recenti, di origine antropica, nonché
sui processi evolutivi a livello di popolazioni, quali pattern di dispersione, passate
frammentazioni e/o fluttuazioni demografiche, ecc. (Bermingham & Moritz, 1998;
Avise, 2000; Emerson & Hewitt, 2005). Tra 1 suoi sviluppi certamente piu
interessanti vi ¢ la Filogeografia Comparata, ossia lo studio dei pattern di
concordanza (e discordanza) filogeografica tra taxa aventi distribuzione geografica
sovrapposta. La ricerca di pattern comuni nella distribuzione geografica delle specie,
¢ stata al centro dell’attenzione della scienza sin dalla nascita della Biogeografia
come disciplina (Wallace, 1869). L’utilizzo di metodiche di genetica biochimica e
molecolare e lo sviluppo di studi di filogeografia comparata sta perd dando alla
biogeografia nuove spinte, consentendole tra laltro di indagare questioni eco-
evolutive classiche, su scale spaziali e temporali piu piccole di quanto non fosse stato
possibile in precedenza (Arbogast & Kenagy, 2001; Zink, 2002). Questo approccio
sta permettendo infatti di individuare eventi criptici di vicarianza che hanno svolto
un ruolo determinante nello struttuare le comunita biotiche, di far luce sul ruolo
della geografia nei processi di speciazione, nonche di studiare I'associazione tra cicli
climatici e distribuzione geografica delle specie e della variazione genetica all’interno
di esse (Bernatchez & Wilson, 1998; Bermingham & Moritz, 1998; Zink, 2002).
Esso si sta inoltre rivelando uno strumento particolarmente utile alla pianificazione
delle strategie di conservazione di taxa minacciati dal crescente impatto antropico

sugli ecosistemi, perche in grado di fornire informazioni circa 'esistenza di aree



geografiche evolutivamente divergenti e di hotspot di biodiversita genetica (Moritz
& Faith, 1998; Avise, 2004).

Nel presente lavoro viene utilizzato un approccio basato sulla filogeografia
comparata, per indagare il ruolo di alcuni importanti processi storico-evolutivi nel
determinare i pattern di diversita genetica in taxa della penisola italiana, e per fornire
informazioni wutili alla pianificazione degli interventi di conservazione della
batracofauna. Di seguito 1 due obiettivi verranno introdotti e presentati

separatamente .

1.1 OSCILLAZIONI CLIMATICHE DEL QUATERNARIO E

PATTERN DI DIVERSITA GENETICA

Tra 1 fattori storici che hanno maggiormente contribuito a strutturare I’attuale
distribuzione geografica delle specie e della variazione genetica all'interno di esse, vi
sono le oscillazioni climatiche del Quaternario (Webb & Bartlein, 1992). I’entita e le
modalita delle modificazioni indotte da tali eventi ¢ assai diversa nelle diverse regioni
del pianeta, particolarmente in dipendenza della posizione e distanza rispetto
all’equatore e alle masse oceaniche, ed all’orientamento delle principali catene
montuose (Hewitt, 2004a & 2004b e riferimenti all'interno). In Europa, durante le
fasi pleniglaciali la calotta si estendeva a sud fino al 52° parallelo, gran parte della
porzione centrale del continente era occupata da tundra e steppe fredde, ed il
generale abbassamento del livello del mare di molte decine di metri determino un
arretramento della linea di costa che in alcuni casi, come in Adriatico, riguardo
centinaia di chilometri (Van Andel & Tzedakis, 1996). Evidenze fossili,
palinologiche e piu recentemente genetiche, indicano che numerose specie animali e
vegetali sopravvissero alle avverse condizioni climatiche vigenti durante queste fasi
rifugiandosi prevalentemente nelle penisole meridionali iberica, italiana, balcanica e
in Caucaso (ad es. Hewitt, 2000; ma vedi anche Stewart & Lister, 2001 and
Deffontaine et al., 2005). La condizione di allopatria avrebbe poi portato al lento

accumulo di divergenza tra popolazioni residenti in distinti rifugi glaciali. Al



ripristino di condizioni climatiche piu favorevoli, durante le fasi interglaciali, gli
habitat settentrionali sarebbero stati ricolonizzati a partire dalle aree di rifugio, con
conseguente formazione di zone di contatto secondario e di ibridazione tra linee
evolutive differenziatesi appunto in rifugi diversi. Il maggior contributo a tale
processo di ricolonizzazione sarebbe venuto dalle popolazioni del rifugio balcanico,
mentre per effetto dell’orientamento geografico dell’arco alpino e dei Pirenei,
minore sarebbe stato il contributo dalla penisola iberica e soprattutto da quella
italiana. Una delle principali implicazioni di questo scenario generale ¢ il pattern cosi
detto di “southern richness, northern purity” (Hewitt, 1996, 1999 & 2000), ossia la
maggior variabilita genetica riscontrata in popolazioni meridionali (quelle cio¢ situate
nelle aree ipotizzate di rifugio) rispetto a quelle settentrionali. Tale maggior diversita
¢ stata spesso attribuita alla prolungata stabilita demografica che avrebbe
caratterizzato queste popolazioni, rispetto a quelle piu settentrionali fondate
attraverso un processo (I'espansione verso nord dell’areale) implicante successivi
colli di bottiglia (Hewitt, 1996 & 2000; ma vedi Bilton e# al, 1998; Austerlitz ef al.,
2000; Petit ez al., 2003). Piu di recente, il gran numero di filogeografie publicate su
taxa della penisola Iberica ha permesso di accostare a questo scenario classico, che
implica Desistenza nelle penisole meridionali di popolazioni grandi e
demograficamente stabili per lunghi periodi (di qui in avanti definito scenario
P.D.S.), uno scenario in parte alternativo definito di “refugia-within-refugia” (di qui
in avanti R.F.R.; Sanz ¢z al., 2000; Guillame ez /., 2000; Gomez & Lunt, 2004). Esso
prevede che la maggior diversita all'interno della penisola iberica sia da attribuire ad
una significativa strutturazione geografica delle popolazioni imputabile almeno in
parte all’esistenza di piu aree di rifugio, o di fattori comunque in grado di
determinare differenziamento allopatrico all'interno di questa penisola. Questa
ipotesi, supportata da un crescente numero di evidenze (Jaarola & Searle, 2004; Vila
et al., 2005; per una rassegna v.d. Gomez & Lunt, 2004), ha diverse implicazioni.
Anzitutto, per effetto della frammentazione, il processo di perdita di variabilita
genetica durante la ricolonizzazione degli habitat settentrionali avrebbe avuto luogo
a partire da un subset del pool genico originario, e sarebbe percio stato piu drastico.
Inoltre, a questi eventi di micro-allopatria avrebbero potuto seguire fenomeni di

contatto secondario, il cui ruolo nella formazione degli attuali pattern di



distribuzione della diversita e dei livelli di variabilita genetica delle popolazioni
all'interno della penisola potrebbe essere stato fino ad oggi sottostimato.

Anche per quanto riguarda la penisola italiana, uno scenario di P.D.S. ¢ stato
ritenuto un plausibile tratto comune della storia di molti taxa, sia da quegl’autori che
ne hanno enfatizzato il ruolo come rifugio glaciale e sorgente per le successive
ricolonizzazioni degli habitat settentrionali, sia da coloro i quali ne favoriscono una
visione come area ad elevata endemicita ma non come sorgente per le
ricolonizzazioni (Hewitt, 1996; Bilton ez al, 1998; Petit et al, 2003). La recente
letteratura relativa a casi di studio dalla penisola iberica suggerisce tuttavia la
possibilita che altri processi evolutivi abbiano contribuito a generare tale pattern.
Primo obiettivo dello studio che viene qui proposto ¢ dunque quello di valutare
quale sia stato il contributo relativo degli scenari P.D.S. e RF.R. nel determinare
l'attuale distribuzione geografica della variazione genetica in taxa della penisola
italiana. A tal fine si ¢ scelto di concentrare Iattenzione sulla fauna anfibia, ed in
particolare su tre specie di anfibi endemici italiani: Salamandrina terdigitata, Hyla
intermedia, Bombina pachypus. Per ciascuna di esse verranno presentate analisi della
struttura genetica delle popolazioni, studiata mediante I'utilizzo di marcatori sia
nucleari (allozimi) che mitocondriali. I risultati ottenuti verranno valutati sia
separatamente per ciascuna delle specie, che comparandoli tra loro e con altri cast di
studio al fine di apprezzarne la generalizzabilita.

Alcuni tratti della biologia degli anfibi li hanno resi ormai da lungo tempo
organismi molto apprezzati per studi di genetica delle popolazioni. In particolare, la
loro generale tendenza ad una modesta vagilita e spiccata filopatria ne determina una
scarsa abilita nell’oltrepassare barriere geografiche costituite da habitat sfavorevoli
anche di modesta entita (e.g. Austin ez al, 2002). Ne consegue che essi siano
organismi ideali per lo studio dell'influenza dei diversi fenomeni storict sui pattern di
diversita genetica all'interno e tra le popolazioni. Inoltre, anche in virtu delle
caratteristiche poc’anzi ricordate, ¢ lecito supporre che specie con caratteristiche
ecologiche diverse potrebbero aver risposto in modi diversi alle medesime vicende
storiche, ad es. paleoclimatiche (vedi anche Avise, 2000). Percio, essendo il primo
obiettivo di questo studio quello di evidenziare il contributo relativo di processi

evolutivi alternativi (P.D.S. vs. R.F.R.), piuttosto che non 'effetto di passati eventi



storici su un particolare ambiente e le specie ad esso legate, la scelta di studiare
specie tra loro diverse in quanto a scelta dell’habitat (vedi paragrafo 1.3) ¢ sembrata
la strategia piu appropriata. Considerato che le specie di anfibi qui studiate sono
anche le prime in Italia peninsulare per le quali saranno disponibili dati da marcatori
sia nucleari che mitocondriali, questa scelta consentira inoltre di estendere le

possibilita di comparazione dei risultati ottenuti ad un maggior numero di casi.

1.2 CONSERVAZIONE DEGLI ANFIBI IN ITALIA

Nel contesto della generale crisi della biodiversita, particolare attenzione sta
ricevendo da ormai piu di quindici anni il Declino Globale degli Anfibi, ossia il
crollo demografico e Testesa perdita di popolazioni che si sta verificando
praticamente in tutto il pianeta a carico di questa classe di vertebrati. La World
Conservation Union (IUCN) ha recentemente pubblicato il Global Amphibian
Assessment, concludendo che almeno il 43% delle 5743 specie note di anfibi ha
popolazioni in declino, ed il 32% ¢ minacciata di estinzione. Questa percentuale ¢
assal elevata, soprattutto se confrontata con quella relativa ad uccelli e mammiferi
(12% e 23% rispettivamente; IUCN, 2004), due gruppi il cui stato di conservazione
¢ universalmente considerato preoccupante. Un ulteriore elemento di
preoccupazione deriva dal fatto che gli anfibi sono considerati ottimi indicatori dello
stato di conservazione degli ambienti naturali (Vitt ef a/, 1990; Blaustein & Wake,
1990; Barinaga, 1990; Blaustein & Wake, 1995; Beebee, 1996; Blaustein & Johnson,
2003), sicché un loro declino a livello globale rappresenta certamente un allarmante
segnale circa l'attuale condizione degli ecosistemi (Baringa, 1990; Blaustein & Wake,
1995). Tra le maggiori cause del fenomeno vi sono certamente la distruzione e le
gravi alterazioni degli habitat naturali da parte dell'uomo, il recente sviluppo
epidemico di alcune infezioni, I'introduzione di fauna alloctona, ecc... (per estese
revisioni si vedano ad es. Alford & Richards, 1999 e Gardner, 2001). Tuttavia una
cospicua mole di casi di declino si sono verificati all'interno di aree protette o
comungue non direttamente interessate da attivita umane (ad es. Lips, 1998; Stallard,

2001; Blaustein & Kiesecker, 2002). Cio, se da un lato ha determinato notevole



preoccupazione per I'impossibilita di indicare cause semplici e dirette del fenomeno,
dall’altro ha portato allo sviluppo di una gran quantita di ricerche e all’utilizzo dei
piu diversi strumenti di indagine attraverso i quali ¢ stato possibile giungere
all'individuazione di diverse cause complesse ed interazioni tra fattori (Blaustein &
Kiesecker, 2002; Blaustein & Johnson, 2003).

Tra i diversi paesi dell’area paleartica occidentale, I'Italia puo essere
considerata di gran lunga quello a maggior ricchezza di specie di anfibi, oltre la meta
delle quali endemiche (Borkin, 1999). Tuttavia, a causa della scarsita di indagini sulla
consistenza delle popolazioni attuali e dell’assenza di una adeguata documentazione
storica (Shaffer ez al, 1998; Andreone & Luiselli, 2000), quadri organici sulla
situazione conservazionistica degli Anfibi italiani sono decisamente scarsi, e si
basano per lo piu su considerazioni di carattere qualitativo (ad es. Bruno, 1973 e
1983; Andreone & Luiselli, 2000). Inoltre, per quanto riguarda gli studi di
monitoraggio svolti su singole popolazioni, particolarmente grave ¢ da ritenersi la
carenza di dati relativi a lunghi periodi di tempo. Infatti, come ormai accertato da
numerosi autori (ad es. Pechmann e# a/, 1991; Pechmann & Wilbur, 1994; Skelly ez
al., 1999; Skelly et al., 2003) studi a breve termine hanno scarsissimo valore a fini
conservazionistici, non potendo discriminare tra gli eventi di effettivo declino delle
popolazioni e le fluttuazioni demografiche naturali caratterizzanti le
sottopopolazioni di un sistema a metapopolazione (Hansky, 1994; Hecnar &
M’Closkey, 1996; Marsh, 2001).

Per quanto riguarda le singole specie, il maggior contributo alla
conservazione degli anfibi italiani ¢ certamente venuto da studi di genetica delle
popolazioni. Basti ricordare la profonda revisione che tali studi hanno determinato
nell’assetto tassonomico di quasi tutti i gruppi investigati, con l'individuazione di
numerose specie criptiche, molte delle quali endemiche. Ricordiamo in proposito,
tra gli altri, il caso della raganella italiana (Nascetti ez al, 1995), della rana
appenninica (Picariello ez al., 1990), della salamandra di Lanza (Nascetti ez a/, 1988),
delle diverse specie appartenenti ai generi Hydromantes (Nascetti et al., 1996) e
Discoglossus (ad es. Lanza et al., 1984 & 1987). Altri studi su specie diverse hanno poi
contributo ad accertarne la struttura genetica ed i livelli di variabilita genetica delle

popolazioni (ad es. Santucci et al, 1996; Ragghianti & Wake, 1986; Scillitani &



Picariello, 2000). Tuttavia, molte specie non sono ancora state studiate e soprattutto,
nei soli casi delle due salamandre alpine Salamandra atra e Salamandra langai sono
attualmente disponibili dati circa la struttura e la variabilita genetica relativamente a
marcatori sia nucleari sia mitocondriali (Nascetti ¢# a/., 1988; Riberon e al., 2001 &
2002). Quest’ultimo aspetto costituisce per gli anfibi italiani un elemento di grave
anomalia nel contesto internazionale degli studi di genetica delle popolazioni e
genetica della conservazione. In anni recenti si sono infatti andate accumulando
evidenze sempre maggiori del fatto che I'utilizzo di un solo marcatore genetico puo
facilmente portare a conclusioni parziali od errate, e che per contro il confronto dei
risultati ottenuti con marcatori aventi modalita di trasmissione ereditaria ed
evoluzione diverse, possa costituire in molti casi 'unico strumento attraverso cui
giungere ad una corretta documentazione dello stato delle popolazioni e soprattutto
alla comprensione dei fenomeni storici che tale stato hanno maggiormente
contribuito a determinare (vedi ad es. Piel & Nutt, 2000; Shaw, 2002).

Da quanto fin qui detto emerge come a tutt’oggi non esista un quadro
d’insieme tale da costituire quella base scientifica fondamentale per una corretta
pianificazione degli interventi di gestione delle specie e di prioritizzazione
conservazionistica delle aree geografiche dove esse insistono.

Come sopra ricordato, gli studi di filogeografia e filogeogratia comparata
possono fornire informazioni di grande rilievo per la biologia della conservazione, in
particolare consentendo Iidentificazione di aree geografiche evolutivamente
divergenti, su cui basare una zonazione “eco-evolutiva” (da contrapporsi all’attuale
“politico-aministrativa”) degli interventi di conservazione, nonché di possibili
hotspot di diversita genetica verso cui dirigere prioritariamente tali interventi. Cio
individua il secondo obiettivo del presente lavoro, ossia quello di contribuire alla
conservazione degli anfibi italiani fornendo il primo contributo utile proprio

all’identificazione di tali aree.



LE SPECIE STUDIATE

Le specie oggetto di questo studio, lo ricordiamo, sono tre: la salamandrina dagli
occhiali, la raganella italiana, I'ululone appenninico. Di seguito, ciascuna di esse
viene presentata brevemente.

La salamandrina dagli occhiali, Salamandrina terdigitata (Lacépede, 1788), ¢
una specie endemica italiana, diffusa lungo I'arco appenninico dalla Liguria alla
Calabria. Essa ¢ anche l'unica rappresentate del suo genere, che tuttavia doveva
avere un tempo una diffusione pit ampia come testimoniano reperti fossili trovati in
Sardegna e Grecia (Lanza, 1988 e riferimenti all'interno). La distribuzione
altitudinale di questa specie ¢ abbastanza ampia, dal livello del mare ad oltre 1300 m
s..m., sebbene sia piu frequente nella fascia compresa tra 1 200-900 m s.lm. (e.g.
Lanza, 1983; Mazzotti etal, 1999; Corsetti & Angelini, 2000). L’habitat per
Povideposizione ¢ costituito prevalentemente da torrenti e ruscelli poco profondi e a
corso lento, ma non di rado vengono utilizzati i piu diversi tipi di ambienti umidi,
quali piccoli fossi, pozze effimere, fontanili.

Per quanto riguarda linquadramento conservazionistico, la salamandrina
dagli occhiali ¢ citata negli Allegati II e¢ IV della Direttiva Habitat (Direttiva
92/43/CEE) ed ¢ inserita in Appendice II della Convenzione di Berna. Essa ¢
inoltre protetta in Italia da leggi a carattere regionale. Tra le molteplici cause di
preoccupazione conservazionistica vanno certamente annoverate la frammentazione
degli habitat, nonche¢ I'inquinamento e le alterazioni strutturali dei siti riproduttivi
(regimentazionedelle acque, captazione, ...) e delle aree ad essi associati, ad es.
mediante esbosco (ad es. Corsetti & Angelini, 2000).

La raganella italiana, Hyla intermedia (Boulenger, 1882), ¢ una specie
endemica dell’Italia e della Sicilia, fino a pochi anni fa attribuita alla specie H. arborea
e rivalutata quale buona specie in seguito a ricerche di genetica biochimica (Nascetti
et al., 1995). La raganella italiana ¢ un anfibio che nei periodi di attivita mostra
abitudini spiccatamente arboricole. Attiva principalmente nelle prime ore notturne,
predilige per la riproduzione acque ferme o debolmente correnti, stagni a
disseccamento stagionale, piccoli laghi, ma anche risaie o cave in disuso. Sembra che

la riproduzione possa avvenire anche in acque debolmente salmastre (Lanza, 1983)



oltre che in pozze di acqua sulfurea (Cucchiara ez al., 1996). Per quanto riguarda la
distribuzione altitudinale la raganella italiana mostra una spiccata preferenza per le
aree di pianura sia costiere che interne. Da quanto riportato negli atlanti erpetologici
regionali sembra che I’80-90% delle popolazioni siano situate a quote inferiori ai 400
m s.l.m. (v.d. ad es. Venchi, 2000; Mazzotti ¢ al., 1999; Gasc et al., 1997), sebbene
soprattutto nelle porzione meridionale dell'areale esistano segnalazioni di piccole
popolazioni situate al di sopra dei 1000 m s.l.m. (c.a. 1500 m s.l.m. presso i Monti
della Laga, Ri).

Inserita in Appendice II della Convenzione di Berna (sotto Hyla arborea) e
protetta in Italia da leggi regionali, mancano a tutt’oggi studi organici circa lo stato di
conservazione di questa specie. Tuttavia ¢ noto che nel corso dell'ultimo secolo essa
¢ scomparsa da estese porzioni dell'areale. Basti citare il caso della Pianura Padana e
del’Agro Pontino, aree che fino circa a meta del secolo scorso la specie popolava
con continuita e con popolazioni straordinariamente consistenti, ¢ dove oggi essa
risulta invece ampiamente frammentata. Tra le principali cause di minaccia vanno
certamente ricordate la distruzione degli habitat riproduttivi, come le cosi dette zone
umide minori, linquinamento e la frammentazione di quelli ancora esistenti,
I'introduzione di fauna alloctona (soprattutto ittica) e la diffusione di pratiche
agricole monocolturali (per piu estese discussioni in proposito si vedano Canestrelli,
2002 e Scoccianti, 2001).

L’ululone appenninico, Bombina pachypus (Bonaparte, 1838), ¢ un anfibio
anuro endemico dell’ Italia peninsulare, presente lungo tutto I'arco appenninico
dalla Liguria alla punta della Calabria (Lanza, 1983). La sua presenza in Sicilia, pur
segnalata per il settore nord-orientale (Bruno, 1970), attende ulteriori conferme.
Specie prevalentemente diurna, i siti di riproduzione sono costituiti per lo piu da
pozze temporanee di piccole dimensioni, poco profonde e soleggiate. Dal punto di
vista altitudinale, 'ululone appenninico predilige quote comprese tra 200 e 800 metri
s..m. (Caputo e al., 1985; Doria & Salvidio 1994; Mazzotti ez al., 1999; Sarrocco &
Bologna, 2000), anche se occasionalmente lo si puo ritrovare fino a 1800 m s.l.m., o
al livello del mare (Lanza, 1983; Mazzotti et al, 1999; Sarrocco & Bologna, 2000).

Complessivamente dunque, sia dal punto di vista latitudinale sia altitudinale, la
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distribuzione geografica di questa specie risulta ampiamente sovrapposta a quella
della salamandrina dagli occhiali.

La specie (sotto B. variegata, della quale era fino a poco tempo fa considerata
sottospecie) ¢ inserita negli Allegati II e¢ IV della Direttiva Habitat (Direttiva
92/43/CEE) ed ¢ citata in Appendice 1I della Convenzione di Berna. Essa ¢ inoltre
protetta in Italia su base regionale. L’areale di distribuzione della Bombina pachypus
risulta fortemente frammentato ed ¢ stato piu volte suggerito che diverse
popolazioni stanno subendo declino (vedi ad es. Sarrocco & Bologna, 2000; Caputo
et al., 1985; Doria & Salvidio, 1994 e riferimenti all'interno). Inoltre diversi autori
hanno sottolineato come le popolazioni esistenti siano spesso costituite da un
numero esiguo di individui (ad es. Sarrocco & Bologna, 2000). Come per le specie
precedenti, tra le cause di minaccia sono certamente da annoverare la distruzione
degli habitat riproduttivi e la frammentazione di quelli ancora esistenti, anche a
seguito dei cambiamenti nelle tecniche agricolturali. Inoltre per questa specie ¢ stato
segnalato il rinvenimento in popolazioni dell” Appennino settentrionale di individui
affetti da Batrachochytrium dendrobatidis (Stagni et al., 2002), un fungo patogeno che ha
causato gravi fenomeni di declino in popolazioni di diverse specie di Anfibi da

molte parti del pianeta (Daszak, & Hyatt, 2003).
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2. GENETIC EVIDENCE FOR TWO DISTINCT SPECIES WITHIN
THE ITALIAN ENDEMIC Salamandrina terdigitata LACEPEDE,

1788 (AMPHIBIA: URODELA: SALAMANDRIDAE).

DANIELE CANESTRELLI, FRANCESCA ZANGARI & GIUSEPPE NASCETTI.

ABSTRACT

Genetic variation in 12 populations of the Italian endemic spectacled salamander,
Salamandrina terdigitata (Lacépede, 1788) was investigated through the analysis of 29
allozyme loci and partial sequences of two mitochondrial genes (cytochrome 4, 629
bp and 12s rRNA, 444 bp). Both nuclear and mitochondrial markers fully agreed in
identifying two well-differentiated population groups, one ranging from Tusco-
Emilian Apennine to southern Latium, the other comprising populations from
central Campania to Calabria. At the nuclear level, nine diagnostic and four highly
differentiated loci led to an average genetic distance of Dxei= 0.47 between both
groups, while within them Dxgr ranged from 0.00 to 0.05. At the mitochondrial
level two alternatively fixed haplogroups were found, with an average Kimura-2-
parameter sequence divergence of 17% and 8% at the cytochrome 4 and 12s rfRNA
genes respectively. The observed genetic structure and the comparison between the
levels of divergence recorded with respect to those reported for other salamanders,
strongly suggest that two distinct species were so far included within Salamandrina
terdigitata. 'The names Salamandrina perspicillata (Savi, 1821) and S. zerdigitata are here

proposed for the species from central and southern Italy respectively.

KEYWORDS: Salamandrina terdigitata, Salamandrina perspicillata, spectacled salamander,

allozymes, mitochondrial genes, cytochrome 4, 12s rRNA, molecular taxonomy.
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2.1 INTRODUCTION

Since their emergence, biochemical and molecular techniques have allowed
the study of the genetic structure of populations, providing evidence for the
existence of cryptic biodiversity that was previously unsuspected. For amphibians,
which are generally conservative in their morphological evolution (Cherty ef al,
1978; Hass et al., 1995; Richards & Moore, 19906), the routine use of these tools has
led to the identification of an astonishing number of morphologically “cryptic”
species (e.g. Duellman, 1993; Nascetti ¢z a/, 1996; Hanken, 1999; Frost, 2002), even
in the well-studied European batrachofauna, as recently reviewed by Veith (1996)
and Borkin (1999). In fact, the number of amphibian species recognized for the
European area has almost doubled during the last four decades (Mertens &
Wermuth, 1960; Frost, 2002), but it should be borne in mind that several species
have not yet been investigated. Among these, Salamandrina terdigitata constitutes an
interesting case study. Many aspects of its natural history are well known, it is of
particular concern to Italian zoologists because it is the only Italian endemic
terrestrial vertebrate genus (Lanza, 1988), and is protected by international and
regional laws (it is listed in the Annexes II and IV of the EU Council Directive for
the Conservation of Natural Habitats and of Wild Fauna and Flora). In spite of this,
no studies have investigated its geographic variation and genetic population
structure to date. This paper is therefore aimed at filling this gap.

The spectacled salamander, Salamandrina terdigitata, is a stream-breeding
species endemic of peninsular Italy, mainly distributed on the western side of the
Apennine chain from 200m to 900m a.s.l. (Lanza, 1983a; Mazzotti ez al., 1999;
Corsetti & Angelini, 2000, see Figure 1). It is the only known representative of a
genus which, according to the morphological and molecular analysis done by Titus
& Larson (1995), is an ancient lineage that separated from other newt lineages very
shortly after the split between newts and true salamanders. Fossil records revealed
that its distribution was once wider than now, comprising at least Sardinia and
Greece (Lanza, 1988 and references therein).

Since a growing body of evidence shows that the use of only one kind of

marker (i.e. cytoplasmatic or nuclear) can lead to misconceptions about population
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structure and history (e.g. Piel & Nutt, 2000; Shaw, 2002), we here provide data on
the genetic population structure of the spectacled salamander assessed by means of
allozyme electrophoresis (i.e. a set of nuclear markers) and partial sequences of two
mitochondrial genes, cytochrome 4 and 12s rRNA. Finally, the taxonomic

implications of our results will be also discussed.

2.2 MATERIALS AND METHODS

We collected 149 specimens of Salamandrina terdigitata from 12 populations
covering almost the entire species range (Fig.1). The geographical origin of the
samples studied and sample sizes are presented in Table 1. Fach specimen was
anaesthetized in the field with 3-aminobenzoic acid ethyl ester (MS222) following
the protocol of Heyer ef al. (1994) and tail-clipped (about 2 cm) before being
released in the same place. Tail samples were transported to the laboratory in liquid
nitrogen containers and stored at —80 °C until further analyses. In order to adjust
technical procedures and score liver-active enzymes, five specimens from each
sampling site were euthanasized with an excess of MS222, then samples of skeletal

muscle and liver were obtained and stored at —80 °C.

2.2.1  ALLOZYMES

Tissues from each specimen were crushed in 0.1 ml of distilled water and
adsorbed onto chromatography paper labels. Horizontal electrophoresis was carried
out onto 10% starch gels. We studied electrophoretically 20 enzymes encoded by 29
presumptive loci (see Table 2 for description of systems and electrophoretic
conditions). Isozymes were numbered in order of decreasing mobility from the
most anodal one (Ldh-1 and Ldh-2 correspond to Ldh-A and Ldh-B respectively).
Alleles at each locus were designated by their mobility (in mm, standardized
conditions) relative to the most common one (700) in the reference population
(Taverna, Calabria).

Allele frequencies and estimates of genetic variability (mean observed and

expected heterozygosity, percentage of polymorphic loci, and average number of
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alleles per locus) were calculated for each population using the software BIOSYS-2
(Swofford & Selander, 1999). Exact significance tests for Hardy-Weinberg
equilibrium (HW) were conducted for each locus and sample, then the Bonferroni
correction for multiple tests was applied (Rice, 1989).

Genetic distances between populations were calculated with Nei’s (1972)
standard genetic distance matrix, which was then used to build an UPGMA
phenogram. 1000 bootstrap pseudoreplicates over loci were run to test the reliability
of the UPGMA phenogram with the BOOTDIST option in BIOSYS-2. The consensus
UPGMA was then obtained using the subroutines NEIGHBOR and CONSENSE in the
software PHYLIP 3.5¢ (Felsenstein, 1993). The cophenetic correlation coefficient,
which measures the correlation between distance values calculated during tree
building and the observed distance, was also computed. In addition, a hierarchical
analysis of molecular variance (AMOVA; Excoffier e al., 1992) was carried out in
order to partition total genetic variance into covariance components due to
differences within populations, among populations within groups and between

groups, using ARLEQUIN 2.000 (Schneider ez a/., 1999).

2.2.2 MITOCHONDRIAL DNA

Total genome DNA was extracted from frozen tissues following standard
phenol/chloroform extraction protocol (Sambrook ¢7 al., 1989). We amplified partial
sequences of two mitochondrial genes: the cytochrome 4 and the ribosomal 12s
tRNA (12s) via polymerase chain reaction (PCR). For both fragments PCRs were
carried out in a final volume of 50 ul containing: 1 ul of genomic DNA, 30 mM
KCl, 10 mM Tris HCI pH 8.3, 2.5 mM MgClz, 0.2 pM of each primer, 0.2 mM of
each AN'TP, and 2.5 units of Taq polymerase. PCR cycles for cytochrome 4 consisted
of: 5 minutes of denaturation at 95°C, followed by 40 cycles including denaturation
at 93°C for one minute, annealing at 45°C for 45 seconds and extension at 72°C for
one minute and 30 seconds, followed by a final extension of 10 minutes at 72°C.
PCR cycles for 12s were the same except for the annealing step (50°C for 45
seconds). We wused the following PCR primers: MVZ15-L. and MVZ16-H
(cytochrome b, Mortitz et al., 1992), and 1287Z-1. and 12SF-H (12s, Goebel ez al.,

1999). The PCR products were visualized on 1% agatrose gels containing 0.5 pg/ml
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Ethidium Bromide for the staining under UV light. The purified PCR products
were double-sequenced using the same PCR primers on an ABI3730 XL automatic
DNA sequencer with the standard protocol of the BigDye Terminator v3.1 Cycle
Sequencing Kit.

The sequencing chromatograms were analyzed with the program CHROMAS
ver. 2.23 (Technelysium Pty Ltd, Australia). Alignhments were produced with the
software CLUSTALX 1.81 (Thompson ef a/, 1997). All haplotypes found were
deposited in Genbank (Accession Numbers AY695901- AY695907).

We calculated the number of substitutions and genetic distances between
haplotypes according to Kimura-2-parameter model (K2P; Kimura, 1980) as
implemented in the software MEGA 2.1 (Kumar ¢ a/., 2001). This widely-used model
(K2P) was chosen because to compare our results with previous studies.
Phylogenetic analyses were performed using Maximum Parsimony (MP) and
Neighbor Joining (N]) methods as implemented in PAUP* 4.0b10 (Swofford, 2003).
Bootstrap resampling was performed on 1000 pseudoreplicates. Unweighted MP
trees were obtained using the exhaustive search. Salamandra lanzai was used as

outgroup (GenBank Accession Number AF356699; Riberon ef al., 2002).

2.3 RESULTS

2.3.1 ALLOZYMES

Thirteen out of twenty-nine loci analyzed (G3pdh, Ldh2, Mdh1, Icdh1, 6Pgdh,
G6pdh, Sodl, Aar2, Ck, Adk, PepB2, PepD1, and Pgm1) were monomorphic in all
populations surveyed. Allele frequencies at the sixteen polymorphic loci are
presented in Table 3. None of the tests for HW equilibrium was significant after
Bonferroni correction. Based on allele frequencies at polymorphic loci, the samples
can be grouped into two well-differentiated groups, one comprising populations
from central Italy (samples 1 to 6), and the other including those from southern
Italy (samples 7 to 12). This subdivision is reflected by the two main clusters in the
UPGMA phenogram showed in Figure 2 (cophenetic correlation coefficient CCC
= 0.995). Nine loci (Mdhp1, Mdhp2, Gapdh, Aatl, Alat, PepB1, PepD2, Tpi, Pgm2)
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were fully diagnostic between both groups of populations, while at the other four
loci (Ldh1, ledh2, Mpi, Gpi) distinct alleles were found at moderate to high
frequencies in only one of these groups (see Table3). Pairwise values of Nei’s (1972)
genetic distances are presented in Table 4. Genetic distances between groups ranged
from Dngi=0.41 to Dnri=0.52, with an average value of Dnri=0.47 (standard
deviation -SD- = 0.03), whereas within each of the two groups it varied from
Dnier=0.00 to Dnei=0.05, with an average value of Dnri=0.02 (SD = 0.02). Within
the southern group, populations 11 and 12 (Calabria) were the most differentiated,
with high bootstrap support (88%) in the UPGMA analysis and presenting an
average genetic distance of Dngi=0.03 (SD = 0.01) with respect to the other
southern samples. When populations were grouped into the two main groups
identified by the UPGMA analysis, the results of the AMOVA analysis (Table 5)
indicated that up to 91 % of the total genetic variability found in our dataset can be
attributed to differences among groups.

Estimates of genetic diversity are presented in Table 3. Expected
heterozygosity varied from 0.00 to 0.08, with the highest values in populations from
the central group (populations 1, 5 and 6). Within the southern group, the
population from Amalfi completely lacks genetic diversity, and that from Serino was
polymorphic at only one locus (ILdh7), with Hg = 0.01. Other measures of genetic
variability (observed heterozygosity, percentage of polymorphic loci and average

number of alleles per locus) exhibited the same geographical pattern as HE.

2.3.2  MITOCHONDRIAL DNA

The amplified fragments of the cytochrome 4 gene yielded unambiguous
sequences of 629 bp without indels, while 12s sequences varied in length from 436
to 444 bp.

For cytochrome 4, five distinct haplotypes were defined by 95 variable
positions (79 at third positions, 11 at first and five at second, including nine
aminoacid replacements). The NJ analysis (Figure 3) identified two well-
differentiated haplogroups, with an average K2P genetic divergence of 0.17 (SD =
0.02) and a geographical distribution that unequivocally reflects the pattern observed

for the allozymes. The same topology was also obtained by MP (a single tree of 194
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steps in length, consistency index CI = 1.00, retention index RI = 1.00, homoplasy
index HI = 0.00). All southern specimens (samples 7 to 12) shared a single
haplotype (s1), which was never found in samples from central Italy (samples 1 to
0). In the latter, four haplotypes (cl-c4) were found to differ in at most two
nucleotide substitutions. Haplotypes c¢3 and c4 were both observed only once in the
population from Percile, whereas c2 was found in a single specimen from Bagno di
Romagna. All other specimens from the central-Italy population group shared the
haplotype cl.

Nucleotide variation was less pronounced at the 12s fragment: only two
distinct haplotypes with a K2P genetic distance of 0.08 were detected, one in each

group of samples.

2.4 DISCUSSION

We observed a particularly significant pattern of genetic differentiation
among the studied populations. In fact, both mitochondrial and nuclear markers
tully coincide in delimiting two well-defined clusters of closely related samples, one
comprising the samples from Tusco-Emilian Apennine to southern Latium (samples
1-6), and the other including those from central Campania to southern Calabria
(samples 7-12). As evidenced by the AMOVA analysis, most of the genetic variation
observed at allozymes (91 %) can be attributed to differences between both groups,
with only a small amount of the total variation attributable to within-group
variation.

Levels of genetic divergence were found to be unexpectedly high considering
the restricted distribution of this species (it is an Apennine endemism [e.g. Lanza,
1983a]), as well as its apparent morphological homogeneity. The pattern of genetic
divergence observed with allozymes (nine diagnostic loci, and four other that were
highly differentiated at allele frequencies, leading to an average Dngr= 0.47)
resembles that found between several congeneric species of salamanders. For
instance, Nascetti ¢/ al. (1996) found values of Dngr ranging from 0.33 to 0.40

among species of Hydromantes from mainland Italy (H. #talicus, H. ambrosii and H.
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strinatii), whereas among species of Hydromantes tfrom eastern Sardinia (H. flavus, H.
imperialis and H. supramontis) the same authors (see also Lanza ef al, 1995) found
Dxgr values ranging from 0.47 to 0.48. Similar values have been also reported for
some species of the genus Triturus (e.g. Macgregor et al., 1990). At the mitochondrial
level, the values of K2P divergence observed within S. zerdjgitata (17 % for
cytochrome » and 8 % for 12s) exceed those reported in the literature for other
congeneric species of salamanders. For instance, Riberon e a/. (2001) reported K2P
values for the widely studied cytochrome 4 gene ranging from 10.6% to 12.8 %
between Salamandra atra and S. salamandra. These values are close to those found by
Garcia-Paris ez al. (2003) between S. salamandra and S. algira (10.4%) and by Caccone
et al. (1997) between Euproctus platycephalus and E. montanus (11.7 %). Several other
case studies of congeneric species of amphibians presenting comparable degrees of
divergence at cytochrome 4 sequences have been reviewed by Johns & Avise (1998).
These authors evidenced how in the majority of pairwise congeneric species
comparisons, K2P divergence ranges from 10 to 20 % in amphibians. But to our
knowledge, no case study has been described to date showing two conspecific
lineages of salamander diverging at cytochrome / gene sequences to as great an
extent as those we found within Salamandrina terdigitata.

Following the above arguments, the two well-differentiated evolutionary
lineages found within the spectacled salamander might represent two distinct taxa,
for which we propose the rank of species. As will be discussed below, we suggest
the name Salamandrina perspicillata for the northern species, while S. ferdigitata should
be retained for the southern one.

A substantial genetic homogeneity was found within both species,
notwithstanding the fact that within §. zerdjgitata the populations from Calabria are
distinctive according to allozymes. For several populations of Salamandrina, levels of
genetic diversity resemble the average values reported by Nevo & Beiles (1991) for
representatives of the family Salamandridae (Hg = 0.058; P = 24.0%). However, the
samples of . ferdjgitata from Amalfi and Serino showed practically no genetic
diversity. This could be a result of either human-driven depletion such as that
caused by habitat destruction, population isolation, etc. (e.g. Haig, 1998), or the

marginal position of these populations within the species range (Ledig, 1986), or
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from a combination of both factors. At this time we are unable to distinguish
between these possible causes, even if the poor conservation status and
fragmentation of the habitats in the Italian peninsula are likely to have played some

role.

2.5 NOMENCLATURE DESIGNATION

As mentioned by Lanza (1988), the spectacled salamander was originally
described by Lacépede (1788) with the name Salamandra ter-digitata on the basis of a
single specimen collected by M. le Comte de Milly from Vesuvius. Fifteen years
later, the species was also described (under the name Salamandra tridactyla) by Daudin
(1803), who based his description on a specimen collected by De Nesle in the same
locality. Later, another description was published by Savi (1821), who described the
new species Salamandra perspicillata from cool and shady sites of Tuscan Apennine
and particularly Mugello. He believed that he had found a new salamander species,
because Lacépede’s salamander was described as having four toes on the hind feet,
but only three toes on the front feet. Later studies indicated that the two
salamanders belonged to the same species, the original description by Lacépede
being based on a poortly preserved specimen. Following the principle of priority of
the International Code of Zoological Nomenclature, the species was given the name
chosen by Lacépede, changed into ferdigitata by removing the hyphen. Finally,
Fitzinger (1826) proposed that the species belonged to a distinct monotypic genus,
which he named Salamandrina. Other names have subsequently been proposed for
the species, but they were all later synonymised (e.g. Salamandra imperati Costa, 1828;
Salamandra savi Cuvier, 1829).

According to the principle of chronological priority and the geographic
origin of our samples, we suggest that the name Salamandrina perspicillata (Savi, 1821)
be used for the species from central Italy, while the name Salamandrina terdigitata
(Lacépede, 1788) be retained for the southern species. However this new
nomenclatural arrangement will need to be further discussed, depending on the

identity of the type specimens being confirmed. The analyses of type specimens will

20



follow the completion of morphological analyses, now in progress, to identify
potential morphological differences of diagnostic value between the two species. At
present the two species can be diagnosed based on their genetic divergence, as
assessed at both mtDNA sequence (Cytochrome-b and 12s rRNA genes) and
diagnostic allozyme loci (Mdhp1, Mdhp2, Gapdh, Aatl, Alat, PepB1, PepD2, Tpi,
Pgm2). Moreover, the geographic origin of specimens is also of diagnostic value,
although the species assignment of populations from the central portion of the

Volturno river drainage basin still needs to be assessed (see Figure 1).

2.6 CONCLUSION

The main outcome of this study has been the recognition of two distinct
species within the Italian endemic Salamandrina terdigitata. Future efforts will be
focused on two main fields: morphological variation, and genetic analyses of
intermediate populations.

In many amphibians, previously undescribed morphological variation has
often been assessed after species recognition in genetic studies (e.g. Nascetti ef 4/,
1988; Nascetti ¢7 al., 1995). Since no studies to date have investigated morphological
variation within the spectacled salamander, future studies will attempt to identify
potential differences of diagnostic value between S. ferdigitata and S. perspicillata at the
level of chromatic, morphological and osteological characters. However, preliminary
observations suggest that some chromatic differences do exist between the species.
The ventral surface of the tail exhibits a bright red in §. #erdigitata, whereas it looks
reddish to brownish-orange in S. perspicillata. In addition, the demarcation between
the dorsal and ventral coloration of the tail is sharper in §. #erdigitata than in S.
perspicillata.

With respect to genetic studies, further sampling will be focused on
presumed or potential contact zones, such as mid-altitude areas of the Volturno
river drainage basin (see Figure 1). The main objectives of the study of these
populations will be: 1) to define the reciprocal distribution of the two species (i.e., if

allopatric or parapatric); 2) to ascertain whether contact zone does exist and, in that
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case, to delimitate it and to address what kind of genetic and ecological interactions
are occurring between both species in this area.

Finally, the split of the former S. ferdigitata into two distinct species with
restricted geographical distributions, strongly suggests the necessity of a careful
evaluation of their conservation status, as well as the importance that they be
included in the main international lists of threatened species, such as the IUCN Red

List.

22



2.7 TABLES AND FIGURES

Table 1. Geographic origin and sample size (n) of the 12 populations of S. zerdigitata

studied.
Sample code Locality Altitude Region n
Allozymes mtDNA
(m a.s.l)
1 Bagno di Romagna 460 Emilia-Romagna 20 3
2 Barbarano Romano 340 Latium 9
3 Tolfa 480 Latium 7 5
4 Percile 575 Latium 11 5
5 Bassiano 560 Latium 12 6
6 M.te San Biagio 140 Latium 10 4
7 Serino 630 Campania 18 4
8 Amalfi 15 Campania 12 5
9 S. Severino Lucano 880 Basilicata 14 5
10 Viggianello 560 Basilicata 8 4
11 Taverna 670 Calabria 18 8

12 Stilo 520 Calabria 10 9




Table 2. Enzymes studied in S. zerdigitata, their commission number (EC), encoding loci,

buffer systems and tissues used in electrophoresis (M = skeletal muscle, L. = liver).

Enzyme EC
Encoding Buffer Tissue
loci systems
Glycerol-3-phosphate dehydrogenase 1.1.1.8 G3pdh 5 M
Lactate dehydrogenase 1.1.1.27  Ldh-1 4 M
Ldp-2 4 M
Malate dehydrogenase 1.1.1.37  Mdph-1 5 M
Malate dehydrogenase (NADP") 1.1.1.40  Mdhp-1 2,5 M, L
Mdhp-2 2,5 M, L
Isocitrate dehydrogenase 1.1.1.42  Iedh-1 6 M
Ledh-2 6 M
6-Phosphogluconate dehydrogenase  1.1.1.44  6Pgdh 5 M
Glucose-6-phosphate dehydrogenase  1.1.1.49  G6pdh 1 M
Glyceraldehyde-3-phosfate Gapdh 6 M
dehydrogenase 12112
Superoxide dismutase 1.151.1  Sod-1 3 M
Aspartate transaminase 2.6.1.1 Aat-1 5 LM
Aat-2 5 LM
Alanine transaminase 2.6.1.2 Alat 2,7 L
Creatine kinase 2732 Ck 2 L
Adenylate kinase 2.7.4.3 Adk 2 L
L-LeucylGlycylGlycine Peptidase 3.4.13 Pep-B1 7 M, L
Pep-B2 7 M, L
L-Phenylalanyl-L-proline Peptidase 3.413.9  Pep-D1 2,7 M, L
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Table 2. (continue)

Carbonic anhydrase
Triose-phosphate isomerase
Mannose phosphate isomerase
Glucose phosphate isomerase

Phosphoglucomutase

42.1.1

53.1.1

5.3.1.8

5.3.1.9

5.4.2.2

Pep-D2
Ca-2
Tpi
Mpi
Gpi
Pom-1
Pomn-2
Pom-3

Pgpr4

2,7 M, L

5

£ 2 2 2 B £

Buffer systems: 1) Discontinous Ttis/Citrate pH 8.7 (Poulik, 1957); 2) Continous Ttis/Citrate
pH 8.0 (Selander e al, 1971); 3) Tris/Versene/Borate pH 8.0 (Brewer & Sing, 1970); 4)
Tris/Maleate pH 7.4 (Brewer & Sing, 1970); 5) Phosfate-Cytrate pH 6.3 (Hartis, 1966); 06)
Histidine/Citrate pH 7 (Cheliak & Pitel, 1984); 7) Lithium-borate pH 8.3 (Soltis e# a/., 1983).
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Table 3. Allele frequencies and estimates of genetic variability at 16 polymorphic
loci for the twelve populations of Salamandrina terdigitata sampled. Populations are

numbered as in Table 1.

Population 7 2 3 4 5 6 7 8 9 10 11

12

Locus

Ldh1
100 0.79 0.83 090 095 093 100 017 - 023 0.06 0.97
110 0.21 0.17 0.10 0.05 0.07 - - - - - -
112 - - - - - - 0.83 1.00 0.77 0.94 0.03

Mdipt
00 - - - - - - 100 100 1.00 1.00 1.00
102 017 - - -
104 0.83 1.00 1.00 1.00 036 025 - - - - -
08 - - - - 064 075 - - -

Mdhp2
00 - - - - - - 100 100 1.00 1.00 1.00
112 1.00 1.00 1.00 1.00 100 1.00 - - - -

Ledh?
88 1.00 1.00 1.00 1.00 1.00 1.00 - - 0.27 0.42 0.50
100 - - - - - - 1.00 1.00 0.73 0.58 0.50

Gapdh
100 - - - - - - 100 1.00 1.00 1.00 1.00
110 1.00 1.00 1.00 1.00 1.00 1.00 - - - - -

0.80

0.20

1.00

1.00

0.44
0.56

1.00
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Table 3. (continue)

Aatl
100
120
130
140

Alat
70
80

100

PepB1
95
100

PepD?2
100
105
110
115
120
Ca2

90
100
Tpi
100
105
Mpi
95
100
106

0.50
0.28
0.22

0.10
0.90

1.00

0.17
0.83

1.00

1.00

0.70
0.30

1.00

1.00

1.00

1.00

1.00

0.69
0.31

1.00

1.00

0.88

0.12

1.00

1.00

0.60
0.40

1.00

1.00

0.06
0.56

0.38

1.00

1.00

0.70
0.30

1.00

1.00

0.50

0.50

1.00

1.00

0.83
0.17

0.25
0.75

1.00

1.00

0.85

0.15

1.00

1.00

0.85
0.15

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

0.94

0.06

1.00

1.00

1.00

1.00

1.00

1.00

0.88

0.12

0.19

0.81

1.00

1.00

1.00

1.00

1.00

1.00

0.25
0.75

1.00

1.00

1.00

1.00

1.00

1.00

0.40
0.60

1.00

0.95
0.05
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Table 3. (continue)

Gpi
95 0.15 044 030 023 029 025 - - - - - -
100 0.85 0.56 0.70 0.77 0.71 0.75 1.00 1.00 1.00 1.00 1.00 1.00
Pom2
100 - - - - - - 100 1.00 100 1.00 1.00 1.00
103 - - - - 007 030 - - - - - -
106 1.00 1.00 1.00 1.00 093 0.70 - - - - - -
Pgpi3
90 - - - - - - - - - - 0.03 -
100 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 094 1.00
108 - - - - - - - - - - 0.03 -
Pond
90 - - - - - - - - - - 0.04 -
100 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 092 1.00 0.89 0.95
106 - - - - - - - - 0.08 - 0.07 0.05
Py 241 103 172 103 207 207 34 00 138 138 138 172
1.3 11 12 12 12 12 1.0 1.0 1.1 1.1 1.2 12
0.1) (0.1) (.1) (©0.1) (©.1) (0.1) (0.0) (©.0) (©.1) (.1) (©.1) (0.1)
Hy 0.08 0.04 0.06 0.05 0.07 0.08 0.01 000 0.04 004 0.04 0.06
(0.03) (0.02) (0.03) (0.03) (0.03) (0.03) (0.01) (0.00) (0.02) (0.02) (0.02) (0.03)
H, 0.09 0.04 0.06 0.03 0.07 0.07 0.01 000 0.04 003 0.03 0.06

(0.03) (0.02) (0.03) (0.02) (0.03) (0.03) (0.01) (0.00) (0.02) (0.02) (0.01) (0.03)

P, = percentage of polymorphic loci with the most common allele not exceeding 95%. .4
= mean number of alleles per locus. H;, = average expected heterozygosity assuming
Hardy-Weinberg equilibrium. H, = average observed heterozygosity. Standard errors in

parentheses.
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Table 4. Pairwise values of standard Nei’s (1972) genetic distances among the 12

populations of Salamandrina terdigitata sampled. Populations are numbered as in Table 1.

Population 1 2 3 4 5 6 7 8 9 10 11 12

1 _

0.01 -

0.01 0.00 -

0.01 0.01 0.00 -

0.03 0.03 0.02 0.02 -

0.03 0.05 0.04 0.05 0.03 -

0.47 0.51 049 049 049 049 -

0.48 0.52 0.50 0.51 0.51 0.50 0.00 -

0.45 048 046 0.46 0.47 046 0.00 0.01 -

0.45 0.48 0.47 047 047 047 0.01 001 0.00 -
0.41 045 043 043 0.43 042 0.04 0.05 0.02 0.03 -
0.42 0.46 0.44 0.44 0.44 043 0.03 0.04 0.02 0.02 0.00 -

O© 0 1 &N Ut A WL

—_ = =
(NS )
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Table 5. AMOVA results for S. zerdigitata data as obtained using ARLEQUIN 2.000
(Schneider ef al.. 1999). Groups were defined as the two main clusters identified by the
UPGMA cluster analysis (Figure 2).

Source of variation Percentage of variation Fixation indices P-values
Among groups 91.38 Fo.= 0914 <0.01
Among populations within groups 1.47 F,.=0.171 <0.01
Within populations 7.14 Fg =0.929 <0.01

30



(B) © .

Figure 1. Species range (A) and geographic location of the 12 populations sampled of S.

terdigitata (B). Localities are numbered as in Tablel.
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100 10

S
-
2

Figure 2. UPGMA tree showing genetic relationships among the 12 populations of .
terdigitata, based on Nei’s (1972) standard genetic distance values. Bootstrap values > 70%

over 1000 pseudoreplicates are indicated. Populations are numbered as in Table 1.
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Central populations (1 - 6)

"' s1: Southern populations (7 - 12)

-~ -

Salamandra lanzai

0.02

Figure 3. Neighbour Joining tree based on Kimura-2-parameter divergence values (IKK2P)
for cytochrome & haplotypes (629bp) observed within S. ferdjgitata. Bootstrap values over

1000 pseudoreplicates are shown at the nodes when exceeding 70% .
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3. 'THE SPECTACLED SALAMANDERS, Salamandrina terdigitata
LACEPEDE, 1788 AND S. perspicillata SAVI, 1821: 1) GENETIC

DIFFERENTIATION AND EVOLUTIONARY HISTORY.

GIUSEPPE NASCETTI, FRANCESCA ZANGARI & DANIELE CANESTRELLLI.

ABSTRACT

Recent genetic investigations revealed the existence of two distinct species within
the former Salamandrina terdigitata, once considered the only representative of its
Italian endemic genus. The pattern of genetic differentiation between Salamandrina
terdigitata and S. perspicillata, as previously assessed with both allozyme and
mitochondrial markers, was further analyzed and compared with that observed
among other congeneric species of European salamanders. Partial sequences of
cytochrome 4 and 128 rfRNA mtDNA genes were therefore obtained from four
European species of the genus Salamandra. Genetic differentiation was particularly
high within Sa/amandrina at mitochondprial level, with values of K2P divergence (17
% and 6 % for cytochrome 4 and 12s respectively) exceeding those of many other
species of related salamander. The presence of a Salamandrina Miocenic fossil record
from Sardinia suggests that the common ancestor of S. ferdigitata and S. perspicillata
could have been a Corsica-Sardinian element. The distribution and the depth of
genetic divergence between the two species could be the result of a vicariance event,
through the separation of the Calabro-Peloritan massif from Sardinia (7.8-8.6 Myr
ago), followed by a subsequent dispersal from Corsica-Sardinia plate toward the
continent during late Messinian (about 5-6 Myr ago), or through one of the Plio-
Pleistocenic land-bridges between the Corsica-Sardinia plate and the Tuscan

Archipelago.

KEYWORDS: spectacled salamanders,  Salamandrina  terdigitata, — Salamandrina

perspicillata, genetic divergence, biogeography.
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3.1 INTRODUCTION

The Italian endemic Salamandrina FTTZINGER,1826 (Urodela: Salamandridae)
is the only European endemic terrestrial vertebrate genus (Llanza, 1988). According
to the morphological and molecular analysis of Titus & Larson (1995), it is
considered an ancient lineage that separated from the other newt lineages around
the time of the split between the remaining newts and the true salamanders. Fossil
records have revealed that its distribution was once wider, comprising at least
Sardinia and Greece (e.g. Vanni & Nistri, 1997).

Salamandrina terdigitata TACEPEDE, 1788 has long been considered the only
living species of the genus. However, recent genetic studies based on both nuclear
and mitochondrial markers (Canestrelli ¢7 /., in press), revealed the existence of two
well differentiated species within the spectacled salamander. Consequently,
populations spanning from Liguria to central Campania have been recognized under
the name Salamandrina perspicillata SAVI, 1821, whereas the name Salamandrina
terdigitata LACEPEDE, 1788 was retained for populations from central Campania to
the tip of Calabria. The Volturno river drainage basin (Figure 1) was suggested as
the area of possible close contiguity between the two species, although their
reciprocal distribution (i.e., if allopatric or parapatric) has not yet been clarified.

In this paper, the pattern of genetic divergence between Salamandrina
terdigitata and S. perspicillata is further investigated and compared with that observed
among other species of European salamanders. Moreover, hypotheses about the

historical events which led to the observed pattern of divergence are discussed.

3.2 MATERIALS AND METHODS

3.2.1 SAMPLING
Two distinct sampling sessions were performed: spring-autumn 1990 and
spring-autumn 2002. During the first sampling session, specimen were collected

from twelve populations covering the whole range of the genus (Figure 1). Each
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individual was carried to the laboratory, euthanasized with an excess of 3-
aminobenzoic acid ethyl ester (MS222) and then samples of skeletal muscle and
liver were removed and stored at —80 °C. These specimens were used to adjust
experimental protocols and to score liver-active enzymes. The second sampling
session was carried out in the same collection sites, but this time each specimen was
anesthetized in the field with MS222 following suggestions given by Heyer ez al.
(1994) and tail-clipped (2-3 cm) before being released in the same place. Tissue
samples were carried to the laboratory in liquid nitrogen containers and stored at
-80 °C to await further analysis. Geographic origin of samples studied and sample

size are given in Table 1.

3.2.2 ALLOZYME ANALYSIS

Standard horizontal starch gel electrophoresis was used to study genetic
variation at level of 20 enzymes encoded by 29 presumptive loci. The following loci
were studied: G3pdh, Ldh-1, Ldh-2, Mdh-1, Mdhp-1, Mdhp-2, Icdh-1, Icdh-2, 6Pgdh,
G6pdh, Gapdh, Sod-1, Aat-1, Aat-2, Alat, Ck, Adk, Pep-1, PepB-2, PepD-1, PepD-2, Ca-
2, 1pi, Mpi, Gpi, Pgm-1, Pgm-2, Pgm-3, Pgm-4. Details of the electrophoretic
techniques implemented can be found in Canestrelli ¢f /. (in press).

Genetic distances among population were estimated using Nei’s (1972)
standard genetic distance (Dnkr) and Rogers (1972) distance (DR), using the software
BIOSYS-2 (Swofford & Selander, 1999). Dngr was then used to build an UPGMA

phenogram, whose reliability was assessed with 1000 bootstrap replicates over loci.

3.2.3 MTDNA ANALYSIS

As described in Canestrelli ez a/. (in press), genomic DNA was extracted
following standard phenol:chloroform protocol (Sambrook ef al, 1989). Partial
sequences of the mitochondrial cytochrome 4 gene (629bp) and 5-end of the 128
rRNA (436 to 444 bp) were obtained by means of PCR-amplification using primers’
pairs MVZ15-MVZ16 and 12SZ1.-12SFH respectively (Motitz ef al., 1992; Goebel ef
al., 1999), followed by double-sequencing on a ABI3730 XL automatic DNA
sequencer. In this study, the 3’-end of the 125 rRNA fragment was also sequenced

in order to obtain the almost complete sequence of this mtDNA region for all the
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previously sequenced specimens. With this aim, a PCR-amplification was carried out
using the primers’ pair 12SAL-tRNAvalH (Palumbi e7 a/, 1991; Goebel ez al., 1999)
and PCR protocol as for the 5-end fragment. Since the two 12S rRNA fragments
were partially overlapping, they were here joined and analyzed as a single sequence
(836-844 bp).

For comparative purposes, partial sequences of the same two mitochondrial
genes were also obtained from alcohol preserved specimens of the following species
(Nascetti legit; two specimens each): Salamandra salamandra from Volpaia (Italy), S.
corsica from Vizzavona (Corsica), S. atra from Asiago (Italy) and S. langai from Pian
del Re (Italy). Sequence for S. /uschani was obtained from GenBank (Accession
Numbers: AF154053).

The sequences were aligned using CLUSTALX 1.81 (Thompson e# al., 1997).
All the haplotypes found were deposited in Genbank (Accession Numbers:
AY695901- AY695907, AY928613-AY928621).

Number of substitutions and genetic distances between haplotypes according
to Kimura-2-parameters model (K2P; Kimura, 1980) were assessed using the
software MEGA 2.1 (Kumar e7 a/., 2001). This software was also used to implement
the Tajima’s relative rate test (1993), under the null hypothesis of constant
substitution rate among sequences. Ambystoma mexicanum was used as outgroup

(Accession Number: NC005797).

3.3 RESULTS

3.3.1 ALLOZYMES

As shown in Table 2, genetic distances between the two species ranged from
Dner=0.41  to Dnii=0.52 and from Dr=0.37 to Dr=0.42, with average values of
Dnir=0.47 (0.03 SD) and Dr=0.39 (0.01 SD). Within . perspicillata, Dxgr varies
from 0.00 to 0.05 (mean: 0.02 [0.02 SD]), whereas Dr from 0.02 to Dr=0.09 (mean:
0.05 [0.02 SDJ). Similar values were also found within §. ferdigitata, with Dner
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ranging from 0.00 to 0.05 (mean: 0.02 [0.01 SDJ) and Dr from 0.01 and 0.06 (mean:
0.04 [0.02 SDJ).
This pattern is reflected in the UPGMA analysis (Figure 2), where

populations of each species clustered together achieving 100% of bootstrap support.

3.3.2 MTDNA

For the spectacled salamanders, partial sequences of 629 bp and 836-844 bp
were obtained for cytochrome 4 and 128 rRNA respectively.

At the cytochrome 4 fragment, all S. zerdigitata specimens shared a single
haplotype (s1), that was never found within . perspicillata samples. In these latter
samples, four haplotypes (cl-c4) were found differing at most in two nucleotide
substitutions. However, all but three specimens shared the haplotype c1 (haplotypes
c3 and c4 were both observed only once in the sample 4, whereas the haplotype c2
was found in one specimen from sample 1). Within Salamandrina, cytochrome b
haplotypes were defined by 95 variable positions (79 at the third position, 11 at the
first and 5 at the second, with a comprehensive number of 9 aminoacid
replacements), and lead to an average genetic distance between the two species of
K2P = 0.17 (0.02 SD).

Not surprisingly, genetic divergence between the two species was less
pronounced at the 128 rDNA gene. In fact, only two distinct haplotypes were
found, alternatively fixed within the two species, differing at level of 45 nucleotide
substitution and 5 indels (4 of 1 bp and one of 6 bp in length), with a genetic
distance of K2P = 0.06.

Pairwise genetic divergence among the five European species of the genus
Salamandra, based on partial sequences of cytochrome & (486 bp) and 12S rRNA
(824-837 bp) is shown in Table 3. Within this group of species, ranges of K2P
divergence were 0.06-0.22 and 0.03-0.09 for cytochrome 4 and 12§ respectively,
with the most differentiated species being . /uschani. This latter species showed an
average K2P divergence of 0.20 (0.02 SE) and 0.08 (0.01 SE) at cytochrome 4 and

128 respectively, compared with the other Salamandra species.
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The null hypothesis of constant substitution rate, as assessed by the Tajima’s
relative rate test (1993), couldn’t be rejected for any of the 42 tests performed (all P
> 0.01).

Assuming 12 Myr of divergence between S. /uschani and the other Salamandra
species (according to Weisrock e al, 2001), the divergence rate for the mtDNA
genes studied here could be estimated at 1.67% and 0.67 % per million years for

cytochrome b and 128 respectively.

3.4 DISCUSSION

The recent finding of two well differentiated species within the former
Salamandrina terdigitata was a really unexpected result (Canestrelli e/ a4/, in press),
especially when considering its limited geographic range (restricted to the Apennine
chain [e.g. Lanza, 1983a]) as well as the apparent lack of chromatic or
morphological variation (with the exception of few chromatic variant described at
local level [reviewed by LLanza & Canestrelli, 2002]).

Levels of differentiation found at allozymes between Salamandrina terdigitata
and S. perspicillata (Dngr= 0.47, Dr=0.39), resemble that found between several
other congeneric species of salamander. For instance, among three Hydromantes
species from mainland Italy, Nascetti ¢z a/. (1996) found values of Dngi ranging from
0.33 to 0.40, whereas among three Hydromantes species from eastern Sardinia the
same authors (see also Lanza ez al., 1995) reported values of Dngi ranging from 0.47
to 0.48. Within the genus Triturus (Macgregor et al., 1990), similar values were found
between the species pair T. carnifex - . cristatus (Dng1 =0.38), T. carnifexc — T. pygmaens
(Dxer=0.58), T. wulgaris meridionalis — 1. pygmaens (Dxp1=0.52) and between T.
Pygmaens and T. marmoratus (Dne1=0.19) which have only recently been recognized
as distinct species (Garcia-Paris ez al., 2001).

Genetic differentiation between Salamandrina terdigitata and . perspicillata
resulted particularly high at mitochondrial level. In fact, values of K2P divergence

observed among them (17 % and 6 % for cytochrome & and 12s respectively)
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exceed those achieved by many other species of related salamander. For instance, in
the majority of pairwise comparisons among European species of the genus
Salamandra (see Table 3), we found values of K2P lower (in same case the half) than
that found within Salamandrina. For comparative purpose, we have also recalculated
values of K2P for sequences of cytochrome & gene from Plenrodeles and related
genera, from recently published data (Veith ez a/, 2004). As shown in Table 4, K2P
genetic divergence between Salamandrina terdigitata and S. perspicillata (17%) results
much higher than that found within the genus Pleurodeles and, astonishingly, equals
or resembles that found between distinct genera (but “naive” speculations about

taxonomic implications of this observation should be avoided).

The lack of fossil records within the present range of the genus Salamandrina
and the lack of a clear geographic barrier to dispersal in the putative area of close
contiguity between S. rterdigitata and S. perspicillata, permit us neither to
unambiguously indicate an historical event nor to directly calibrate molecular clocks,
in an attempt to explain the observed pattern and depth of genetic divergence
between the two species. Therefore, both tempo and mode of divergence between
them have to be estimated indirectly.

By applying to allozymes data a divergence rate of to 0.07 Dner / Myrt,
estimated for plethodontid salamanders (Maxson & Maxson, 1979), the time of
divergence between S. zerdigitata and S. perspicillata was estimated at 6.71 (£0.43) Myr
ago. For mitochondrial sequences, the divergence rates of 1.67% and 0.67% per
million year for cytochrome 4 and 12S respectively, lead to a split-time estimate of
8.96-10.18 Myr ago. Although estimates based on allozymes and mtDNA data don’t
overlap, and regardless of the vagaries of molecular clocks (e.g. Ayala, 1997), the
depth of genetic differentiation between S. ferdigitata and S. perspicillata suggests that
their divergence began in the upper Miocene (11-5 Myr ago).

The presence of a Salamandrina Miocenic fossil record from Sardinia suggests
that the common ancestor of S. ferdigitata and S. perspicillata could have been a
Corsica-Sardinian element. Following this argument, and considering the depth of
genetic differentiation found between the two species, the most probable

paleogeographic event leading to their divergence could have been the separation of
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the Calabro-Peloritan massif from Sardinia (7.8- 8.6 Myr ago, according to
Duermeijer e al., 1998). One lineage (the present S. zerdigitata) would have reached
southern Italy carried by the eastward migration of the Calabro-Peloritan massif,
whereas the presence of the second species in Italy (the present S. perspicillata)
would be explained by a dispersal event from the Corsica-Sardinian plate to the
continent. Environmental conditions favourable to this dispersal could have
occurred during late Messinian (about 5-6 MY), when freshwater habitats were
present in the Mediterranean basin (e.g. Krijgsman e al., 1999; Rouchy ez al., 2001;
Rouchy et al., 2003; Steinfartz ez al, 2001). Alternatively, peninsular Italy could have
been reached through by one of the Plio-Pleistocenic land-bridges between the
Corsica-Sardinian plate and the Tuscan Archipelago, as has also been suggested for

other faunal dispersal (e.g. Lanza, 1983b).
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3.5 TABLES AND FIGURES

Table 1. Geographic origin and sample size (n) of the 12 populations studied of the genus

Salamandrina.
Species Sample Locality (region) n
code Allozymes  mtDNA
S. perspicillata 1 Bagno di Romagna (Emilia- 20 3
Romagna)
2 Barbarano Romano (Latium) 9 4
3 Tolfa (Latium) 7 5
4 Percile (Latium) 11 5
5 Bassiano (Latium) 12 6
6 M.te San Biagio (Latium) 10 4
S. terdigitata 7 Serino (Campania) 18 4
8 Amalfi (Campania) 12 5
9 S. Severino Lucano (Basilicata) 14 5
10 Viggianello (Basilicata) 8 4
11 Taverna (Calabria) 18 8
12 Stilo (Calabria) 10 9
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Table 2 Values of Nei (1972) standard genetic distance (below the diagonal) and Rogers

(1972) distance (above

genus Salamandrina. Samples are numbered as in Table 1.

the diagonal) between the twelve samples studied of

Species Sample | 1 2 3 4 5 6 7 8 9 10 1 12

S. perspicillata 1 - 0.04 0.04 0.04 007 0.07]039 039 038 038 037 0.37
2 0.01 - 0.02 0.03 0.06 0.09]| 041 042 040 040 039 0.39
3 0.01 0.00 - 0.02 0.05 0.07] 040 041 039 039 038 0.37
4 0.01 0.01 0.00 - 0.04 0.08| 040 041 039 039 038 0.37
5 0.03 0.03 0.02 0.02 - 0.05| 0.40 041 039 039 038 0.37
6 0.03 0.05 0.04 0.05 0.03 - 0.40 040 039 039 038 0.37

S. terdigitata 7 0.47 051 049 049 049 049 - 0.01 0.02 0.03 0.05 0.06
8 0.48 0.52 0.50 0.51 0.51 0.50| 0.00 - 0.02 0.03 0.06 0.06
9 045 048 046 046 047 046 0.00 0.01 - 0.02  0.04 0.05
10 045 048 047 047 047 047|001 001 000 - 0.04 0.05
11 042 046 044 044 044 043] 0.03 0.04 0.02 0.02 - 0.02
12 041 045 043 043 043 042|004 005 0.02 0.03 0.00 -
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Table 3 Values of pairwise K2P genetic distances for the European species of the genera

Salamandra and Salamandrina, as estimated at level of the cytochrome & (486 bp; below the

diagonal) and 128 rRNA (824-837 bp; above the diagonal) gene fragments. Standard errors

are given in parentheses.

1 2 3 4 5 6 7

1 Salamandra atra - 003 004 004 007 | 016 0.15

0.01)  (0.01) (0.01) (0.01) | (0.02)  (0.01)

2 S lanzai 0.08 - 003 005 008 | 016  0.14

(0.01) 0.01) (0.01)  (0.01) | (0.02) (0.01)

3 S, corsica 006 007 - 004 009 | 016  0.15

0.01)  (0.01) 0.01)  (0.01) | (0.02)  (0.02)

4 8. salamandra 010 008 0.9 - 009 | 016 0.5

0.02)  (0.01)  (0.01) 0.01) | (0.02)  (0.01)

5 8. luschani 019 021 019 022 - 016 0.17

0.02)  (0.02) (0.02) (0.03) 0.02)  (0.02)

6  Salamandrina terdigitata 027 027 028 028 033 - 0.06

0.03)  (0.03) (0.03)  (0.03)  (0.03) (0.01)

7 Salamandrina perspicillata 024 026 023 025 028 | 0.18 :
0.03)  (0.03) (002 (0.03)  (0.03) | (0.02)
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Table 4 Values of pairwise K2P genetic distance among cytochrome # gene sequences from
the main lineages of the genus Pleurodeles and related genera. Modified from

Veith ef al. (2004). GenBank accession numbers are given in parentheses.

Species 1 2 3 4 5 6 7 8 9
1 Pleurodeles poireti (AY336647) -
2 Plenrodeles poireti (AY336643) 0.01 -
3 Plenrodeles poireti (AY3366419 0.08 0.08 -
4 Pleurodeles waltl (AY336657) 0.09 0.10 0.10 -
5 Pleurodeles waltl (AY336653) 0.10 0.11 0.09 0.04 -
6 Tylototriton verrucosus (AY336660)  0.17 0.17 0.17 0.18 0.19 -
7 Salamandra salamandra (AY336658) 0.17 0.17 0.17 0.19 0.18 0.18 -
8  Neurergus crocatus (AY336661) 0.20 0.20 0.17 0.20 0.19 0.20 0.16 -
9 Triturus vittatus (AY336659) 0.21 0.21 0.21 0.23 0.21 0.19 021 0.17 -
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Figure 1. Geographic location of the 12 populations sampled of the genus Salamandrina.
Question mark indicates the geographic area of probable close contiguity between S.

terdigitata and S. perspicillata. Locality are numbered as in Tablel.
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Figure 2. UPGMA phenogram for the twelve populations studied of the genus
Salamandrina. Based on the matrix of standard Nei’s (1972) genetic distances. Bootstrap

support > 50% after 1000 replicates are shown at the nodes. Samples are numbered as in
Table 1.
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4. GENETIC DIFFERENTIATION AND HISTORY OF
POPULATIONS OF THE ITALIAN TREEFROG AS REVEALED BY
THE DISCREPANCY BETWEEN MITOCHONDRIAL AND

NUCLEAR GENES.

DANIELE CANESTRELLI, ANDREA VERARDI & GIUSEPPE NASCETTI

ABSTRACT

The genetic differentiation among 33 populations of the Italian treefrog was
investigated using both biparentally (23 allozyme loci) and maternally (partial
mitochondrial cytochrome & gene) inherited genes. Two main population groups
were evidenced by both markers, located north and south of thenorthern
Apennines. However, the pattern of differentiation between these two groups was
much less pronounced at allozymes than at mtDNA, leading to gene flow estimates
that were 25 times higher at nuclear than at mitochondrial level. Also, the mtDNA
divergence between the two groups was particularly marked for two cospecific
lineages of anuran amphibians (the p-distance being on average 9.04%), while their
average genetic distance at allozymes was comparatively low (Dnri=0.07). The most
convincing explanation for the observed pattern of genetic variation have appeared
to imply both the maintenance of ancestral polymorphisms and a male-biased gene

flow, along with several historical and demographic events.

Keywords: allozymes; mitochondrial DNA; Italian treefrog; population structure;

discrepant genetic markers.
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4.1 INTRODUCTION

The introduction of genetic markers in the study of geographical patterns of
variation between natural populations has had important consequences on the
general perception of the natural history of several taxa. For instance, in amphibians
which are generally conservative in their morphological evolution (Cherty ez al,
1978; Richards & Moore, 1996), often phylopatric and with relatively low dispersal
abilities (Marsh & Trenham, 2000; Jehle & Arntzen, 2002), a huge amount of studies
have given evidence of the existence of cryptic biodiversity and complex population
structures that were previously unsuspected (e.g. Veith, 1996).

For the study of genetic differentiation among natural populations, a wide
array of markers have now became available, from both nuclear and organelle
genomes (Avise, 2000 and 2004; Zhang & Hewitt, 2003; Ballard & Whitlock, 2004).
The relative importance of nuclear vs. mitochondrial markers for the study of
population genetics and evolutionary processes has long been discussed (e.g. Moore,
1995; Hoelzer, 1997; Avise, 2000; Hare, 2001), even following evidence that distinct
markers can give discrepant estimates of genetic differentiation among populations,
leading to discrepant inferences regarding populations’ structure and history (e.g.
Palumbi & Baker, 1994; Piel & Nutt, 2000; Shaw, 2002; Johnson ez a/., 2003). Some
differences among mtDNA and nuclear markers are usually expected, because of
their different effective size (typically four times lower in the former; Birky e a/,
1989), but several other causes can contribute or even play a prevalent role in
enhancing these differences. Because of the lower effective size of mtDNA,
historical events implying demographic size changes, such as population bottlenecks
or founder effects, are expected to affect genetic diversity at this marker more
strongly than at nuclear ones. This leads to mtDNA lineages becoming exclusive
more quickly in diverging groups. Gender-biased factors also have been shown
significantly to affect the magnitude of differentiation at different marker loci. For
instance a male-biased sex ratio, implying a reduced female effective size, would
enhance the effect of genetic drift on the (maternally inherited) mtDNA compared

to the (biparentally inherited) autosomal genome (e.g. Arnaud-Haond ez 4/, 2003).
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On the other hand, a gender-biased dispersal or phylopatry can produce different
patterns of distribution of genetic variation at mitochondrial and nuclear genomes,
because of differences in rates of gene flow (e.g. Palumbi & Baker, 1994; Goudet ¢#
al., 2002). Finally, even selection can produce discrepancies among distinct kinds of
markers. In fact, fixation of new allele variants through directional selection
(selective sweeps) can lead to increased estimates of differentiation among the
diverging lineages, both at the selected locus and at those loci that are tightly linked
to it (Maynard Smith & Haigh, 1974). If acting on a mitochondrial gene, this leads
to the fixation of a single mtDNA variant, implying that a stronger mitochondrial
differentiation will be found compared to nuclear genes, whichever mtDNA gene
fragment we study (Schlotterer, 2003; Ballard & Whitlock, 2004). In contrast,
balancing selection, promoting the maintenance of polymorphism, lead to a less
pronounced differentiation at the affected loci with respect to those evolving under
selective neutrality (Broughton & Harrison, 2003).

In this paper we present a new case of striking discrepancy between nuclear
(allozymes) and mitochondrial markers in depicting the pattern and depth of
differentiation among populations of the Italian treefrog, and discuss the possible
contribution of different evolutionary processes in generating the observed pattern.

The Italian treefrog Hyla intermedia is a small, cryptically coloured amphibian
which breeds in ponds, pools, temporary waters and various other freshwater
habitats (Lanza, 1983). It is a relatively thermophilic species, with the majority of
populations (> 90%) being distributed below 500m a.s.l. (e.g. Mazzotti ez al., 1999).
Because of the scarcity of morphological and chromatic differentiation, the
populations of this species were long attributed to the European species Hyla arborea
(Linnaeus, 1758), together with all other Palaearctic populations of treefrog. Some
authors (e.g. Tscudi; cited in Schreiber, 1985) even believed the species to be
cosmopolitan. Later studies based on genetic and bioacoustic markers revealed the
existence, within the Paleartic region, of several distinct species within the former
Hyla arborea (e.g. Paillette, 1967; Schneider, 1974; Kawamura ez al., 1977; Nascetti ef
al., 1985). Based on an allozyme survey, Nascetti ¢f a/. (1995) attributed the treefrog
populations from peninsular Italy and Sicily to the new species Hyla italica, which

showed a genetic divergence (Nei, 1972) of Dner = 0.47 with respect to the other
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European populations regarded as Hyla arborea. Subsequently, a synonimizing of
Hyla italica (Nascetti et al., 1995) with Hyla intermedia (Boulenger, 1882), and the
consequent replacing of the latter name with the former, was proposed (Dubois,
1995). We don’t regard a renaming as justified based on the arguments therein.
Nevertheless, since this latter name is presently the most widely used and a decision
has not yet been made by the International Commission on Zoological
Nomenclature, in this paper we adopt the name H. intermedia, postponing a
discussion about nomenclatural issues to a further paper (Nascetti ¢f a/, in prep.).
The allozyme analysis of Nascetti e a/ (1995), in which the species is
described, also suggested the existence of some genetic differentiation among
populations located in northern Italy with respect to those located in peninsular
Italy and Sicily. In this paper we aim at assess the present geographical pattern of
differentiation among populations of the Italian treefrog and to elucidate the
evolutionary processes involved in generating this pattern. With this aim, we further
investigate the genetic variation at allozymes through a more intensive sampling
scheme, and analyse the geographic variation at mitochondrial level through

PCR-RFLP and sequence analyses of a Cytochrome-b gene fragment.

4.2 MATERIALS AND METHODS

Altogether 497 specimens of Hyla intermedia were collected from 33
populations, covering the entire species range (Figure 1). The geographic origin of
samples studied and sample size are given in Table 1. Tissue samples were obtained
through toe-clipping procedure, following the suggestions of Donnelly ez a/ (1994).
Each sampled individual was then released in the same collection place. Collected
samples were carried to the laboratory in liquid nitrogen containers, then stored at —
80 °C until further analysis could be carried out. Samples from Verucchio, San
Daniele and Langhirano were provided by the Department of Animal and Human

Biology of Turin University and had been stored in 70% ethanol.
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4.2.1 ALLOZYMES

Horizontal electrophoresis was carried out onto 10% starch gel. Enzyme
systems analysed and their putative encoding loci are listed in Table 2 together with
the electrophoretic techniques utilized. Isozymes were numbered in order of
decreasing mobility, from the most anodal one. Alleles at each locus were designated
by their mobility (in mm, standardized conditions) relative to the most common one
(700) in a reference population (Corleone, Sicily).

Estimates of allele frequencies and population genetic variability (as mean
observed heterozygosity, Nei’s 1978 unbiased estimate of expected heterozygosity,
percentage of polymorphic loci and mean number of alleles per locus) were
computed with the software BIOSYS-2 (Swofford & Selander, 1999). Exact
significance probabilities for Hardy-Weinberg equilibrium (HW) were assessed for
each locus in each sample, then the Bonferroni correction for multiple tests was
applied (Rice, 1989).

Genetic distances between populations were assessed by calculating Nei’s
(1972) standard genetic distances, which was then used to build an UPGMA
phenogram. 1,000 bootstrap pseudoreplicates over loci were run to test the
reliability of the UPGMA phenogram with the BOOTDIST option in BIOSYS-2. The
consensus UPGMA was then obtained using the subroutines NEIGHBOR and
CONSENSE in the software PHYLIP 3.5c (Felsenstein, 1993). Because UPGMA
analysis forces populations into a dichotomic branching pattern, we also carried out
a Principal Component Analysis (PCA) with the software PCAGEN 1.2 (Goudet,
1999), in order to detect potentially intergraded populations relative to the main
lineages detected. The statistical significance of each axis was evaluated over 10,000

randomizations.

42.2 MTDNA

DNA was extracted from frozen or alcohol-preserved tissues following
standard Sambrook e7 al. (1989) extraction protocol. A fragment of 332 bp of the
mitochondrial gene encoding for the Cytochrome-b was amplified by means of the
polymerase chain reaction (hereon, PCR) using primers MVZ15 (Moritz e# al., 1992)
and H15149 (Kocher ¢t al, 1989). PCR cycling protocol was: 95°C for 5 min
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followed by 39 cycles of 93°C for 1 min, 45°C for 45 s, 72°C for 1 min 30 s and a
single final step at 72°C for 10 min.

Preliminary tests of restriction endonucleases were carried out for 30
individuals drawn from 6 populations (PUA, TOR, MAL, FIR, OST, PIZ). Of the
ten restriction enzymes surveyed (Haelll, Rsal, Saun3a, Dral, EcoR1, Maell, Alul, Ssp,
Stul, Xhol), the six which showed restriction sites polymorphism (Haelll, Rsal,
Sau3a, Dral, Maell, Alul) were retained and used to screen all remaining samples.

A volume of 17.3 pl of PCR product was digested over night with 5 units of
enzyme following manufacturer’s instructions. Restriction fragments were separated
on 3% agarose gel, stained with 0.5 pg/ml Ethidium Bromide and visualized under
UV light.

Haplotype sequences were obtained using an ABI PRISM 377 DNA
sequencer (PE Applied Biosystems) following the ABI PRISM BigDye Terminator
Cycle Sequencing protocol. The sequencing chromatograms were analysed with the
program CHROMAS (Technelysium Pty Ltd, Australia). Alignments were carried out
using the software CLUSTALX 1.81 (Thompson e7 al., 1997).

The null hypothesis of constant substitution rate was tested by means of
Tajima’s relative rate test (1993) as implemented in MEGA 2.1. Pairwise sequence
divergence (p-distance) and phylogenetic analyses were computed using the software
PAUP* 4.0b10 (Swofford, 2003). Phylogenetic trees were inferred using Neighbour-
Joining (NJ) and Maximum Parsimony (MP) analyses. Unweighted MP trees were
obtained using the exhaustive search. The reliability of the NJ tree, computed with
Kimura 2-parameters distances (K2P; Kimura, 1980), was evaluated by the
bootstrapping method with 1,000 pseudoreplicates. Psexdacris regilla was used as

outgroup (GenBank Accession Number: AY363197; Ripplinger & Wagner, 2004).

4.2.3 ESTIMATING Fst AND GENE FLOW FOR COMPARATIVE PURPOSES

Population genetic structure was investigated using Fsr among pairs of
samples as estimated by the parameter 0 of Weir & Cockerham (1984) using the
software FSTAT 2.9.3 (Goudet, 2001). The significance of the 6 estimates was
assessed by 1000 permutations, and the Bonferroni correction for multiple

simultaneous tests (Rice, 1989) was applied.
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Indirect estimates of gene flow (IN7) among populations were obtained from
F-statitics (Wright, 1951) as Nm = (1 - Fsr)/(4 Fsr). This estimate assumes the
infinite-island model of population structure and gene flow (Wright, 1951).
Although the majority of real populations probably violate these assumptions
(Whitlock ez al., 1999), this estimate is still considered a useful tool for comparative
purposes (e.g. Neigel, 2002; Lampert ez al, 2003; Monsen e# al., 2003) and will

therefore be used for this aim.

4.3 RESULTS

4.3.1 ALLOZYMES

Eight out of the twenty-three loci surveyed (6Pgdh, Gapdh, Sod-2, Ck, Adk,
Gpi, Pt-2 and Pr-3) were monomorphic for the same allele in all populations.

Eight out of 174 tests for HW equilibrium were significant (P < 0.05).
However, they did not concern specific loci or geographic locations, and were not
significant after the Bonferroni correction.

Populations of the Italian treefrog close to the area of parapatry with the
European species H. arborea (UDI, MAL, SCH, CON and PRE) showed alleles of
this species (Idh-193, Sod-1%4, Aat-2%0, Pep-C1'%8, Pep-C2, Pep-C410 and Ada®’;
Nascetti et al, 1995) introgressed with frequencies varying across loci and
populations. The contact zone between these sister species and patterns of
introgression are being analyzed in another paper, and will therefore not be further
considered here.

Five loci (Mdhp, 1dh-2, Aat-2, PepC-2 and Ca3) showed marked differences in
alleles frequencies among populations located alternatively south and north (hereon
group-S and group-N respectively) of the northern Apennine (Figure 2). The allele
Mdhp'*, the most common allele at locus Mdhp in almost all populations of the
group-N, is only present in four populations of the group-S with frequencies never
above 0.09, whereas the loci 1dh-2, Aat-2, PepC-2 and Ca3 showed alleles found in
almost all northern populations that are observed only in one (Aaz-2% and PepC-20)

or two (Idh-2"17 and Ca3'7%) southern populations (see Figure 2).
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Net’s (1972) standard genetic distance (Dngr) between populations ranged
from 0.00 and 0.11, with the highest value observed between SCH (group-N) and
LAR (group-S) and between TOR (group N) and several populations from group-S.
Populations close to the northern side of the northern Apennines (MAG, BAG,
SLO) showed lower values of Dngrr if compared with populations from group-S
(Dxrr [£ standard deviation] being on average 0.02 [ 0.01], 0.03 [£ 0.01] and 0.02
[£ 0.01] respectively) than if compared with populations from group-N (Dxer being
on average 0.04 [£ 0.01], 0.07 [x 0.02] and 0.06 [£ 0.02] respectively). Between
group-N and group-S mean Dner was 0.07 (£ 0.02), whereas within each group it
was 0.02 (£ 0.01) and 0.01 (£ 0.01) respectively.

A phenogram based on a UPGMA (Figure 3) grouped samples into two
main clusters corresponding to group-N and group-S as defined above. The only
exception to this geographical pattern are the three samples close to the northern
side of the Apennines (MAG, BAG, SLO) which are instead included in the
southern cluster. Since all other nodes in the UPGMA phenogram receive little
bootstrap support (< 70%), additional inferences can’t be made with accuracy from
the UPGMA phenogram.

The first two principal components resulting from PCA (scatterplot shown
in Figure 4) cumulatively accounted for 80.3% of the total genetic variance,
although only the first PC was significant (P < 0.05). The first principal component
explained 72.8% of the total variance and discriminated between the same two
groups of samples as observed in the UPGMA tree. Nevertheless, along this PC
sample from MAG was intermediate among these two groups.

The level of differentiation among all populations was strong and highly
significant (6=0.311; P < 0.001). Values of pairwise 6 among samples for which also
mitochondrial data were collected are given in Table 3. Observed values of 6 within
each group suggested a higher level of population differentiation within group-S
than within group-N (average 6 was 0.126 [£ 0.080] and 0.046 [£ 0.038]
respectively). The sample from MAG shows lower values of 0 with respect to
samples from group-S than when compared to samples from group-N. However, it
is the “southern” sample that shows the lowest values of 0 in comparisons with

samples from group-N (never exceeding 0.295). The sample from BAG (group-S)
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shows the highest values of 0 of the intra-group comparisons. In fact, in three cases
(when compared to GIB, GAR and OST) it shows values above 0.420, which are of
the same degree as the values observed in the inter-group comparisons. When
excluding these two populations, average 0 between groups was 0.439 (+ 0.087), a
value that under an infinite islands model (Wright, 1951) leads to an estimate of the
average between-groups gene flow of Nm=0.319.

Estimates of population genetic variability are given in Table 4. The unbiased
estimate of expected heterozygosity (Hg) varied from 0.016, observed at samples
from GAR and LAT, to 0.140 observed at SCH. Mean values of HE for group-N
was 0.112 (£ 0.020), whereas for group-S it was 0.049 (£ 0.022), values which differ
significantly (Mann-Whitney tests: U (=27, a.£=1y= 3; P < 0.01). The highest values for
Hy: were observed in a group of populations close to Eastern Prealps (populations
MAL, SCH, CON and PRE). Other measures of genetic variability (observed
heterozygosity, mean number of alleles per locus and percentage of polymorphic

loci) show the same geographical pattern as HE.

43.2 MTDNA

Five composite RFLP-haplotypes were found over all samples. One of these
(al) was observed only in one individual from MAL, a population close to the
hybrid zone between H. intermedia and H. arborea. It was also observed in all samples
studied of Hyla arborea from Germany (Verardi, unpublished data). In all samples
located south of the northern Apennines the only haplotype observed was sl (see
Figure 2). It was also the only haplotype found at VER and SLO, while in samples
from BAG and MAG it was observed at frequencies of 0.8 and 0.5 respectively. In
all the other northern populations nl was the most common haplotype, with
frequencies varying from 0.73 (at BAV) to 1.0 (the majority of samples). Two other
haplotypes were found among samples of the group-N, neither exceeding 0.22: n2,
which was observed at BAV and POR, and n3 at MAG, PUA and BAV.

Sequences of 332 bp corresponding to 16347 (5’end) and 16678 (3* end) of
the Xenopus laevis mitochondrial genome (Roe e a/,1985) were obtained from two
individuals for each RFLP-haplotype (GenBank accession numbers: AY093690,
AY093692- AY093695).
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The NJ tree illustrating relationships among the haplotypes found is given in
Figure 5 (the MP tree has an identical topology, hence is not shown). Average
sequence divergence (p-distance) among H. arborea haplotype (al) and H. intermedia
haplotypes (nl, n2, n3 and s1) was 14.23%. Among H. intermedia haplotypes thirty-
two variable sites were observed: 31 in third position and one in second position.
No aminoacidic replacement was found. Sequence divergences between haplotypes
nl, n2 and n3 ranges from 1 to 3 base pairs, all transitions in third position. The
most differentiated haplotype was s1, with an average 9.04% of sequence divergence
with respect to the other H. zntermedia haplotypes.

To assess the linearity of accumulation of substitutions over time we carried
out a total of 10 Tajima (1993) tests among all possible pairs of haplotypes, using a
previously published sequence of Pseudacris regilla as an outgroup. The null
hypothesis of constant substitution rates could not be rejected based on those tests
(all P> 0.05).

The pattern of population differentiation was very strong and significant,
with a value of 0 overall samples being 0.777 (P < 0.01). Pairwise 0 estimates
between population pairs (Table 4) showed the existence of two groups of
populations identical to those evidenced with allozymes. When excluding the
samples from BAG and MAG (see below), very weak population differentiation was
found within each group, with average 6 as low as 0.000 (* 0.000) and 0.032 (£
0.061) for group-S and group-N respectively. On the other hand, average 6 between
the two groups was as high as 0.950 (£ 0.084), which under the infinite islands
model (Wright, 1951) gives an estimate of the between-groups gene flow of Nw=
0.013. Populations from BAG and particularly MAG (i.e. the only two where both
southern and northern haplotypes were found to be co-present) showed
intermediate values of 6 when compared either to populations from group-S or to

those from group-N.
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4.4 DISCUSSION

The study of the genetic variation at 23 nuclear loci and a fragment of the
mitochondrial cytochrome & gene have clearly shown the existence of a remarkable
genetic structuring within the Italian treefrog. This appeared mainly attributable to
differences between two geographically coherent groups of populations, one
comprising those located north of the northern Apennines, the other those located
south. Populations closest to the northern side of this mountain chain was
genetically intermediate between the two groups.

Although substantially concordant in depicting spatial pattern of genetic
variation, allozymes and mtDNA led to markedly discrepant estimates of the
pattern of genetic divergence between the two groups, as well as of the graduality of
the intergradation among them. At the mitochondrial level, a sharp phylogeographic
break was found, with only two close samples (MAG and BAG) showing the two
haploforms co-present. Furthermore, the divergence between the two haploforms
was particularly high (p-distance=9.04%), resembling that found between several
congeneric amphibian species. For instance, Lee ¢/ al. (1999) observed a sequence
divergence of 10.74-10.96% at cytochrome 4 between the Korean Hyla japonica and
H. suweonensis, whereas values of 6.30-10.03% were found by Martinez-Solano ez al.
(2004) among midwife toads of the species Ahytes dickhilleni, A. manrus, A. muletensis
and A. obstetricans. By contrast, genetic divergence at allozymes resulted weaker
(Dner=0.07), and well below the levels usually observed among congeneric
amphibian species (e.g. Avise & Aquadro, 1982). By applying Nei’s (1975) formula
to allozyme data (fpnyn=5-10°-Dngr), the divergence between the two population
groups would be dated to 350,000 years. By contrast, the crude estimate of 2%
sequence divergence per million years for vertebrate mtDNA (Brown ef al, 1979;
Johns & Avise, 1998) would lead to an estimate of the divergence time of about 4.5
million years. Even allowing for the vagaries of molecular clocks (e.g. Ayala, 1997 &
1999; Penny, 2005), the two time estimates derived from mtDNA and allozyme data
appear largely discrepant. Also the intergradation between the two groups of
populations appeared less sharp at allozyme than at mitochondrial level. Samples

from SLO and FIR, both clustered within the southern group and sharing the single
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‘southern’ haplotype s1, showed ‘northern’ nuclear alleles, with low frequencies, at
all but one of the differentiated loci. These are also the samples from the southern
group that show the lowest genetic differentiation compared to the northern
Apennine samples MAG and BAG. Finally, the discrepancy between the two kind
of markers is also strikingly evident from pairwise estimates of population
subdivision, as measured by conventional F-statistics and, consequently, by the Fsr-
based gene-flow estimates. In fact, given that the mitochondrial genome is haploid
and maternally inherited, estimates of gene-flow are expected to be fourfold lower at
mtDNA than at nuclear markers, whereas our results indicated a N estimate 25
times higher at nuclear than at mitochondrial level.

At least three distinct hypotheses can be made to attempt an explanation of
such discrepancies: (i) deviations from expectations under neutral evolution because
of forces acting on individual markers, such as balancing selection on allozymes
and/or selective sweeps on mtDNA; (ii) past fragmentation followed by secondary-
contact through a sex-biased gene-flow; (iii) origin of the southern group through
colonization from northern areas, associated with a founder effect, and retention of
ancient polymorphisms at allozymes within the northern group.

Balancing selection favours the maintenance of similar allele frequencies,
leading to patterns of population subdivision, as measured by conventional F-
statistics, which should be much less apparent (Schierup ez a/., 2000). Nevertheless
the footprint of natural selection on multiple loci depends on the intensity of
selection and the recombination rate among loci (Broughton & Harrison, 2003).
Therefore, to play a role in our case study, either this phenomenon would have to
be applied simultaneously to several protein loci, or the recombination rate among
them would have to be very low, two highly unlikely occurrences. On the other
hand, the selective sweep resulting from directional selection on mtDNA could have
led to fixation of distinct new haplotypes within one or both of the two groups of
population, leading to higher 6-values at mtDNA level. However, this would not
alter the amount of sequence divergence among haplotypes, so this phenomenon
cannot account for the large discrepancy in the estimates of divergence between the

two groups. Therefore, the scenario (i) of differential constraints on marker
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evolution, leading to deviations from expectations under neutral evolution, appears
on the whole unlikely, and is thus rejected.

The influence of the northern Apennines in shaping patterns of distribution
and differentiation among related species or groups of population within them, has
been pointed out for several taxa (e.g. Bianco, 1994; Di Giovanni e a/, 1998; Stefani
et al., 2004). Since the Italian treefrog is a relatively thermophylic species, with more
than 90% of its populations located under 500m a.s.l. (e.g. Mazzotti ez al., 1999), it
appears very likely that this mountain chain has played the role of a barrier to
dispersal in this species along the north-south axis. Following the scenario (ii), this
mountain chain could have acted as an extrinsic barrier to gene flow, by separating
the two population groups, most probably during glacial maxima, when scattered
glaciers were present at high altitude (Cremaschi, 2003a & 2003b). This phase would
have been followed by a secondary contact, during subsequent interglacials, that re-
established gene-flow. However, to generate the observed patterns and
discrepancies, this gene flow would be strongly male-biased and directional (mainly
from south to north, see Figure 2). Unlike mammals and birds, for which sex-biased
gene-flow has been largely documented (e.g. Greenwood, 1980; Helbig ez a/., 2001;
Crochet et al., 2003; Johnson ef al, 2003; Baker et al., 1998), much less is known
about amphibians (Goudet ¢ al, 2002). Because it is polygynous, the male is
expected to be the dispersing sex in frogs (Lampert ez /., 2003). For what is at our
knowledge, case studies concerning anuran amphibians and requiring male-biased
gene-flow as a possible explanation have been reported for only three species: Rana
cascade (Monsen & Blouin, 2003), Physalaemus pustulosus (Lampert et al., 2003) and
Bombina bombina (Szymura et al., 1985). In the case of the Italian treefrog, a strong
male-biased gene-flow from southern to northern areas could have led to extensive
introgression at differentiated nuclear loci, giving rise to the general geographic
pattern of variation at allele frequencies (see Figure 2), whereas inter-locus variance
(Lewontin & Krakauer, 1973; Baer, 1999 and reference therein) could easily account
for differences among them. However, the geographic distribution of the genetic
variability is hardly explained by this hypothesis alone. In fact it would imply such a
geographically asymmetrical gene-flow, and we do not know of ecological or

biogeographic features that could underlie this pattern, which appears unlikely.
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The alternative hypothesis (iii) of persistent ancient polymorphisms at
allozymes within the northern group and the origin of the southern group through
colonization from northern areas, could also account for the observed pattern of
geographical distribution genetic variation. Because ancestral polymorphisms can be
retained, a large historical population size should be assumed (e.g. Ting ez 4/, 2000).
Present knowledge of palacoenvironments in northern Italy allows this assumption
(e.g. Montuire & Marcolini, 2002; Cattani, 2003). In fact, during glacial periods,
marine transgressions led to a southward migration of the coastal line, till 300 Km
south-east of its present location (Cremaschi, 2003b), allowing the formation of
freshwater environments where large populations could have persisted (e.g. Miola ez
al., 2003). By contrast, during interglacials, when the coastal line migrated northward
following marine regression, large populations could have persisted in the entire Po
river plain (e.g. Ravazzi & Strick, 1999; Amorosi et al, 1999; Cattani, 2003). The
colonization of southern habitats may have occurred during these latter periods,
with the establishing of more favourable climatic conditions that allowed treefrogs
to cross the northern Apennines. Moreover, the discovery of treefrog fossils from
the Early Pleistocene (late Villafranchian) of Apricena (Apulia, southern Italy;
Delfino & Bailon, 2000) suggests that such colonization would have pre-dated this
period. A founder effect accompanying this event could explain the observed
reduced genetic variability of southern populations with respect to populations of
the northern group (on average less than half). A reduced historical population size
in peninsular Italy may also have been favoured by the more fragmented
distribution of lowland habitats in this area.

The two hypotheses (i) and (iii) are not completely mutually exclusive.
Furthermore, each one gives a more plausible explanation for particular aspects of
the dataset: the geographical distribution of genetic variability is best explained by
hypothesis (iii), well supported by paleoecological and biogeographic information,
whereas the patterns of variation among populations closest to the northern
Apennines may well have been generated by a secondary contact coupled with a sex-
biased dispersal in favour of males.

Therefore, an intermediate scenario between (i) and (iii) appear the most

likely. Within the areas located north of northern Apennines, the maintenance of a
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large historical population size would have allowed for the retention of ancestral
polymorphisms, which may be responsible for much of the genetic variability found
in this area. The areas south of the northern Apennines would have been colonized
by the northern populations before the Early Pleistocene, an event accompanied to
a founder effect leading to the observed reduced genetic variability in populations
from peninsular Italy. The intervening of unsuitable conditions at medium to high
altitude in the northern Apennines during subsequent pleniglacials would have made
this mountain chain an efficient barrier to dispersal, leading to prolonged isolation
between the two population groups. More recently, the re-establishing of climatic
conditions favorable to crossing this geographic barrier would have restored some
(male-biased) gene-flow between them, and the formation of a secondary contact

zone in the area located slightly north of the northern Apennines.

4.5 CONCLUSIONS

In this paper we have presented a case of striking discrepancy between
nuclear and mitochondrial markers in depicting the pattern of population
differentiation between two groups of populations within the Italian treefrog. The
most plausible scenario accounting for the observed pattern of differentiation and
the discrepancy among markers appears to imply several historical events: a) the
retention of ancestral polymorphisms within the northern group, favoured by a large
historical population size; b) the origin of the southern group through colonization
from northern areas before the late Villafranchian; c) the isolation between the two
population groups during subsequent pleniglacials, with the northern Apennine
acting as a barrier to dispersal; d) a secondary contact between them, through a
male-biased gene flow.

Further investigations will be needed to conclusively validate the above
scenario. In particular, in order to understand the relative contribution of
introgression following secondary contact or persistent ancient polymorphisms in

shaping the observed pattern of genetic variation in northern Italy, further
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investigations will be carried out through the analysis of geographical patterns of
variation at paternal inherited (Y-linked) markers.

Based on the results of the mtDNA analysis alone, and with a sparser
sampling scheme, one could have supposed the existence of two distinct species
within the Italian treefrog, with the northern Apennine acting as an extrinsic barrier
to gene-flow. Nevertheless, allozyme data and the study of contact populations do
not support this hypothesis. On the other hand, allozyme data alone would have
suggested the existence of two moderately differentiated groups of population,
whose divergence could be only of recent origin. Only the joint study of both
nuclear and mitochondrial markers, has made it possible to put in evidence the
existence of a more complex evolutionary history. In the face of the extensive use of
a single kind of marker in studies of molecular taxonomy and systematics, the case
study we have presented here constitutes a serious cautionary note, and a strong
argument against the use of single markers and/or genetic distances for identifying
species or investigating evolutionary processes at levels other than the single marker
studied. This latter point appears of particular relevance for taxa such as

amphibians, whose taxonomy and systematic have been so deeply revised in the
p 5 y y ply

light of genetic studies (Veight, 1996; Borkin, 1999).
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4.6 'TABLES AND FIGURES

Table 1. Geographic origin and sample size (n) of the 33 populations of the Italian treefrog
studied.

Location Latitude Longitude n
Sampling location  reference code N E Allozymes mtDNA

Cotleone COR 37°49  13°18 25 1
Gibilmanna GIB 37°55 14°01° 35 12
Gambarie GAM 38209 15°41° 38 8
Pizzo PLZ 3844 16°10° 23 9
Fiumefreddo FIU 39°20 16°07° 8 4
Macchia Longa MLO 39°15° 16°46° 15 -
Lago Remmo LAR 40°11° 15°52 21 -
S. Giovanni Rotondo GAR 41°43 15°43 20 4
Lido di Ostia OSsT 41°45 12°2(¢ 1

Latina LAT 41°28’ 12°56 10 -
Roseto ROS 42°40 13°59 - 6
San Lotrenzo SLO 43°34° 13°26° 19 19
Firenze FIR 43°49 11°28 16 6
Bagno di Romagna BAG 43°50° 11°57° 9 9
Magliano MAG 44°60° 12°5 24 24
Punta Alberete PUA 44°30 12°16° 17 17
Verucchio VER 43°59 12°25' - 7
Langhirano LAR 44°37 10°16' - 5
Cremona CRE 45°09° 10°01° 15 15
Novara NOV 45°29 8°39’ 22 25
Torino TOR 45°07 7°34° 8 18
C. Ticino TIC 46°01 8°54 - 6
Belluno BEL 46°08 12°12° -

Cavarzere CAV 45°08’ 12°04 7 4
Bavaria BAV 45°34° 12°05° 17 11
San Daniele SAN 46°10 13°05° - 12
Cordenons POR 45°57 12°38’ 16 9
Punta Sabbioni SAB 45°30 12°34 6 -
Brazzacco UDI 46°05 13°10° 10 -
Malina MAL 46°05 13°19 1 6
Schiavetti SCH 45°49 13°33’ 21 7
Cona CON 45°54° 13°32 12 5
Preval PRE 45°56 13°33’ 15 8
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Table 2. Enzymes studied, their code number, encoding loci, buffer systems and

staining technique reference.

Enzyme EEC Encoding loci Buffer systems Staining
reference
Malate dehydrogenase 1.1.1.37 Mdh-1 5 b
Mdh-2 5 b
Malate dehydrogenase 1.1.1.40 Mdhp 2 d
(NADP")
Isocitrate dehydrogenase 1.1.1.42 Ldp-1 2 b
Idh-2 2 b
6-PhosPhogluconate 1.1.1.44 6Pgdh 5 b
dehydrogenase
Glyceraldehyde-3-phosfate  1.2.1.12 Gapdh 2 d
dehydrogenase
Superoxide dismutase 1.15.1.1 Sod-1 1,2 d
Sod-2 1,2 d
Aspartate aminotransferase  2.6.1.1 Aat-1 5 c
Aat-2 5 c
Creatine kinase 2.7.3.2 Ck 2 b
Adenylate kinase 2.7.4.3 Adk 2 d
Aminopeptidase (Leu-Ala) 3.4.1.1 Pep-C1 2 e
Pep-C2 2 e
Pep-C4 2 e
Adenosine deaminase 3.5.44 Ada 2 e
Carbonic anhydrase 42.1.1 Ca 3 e
Mannose phosphate 53.1.8 Mpi 3 e
isomerase
Glucose phosphate 5.3.1.9 Gpi 5 c
isomerase
Phosphoglucomutase 5.4.2.2 Pom-2 4 a
Unidentified proteins Pr2 1 b
Pr-3 1 b

Buffer systems: 1) Discontinous Tris/Citrate (Poulik, 1957); 2) Continous Ttis/Citrate
(Selander ez al, 1971); 3) Tris/Versene/Borate (Brewer and Sing, 1970); 4)
Tris/Versene/Maleate (Brewer and Sing, 1970); 5) Phosfate-Cytrate; Harris (1966). Staining
tecnique reference: a) Brewer and Sing (1970); b) Shaw & Prasad (1970); ¢) Selander e .
(1971); d) Ayala ez al. (1972); e) Harris & Hopkinson (1976).
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Table3. Pairwise values of 0 (Weir & Cockerham, 1984) for the 22 samples of Hyla intermedia for which both mitochondrial and allozymes data
were collected.

COR GIB GAM PIZ FIU GAR OST SLO FIR BAG MAG PUA CRE NOV TOR CAV  BAV POR MAL SCH CON PRE
COR X <0.000 =0.000 <=0.000 <=0.000 =0.000 <=0.000 <=0.000 <=0.000 **0.156 *0.230 **0.816 **1.000 **1.000 **1.000 **1.000 **0.827 **1.000 **0.884 **1.000 **1.000 **1.000
GIB *0.056 X <0.000 =0.000 =0.000 =0.000 =0.000 =0.000 =0.000 **0.170 *0.239 **0.821 **1.000 **1.000 **1.000 **1.000 **0.834 **1.000 **0.891 **1.000 **1.000 **1.000
GAM  0.010 **0.181 X <0.000 =0.000 =0.000 =0.000 =0.000 =0.000 0.107 *0.199 *+0.795 **¥1.000 **1.000 **1.000 **1.000 **0.802 **1.000 **0.858 **1.000 **1.000 **1.000
PIZ *0.054  *0.084  *0.074 X <0.000 =0.000 <=0.000 =0.000 <=0.000 **0.125 *0.211 **0.803 **1.000 **1.000 **1.000 **1.000 **0.811 **1.000 **0.868 **1.000 **1.000 **1.000
FIU *0.092  *0.223  *0.120  0.027 X <0.000 =<0.000 <=0.000 <=0.000 =0.000 0.125 *£0.758 *¥1.000 **1.000 **1.000 **1.000 **0.750 **1.000 **0.797 **1.000 **1.000 **1.000
GAR  *0.077 =0.000 **0.209 *0.108 **0.279 X <0.000 <0.000 <0.000 <=0.000 0.125 **0.758 **1.000 **1.000 **1.000 **1.000 **0.750 **1.000 **0.797 **1.000 **1.000 **1.000
OST  *0.124  0.037 **0.208 *0.092 **0.232  0.051 b <0.000 =0.000 0.087 *0.186 **0.787 **1.000 **1.000 **1.000 **1.000 **0.791 **1.000 **0.847 **1.000 **1.000 **1.000
SLO  **0.146 **0.263 *0.117 **0.165 *0.137 *¥0.294 **0.262 X <0.000 **0.249 **0.289 **0.853 **1.000 **1.000 **¥1.000 **1.000 **0.871 **1.000 **0.922 **1.000 **1.000 **1.000
FIR *0.045 **0.155 **0.085 *0.088 *0.068 **0.175 *0.153  0.030 X 0.063  *0.171 **0.779 **1.000 **1.000 **1.000 **1.000 **0.779 **1.000 **0.833 **1.000 **1.000 **1.000
BAG  *0.251 **0.420 0.112  *0.245 *0.185 **0.486 **0.442 0.033  *0.098 X 0.016  **0.584 **0.807 **0.860 **0.827 **0.662 *0.553 **0.750 *0.552 *0.722 **0.685 *0.737
MAG **0.143 **0.191 *¥0.159 **0.136 *0.111 **0.188 **0.187 **0.071 0.027  *0.107 X **0.347 **0.486 **0.552 **0.508 *0.358 **0.302 **0.432 *0.297 *0.409 **0.379 **0.421
PUA  *#*0.424 **0.438 **€0.428 *0.347 **¥0.320 **0.433 **0.353 **0.351 **0.311 **0.380 **0.177 X 0.112  **0.169 *+0.131 =0.000 =0.000 *0.062 =0.000 0.036  =0.000  0.050
CRE  **0.588 **0.615 **0.566 **0.537 **0.514 **0.619 **0.529 **¥0.493 **0.454 **(0.523 **0.295 *0.087 X <0.000 =<0.000 <0.000 **0.085 =0.000 **0.167 <=0.000 =0.000 <0.000
NOV  **0.494 **0.573 **0.521 **0.492 **¥0.453 **0.566 **¥0.481 **0.425 **0.392 **¥0.398 **0.232 *0.063 0.007 X <0.000 =<0.000 **0.152 <0.000 **0.275 <=0.000 <0.000 <=0.000
TOR  **0.595 **0.624 **0.506 **0.530 **0.462 **0.640 **0.484 **0.479 **0.425 **0.443 **0.277 0.026  0.001  <0.000 X <0.000 **0.108 <=0.000 **0.204 <=0.000 <0.000 =0.000
CAV  #%0.524 *¥0.590 **0.431 **0.455 **0.396 **0.626 **0.480 **0.376 **0.333 **0.347 *0.168 0.018 *0.091 0.017  0.013 X <0.000 =0.000 <=0.000 =0.000 =0.000 =0.000
BAV  *%0.449 *+0.487 **0.427 **0.410 **0.363 **0.486 **0.381 **0.358 **(0.315 **0.364 **0.188 0.024 0.044  0.023  *0.048 =0.000 X 0.027  =<0.000 =0.000 =0.000 0.014
POR  **0.419 **0.449 *£0.357 **0.350 *0.374 **0.478 **0.309 **0.368 **0.320 **0.387 **0.181 0.026 *0.065 0.030  0.036  0.018  =0.000 X *#0.072  =0.000 =0.000 =0.000
MAL  **0.474 **0.398 **0.322 *0.350 **0.331 **0.491 *0.302 **0.377 **0.320 **0.302 *0.142 0.024 0.004 =<0.000 *0.085  0.060  *0.056  0.027 X *$0.028  =<0.000 **0.051
SCH  *%0.489 **0.518 **0.434 **0.454 **0.385 **0.518 **0.417 **0.415 **0.357 **0.379 **0.264 **0.148 **0.150 0.040  *0.090 *0.101 *0.126 *0.107 *0.056 X <0.000 =0.000
CON  *¥0.531 **0.528 **0.432 **0.447 **0.388 **¥0.570 **0.424 **0.421 **0.378 **0.376 **0.211 0.049 0.042  0.006  *0.068  0.040 *0.069 *0.080 0.044  *0.083 X <0.000
PRE  **0.417 **0.407 **0.382 **0.342 **0.317 **0.427 **0.311 **0.342 **0.293 **0.333 **0.148 <0.000 *0.073 0.015 *0.067 0.017 0.012  0.012  0.008 **0.092 *0.060 X

Allozymes data are below the diagonal; mitochondrial data are above the diagonal.

*P <0.05 after 1000 permutations.
**Significant after Bonferroni correction.
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Table 4. Estimates of genetic variability for sampled populations of the Italian treefrog

(standard deviation in parentheses). Samples are encoded as in Table 1.

Sample A P, H, H,
COR 1.2 (0.1) 8.7 0.026 (0.023) 0.034 (0.023)
GIB 1.3 (0.1) 8.7 0.026 (0.013) 0.027 (0.013)
GAM 1.2 (0.1) 13 0.056 (0.030) 0.048 (0.032)
PIZ 1.3 (0.1) 13 0.045 (0.023) 0.056 (0.030)
FIU 1.2 (0.1) 13 0.071 (0.042) 0.059 (0.030)
MLO 1.3 (0.1) 21.7 0.074 (0.030) 0.065 (0.030)
LAR 1.3 (0.2) 13 0.050 (0.030) 0.045 (0.028)
GAR 1.1 (0.1) 8.7 0.011 (0.009) 0.016 (0.010)
OST 1.2 (0.1) 13 0.027 (0.014) 0.037 (0.017)
LAT 1.1 (0.1) 8.7 0.017 (0.014) 0.016 (0.012)
SLO 1.3 (0.1) 13 0.067 (0.032) 0.061 (0.029)
FIR 1.3 (0.1) 26.1 0.070 (0.028) 0.067 (0.027)
BAG 1.2 (0.1) 17.4 0.048 (0.023) 0.052 (0.025)
MAG 1.3 (0.1) 26.1 0.089 (0.038) 0.096 (0.030)
PUA 1.4 (0.1) 30.4 0.113 (0.039) 0.108 (0.030)
CRE 1.2 (0.1) 17.4 0.049 (0.025) 0.077 (0.035)
NOV 1.2 (0.1) 17.4 0.091 (0.041) 0.090 (0.040)
TOR 1.4 (0.1) 39.1 0.121 (0.039) 0.129 (0.039)
CAV 1.3 (0.1) 30.4 0.119 (0.042) 0.110 (0.038)
BAV 1.5 (0.1) 34.8 0.113 (0.041) 0.106 (0.034)
POR 1.3 (0.1) 26.1 0.088 (0.034) 0.092 (0.035)
SAB 1.2 (0.1) 21.7 0.087 (0.044) 0.101 (0.041)
UDI 1.4 (0.1) 39.1 0.072 (0.020) 0.099 (0.033)
MAL 1.6 (0.1) 34.8 0.134 (0.041) 0.138 (0.038)
SCH 1.4 (0.2) 30.4 0.132 (0.049) 0.140 (0.049)
CON 1.4 (0.1) 34.8 0.125 (0.040) 0.134 (0.043)
PRE 1.6 (0.1) 47.8 0.129 (0.031) 0.131 (0.035)

A, mean number of alleles per locus; Py, percentage of polymorphic loci (95% criterion);

H,, observed heterozygosity; Hy, expected heterozygosity (Nei’s 1978 unbiased estimate).
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Figure 1. Geographic range of Hyla intermedia (A) and geographic location of the 33

samples studied (B). Samples are encoded as in Table 1.
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Figure 2. Pie-diagrams showing the geographic variation of allele frequencies at loci Mdhp, PepC-2, 1dh-2, Aat-2, Ca-3 and of haplotype

frequencies at the mitochondrial gene encoding for the cytochrome 4.
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Figure 3. UPGMA phenogram of the populations sampled of the Italian treefrog, based
on Nei's (1972) standard genetic distance (Dyy,). Bootstrap values > 70% after 1000

pseudoreplicates are shown.
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Figure 4. Principal component analysis of allele frequencies among the studied samples of

the Italian treefrog. The horizontal axis is significant (P < 0.01), whereas the vertical is not.

Samples are encoded as in Table 1.
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Figure 5. Neighbour-joining tree based on K-2-P genetic distances among the cytochrome
b haplotypes found within the studied samples of Hyla intermedia. Bootstrap support over
1000 replicates are shown at the nodes. Pseudacris regilla (GenBank Accession Number:

AY363197; Ripplinger & Wagner, 2004) was used as outgroup.
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5. GENETIC DIVERSITY AND PHYLOGEOGRAPHY OF THE
APENNINE YELLOW-BELLIED TOAD Bowbina pachypus (ANURA:
DISCOGLOSSIDAE), WITH IMPLICATIONS FOR

CONSERVATION.

DANIELE CANESTRELLI, ROBERTA CIMMARUTA, VERA COSTANTINI &

GIUSEPPE NASCETTI

ABSTRACT
Genetic variation was investigated in 17 populations of the Italian endemic
Apennine yellow-bellied toad using both mitochondrial (598bp of the cytochrome &
gene) and nuclear (21 allozyme loci) markers. Populations from central Calabria
(southern Italy) showed the highest levels of intrapopulation genetic variation,
whereas samples located north of this region were nearly lacking in variation. This
appears to be a typical pattern of ‘southern richness and northern purity’, usually
attributed to the prolonged population stability within southern refugia coupled with
the loss of variation during post-glacial northward expansion. However, the overall
pattern of genetic variation observed has a strong geographical component,
suggesting two Calabrian plains, Catanzaro and Crati-Sibari, as historical barriers to
dispersal separating three population groups. These findings cannot be explained by
the prolonged stability of southern populations alone and suggest that the southern
richness has been at least in part shaped by allopatric differentiation within the
refugial range, followed by intermixing of previously differentiated lineages. From a
conservation standpoint, Calabria is the major genetic diversity reservoir for this
species, thus deserving particular conservation efforts. Furthermore, although the
low intrapopulation genetic variation outside Calabria appears to be of clear
historical origin, a current reduction of gene flow indicated by the nested clade
analysis and the finding of three private haplotypes each fixed in a single sample
from the same river drainage basin, suggests that anthropogenic factors have also

contributed.
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5.1 INTRODUCTION

Climatic oscillations during the Pleistocene have greatly affected the pattern
of distribution of many species in the Western Palaearctic region, as well as their
demographic history and patterns of population genetic differentiation (for
extensive reviews see Avise, 2000; Hewitt 2004a & 2004b). The ranges of many
organisms were fragmented during glacial maxima, with geographic isolates
persisting in glacial refugia in the Mediterranean or western Asia, and particularly in
the southern portions of the Mediterranean peninsulas of Italy, Iberia, and the
Balkans (but see Stewart & Lister, 2001 and Deffontaine ¢z /., 2005 and references
therein). Following environmental amelioration during interglacials, several taxa
underwent a northward range expansion from distinct southern refugia, giving rise
to recolonizations of northern environments, and in several cases to the
establishment of secondary contact zones between previously isolated evolutionary
lineages (Taberlet ez al, 1998; Hewitt, 1999). One of the major implication of this
general scenario is the pattern of “southern richness and northern purity” (Hewitt
1996, 1999 & 2000). That is, the higher population genetic diversity found in the
south of the Mediterranean peninsulas (i.e. in the former glacial refugia) compared
with populations located further north. Such a pattern was mainly attributed to the
progressive loss of genetic variation due to serial bottlenecking during the process
of rapid northward range expansions (Hewitt, 1996 & 2000; but see Bilton ez 4/,
1998; Austetlitz ez al., 2000; Petit ez al., 2003). The high genetic diversity found in the
south would therefore be mainly attributed to the prolonged demographic stability
of the populations in these areas (Hewitt, 1996). More recently, following the
burgeoning amount of phylogeographic studies published regarding the Iberian
peninsula, growing emphasis has been placed on an alternative hypothesis to explain

such a pattern (Sanz ez a/., 2000; Guillame 7 a/., 2000; see Gomez & Lunt, 2004 for a
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review of evidence). This arises from the finding of a strong population
differentiation within this glacial refugium for a wide variety of taxa, suggesting the
existence of multiple refugia within the Iberian peninsula. This pattern of “refugia-
within-refugia” (Gomez & Lunt, 2004) has important implications in interpreting
the distribution patterns of genetic diversity within the southern peninsulas. Firstly,
the “southern richness” could have arisen from at least two mutually non-exclusive
causes: 1) the prolonged demographic stability of populations from these areas
(Hewitt, 1996), or ii) the existence of a high geographic structuring of populations
due to allopatric differentiation (Sanz ef al., 2000; Guillame ez a/., 2000). Secondly,
since the major contribution to the process of northward recolonization is given by
populations closest to the northern edge of the species range, if a strong population
structure exist the process of genetic diversity loss due to serial bottlenecks during
range expansion would start from a subset of the overall southern diversity, and
would therefore be more pronounced (Gomez & Lunt, 2004 and references
therein). Burgeoning evidence supports this scenario for the Iberian peninsula (e.g.
Jaarola & Searle, 2004; Vila ez al., 2005).

As to the Italian refugium, a prolonged demographic stability of populations
(sometimes coupled with a northward range expansion during interglacials) was
assumed as a likely common history for many taxa from this geographic area, by
authors emphasizing its role either as glacial refugium and source-area for successive
recolonization of northern habitats, either as an area of high endemicity (Hewitt,
1996; Bilton ef al., 1998; Petit ez al., 2003). However, the possible contribution of a
“refugia-within-refugia” scenario still remains substantially unexplored, and more
broadly of allopatric differentiation, in shaping the pattern of genetic diversity in the
south of the Italian peninsula (but see Santucci ez a/., 1996; Podnar ez al., 2005).

In this paper we present an assessment of the pattern of distribution of
genetic diversity and population genetic structure of the Apennine yellow-bellied
toad Bombina pachypus, as emerging from the analysis of variation at both nuclear (23
allozyme loci) and mitochondrial markers (a 598 bp fragment of the cytochrome &
gene). This species is endemic to peninsular Italy (a report by Bruno, 1970 placing
the species in north-eastern Sicily still needs confirmation), and some authors have

suggested that it originated during the Quaternary ice ages, when this species and its
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sister taxon Bombina variegata reached their glacial refugia in southern Italy and the
Balkans respectively (Nascetti e al, 1982; Szymura et al. 1985; Szymura, 1993).
Preliminary allozyme data also suggested a higher genetic diversity in the southern
portion of the range than in the northern one (Nascetti ¢f al., 1982). Therefore, this
species appeared a suitable case study to start investigating whether and to what
extent the so-called “southern richness” may be attributed to the existence of
population subdivisions within the putative refugial area in southern Italy, rather
than to prolonged demographic stability, which is the first aim of this paper.

Once regarded as a subspecies of Bombina variegata, the Apennine yellow-
bellied toad is now considered as a distinct species (after Lanza & Vanni, 1991;
Lanza & Corti, 1993) on the basis of both allozyme (Nascetti e a/, 1982) and
morphological (Vaccaneo, 1931) evidence (but see Veith, 1996; Sarrocco &
Bologna, 2000). It breeds in temporary pools and other shallow and unshaded
freshwater environments (Lanza, 1983), and is mainly distributed at mid-altitude
areas along the Apennine chain (e.g. Caputo e al, 1985; Doria & Salvidio 1994,
Mazzotti ef al., 1999; Sarrocco & Bologna, 2000). The species conservation status is
a cause for concern, and it is protected (still under the name of B. variegata) by
several international conventions and regional laws (it is listed in the Annex II of the
Bern Convention and in the Annexes II and IV of the EU Council Directive for the
Conservation of Natural Habitats and of Wild Fauna and Flora). The species range
appears fragmented, and several authors have recently suggested that many of its
populations could be declining and disappearing, and that the extant populations are
often constituted of few individuals (e.g. Caputo 7 a/, 1985; Doria & Salvidio, 1994
and references therein; Sarrocco & Bologna, 2000). Since genetic data are among the
most relevant for the assessment of both the species’ conservation status and
management priorities (for extensive reviews see Avise & Hamrick, 1996; Young &
Clarke, 2000; Frankham ez al., 2002; Ferriere ez al., 2004), in this paper we will also

discuss the implications of our results for the conservation of the species.
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5.2 MATERIALS AND METHODS

5.2.1 SAMPLING

We collected 161 specimens of Bombina pachypus from 17 localities ranging
from the northern Apennines to the tip of Calabria. Geographic location of
sampling sites and sample size are shown in Table 1 and Fig. la. Live specimens
were anaesthetized in the field by submersion in a 0.02% solution of MS222 (3-
aminobenzoic acid ethyl ester) following the suggestions of Donnelly e7 a/. (1994).
Tissue samples were obtained through removing 3 to 4 toes (toe-clipping) from
each specimen, which was then released in the same collection place. Collected
tissue samples were transported to the laboratory in a 75% solution of EtOH
(samples 6,8,10 and 13) or in liquid nitrogen containers and then stored at —80 °C

until further analyses (all other samples).

5.2.2 DNA EXTRACTION, AMPLIFICATION AND SEQUENCING

Total DNA was extracted using C-TAB procedure (Doyle & Doyle, 1987).
Partial sequences of the mtDNA gene encoding for the cytochrome & were obtained
through PCR-amplification. Amplification was performed in a volume of 50pl,
containing MgCl> (2.5mM), the reaction buffer (1X; Promega), the four dNTPs
(0.2mM each), the two primers (0.2uM each), the enzyme Tag polymerase (2 units;
Promega) and 2ul of DNA template. Preliminary amplifications were performed
using the generic primers 1.14841 (Kocher e al, 1989) and MVZ16 (Moritz et al.,
1992). The sequences obtained with these primers were used to design the specific
primers  494BOMOD  (5-GCATGG  TGAAATTTTGGCTCC-3)  and
CYTbBOMOD (5-CCTAGTAGGTTTGGGGTGAATAT AGC-3’), which were
then used to screen all studied specimens. PCR cycling procedure was: 95°C for 5
min followed by 33 cycles of 93°C for 1 min, 52°C for 45 s, 72°C for 1 min 30 s and
a single final step at 72°C for 10 min. Sequences were obtained using an ABI
PRISM 377 DNA sequencer (PE Applied Biosystems) following the ABI PRISM
BigDye Terminator Cycle Sequencing protocol. All specimens analysed were double

sequenced.
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Multiple sequence alignments were made using CLUSTALX (Thompson e al.,
1997) and checked by eye.

5.2.3 MTDNA DATA ANALYSIS

Haplotype network estimation and Nested Clade Phylogeographical Analysis (NCPA) -
The genealogical relationships between the haplotypes found were represented by a
network. This form of data representation is regarded as more appropriate than
traditional tree-building methods when analyzing intraspecific differentiation, as we
were doing, because it does not force data into a bifurcating pattern, but allows for
persistent ancestral nodes, multifurcations and reticulations (Posada & Crandall,
2001). The haplotype network was estimated using the statistical parsimony
algorithm described by Templeton e a/. (1992), and implemented by the software
TCS 1.13 (Clemment ez al., 2000). In order to investigate the role of historical events
and population structure in shaping the present geographical pattern of variation at
mtDNA, we conducted a NCPA. With this aim, the haplotype network was
converted into a nested series of clades according to the rules given in Templeton ez
al. (1987) and Templeton & Sing (1993). The software GEODIS 2.0 (Posada e7 /.,
2000) was used to calculate the geographical center of haplotypes and clades as well
as, for each of them, to test for the significance of two distance measures: the clade
distance (Dc) and the nested clade distance (Dx). Dc is the average geographical
distance between all members of a clade and its geographical center, whereas Dx is
the average distance between the members of a clade and the geographical center of
the clade within which that clade is nested. Therefore, the first measure represents
an estimate of how geographically widespread a clade is, whereas the second is a
measure of its geographical isolation with respect to the other clades with which it is
nested (Templeton ez al., 1995). Results of the analysis were interpreted using the
latest published version of the inference key (Templeton, 2004). At the highest
nesting level, tip/intetior status was assessed by outgroup rooting. With this aim, a
Maximum Parsimony analysis (heuristic search, 50% majority rule; data not shown)
was carried out with Bombina variegata variegata as outgroup (GenBank Accession
Number: DQ320161). To test for a secondary contact between the lineages

detected, we also performed the supplementary test to the NCPA proposed by
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Templeton (2001). For each nesting level, the average pairwise distance between the
geographical center of haplotypes and clades was calculated for all populations, and
then plotted in order of increasing latitude and clade level.

Genetic diversity and population structure — The extent of the mtDNA diversity at
population level was evaluated by estimating nucleotide () and haplotype diversity
(h) as described by Nei (1987), and implemented in the software DNASP 4.0 (Rozas e7
al., 2003). In order to detect signatures of past population growth, the same
software was also used to calculate the statistics Fs (Fu, 1997) and R. (Rasmos-
Onsins & Rozas, 2002), which in a recent study appeared the most powerful for the
detection of recent demographic expansions (Ramos-Onsins & Rozas, 2002). The
statistical significance of these statistics was evaluated by coalescent simulations
(10 000 replicates).

Genetic differentiation between populations was assessed by estimating
pairwise values of Fist, and the associated significances (by 100,000 permutations),
using the software ARLEQUIN 2.0 (Schneider ef al., 1999). This software was also
used to perform an Analysis of Molecular Variance (AMOVA; Excoffier e al., 1992)
in order to partition the total genetic variance into its components among
population groups, among populations within groups and within populations
(significances assessed by 100,000 permutations). For this analysis, population
groups were defined according to the major phylogeographic breaks indicated by
the NCPA. Both the pairwise Fsr and AMOVA analyses were carried out
incorporating information about divergence among haplotype pairs. With this aim,
they were run using Tamura-Nei (1993) genetic distance, which is the best
approximation available in ARLEQUIN of the best-fit model of sequence evolution
(HKY), selected through the Akaike Information Criterion as implemented by the
program MODELTEST 3.6 (Posada & Crandall, 1998).

In order to ascertain the existence of a migration-drift equilibrium at a
regional scale, we used the approach proposed by Hutchinson & Templeton (1999).
Under a stepping stone model of population structure (which is consistent with the
natural history of the study species), the relative importance of these forces in
shaping the pattern of population structure can be evaluated by predictable and

contrasted patterns of relationship between genetic and geographical distances, as
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well as by the scattering degree of genetic over geographic distance. Under
equilibrium conditions both genetic distance and its variance are expected to
increase with increasing geographic distance between populations, giving rise to
positive and monotonic relationships. The lack or weakness of one or both of these
relationships is instead indicative of a lack of regional equilibrium between gene
flow and drift. Because gene flow is an homogenizing force, when it is more
influential then drift (case II of Hutchinson & Templeton, 1999) a pattern reflecting
panmixia is expected, with no relationships between genetic and geographic distance
and little variance in estimates of genetic divergence. This variance is instead
expected to be large when genetic drift is strong, relative to gene flow, as in cases
where habitat discontinuity has led to extensive population isolation (case III of
Hutchinson & Templeton, 1999). The relationship between geographical (in km)
and genetic (Fsr) distances was evaluated through a Mantel test (with 10,000
permutations), as implemented by the software IBD 1.52 (Bohonak, 2002). The
reduced major axis regression was used to evaluate the strength of the relationship,
and to calculate regression statistics. Moreover, to determine whether the variance
of the Fsr estimates increases with the geographic distance separating population
pairs, the residuals obtained from the regression of the geographic distances vs. Fsr
estimates were correlated with the geographic distances (following Hutchinson &

Templeton, 1999), using the same statistical procedure as above.

5.24 ALLOZYME ELECTROPHORESIS

Standard horizontal starch gel (10%) electrophoresis was performed in order
to screen the samples for their allozyme variation. The following enzyme systems
(16) and loci (21) were resolved: Glycerol-3-phosphate dehydrogenase (G3pdh; EC
1.1.1.8), Lactate dehydrogenase (Ldh-7 and  Ldh-2; EC 1.1.1.27), Malate
dehydrogenase (Mdh-1 and Mdh-2; EC 1.1.1.37), Malate dehydrogenase NADP*-
dependent (Mdhp-1 and Mdhp-2; EC 1.1.1.40), Isocitrate dehydrogenase (ledh-1 and
Iedp-2; EC 1.1.1.42), 6-Phosphogluconate dehydrogenase (6Pgdh; EC 1.1.1.44),
Superoxide dismutase (Sod; EC 1.15.1.1), Aspartate transaminase (Aaz-7 and Aat-2;
EC 2.6.1.1), Creatine kinase (Ck; EC 2.7.3.2), L-LeucylGlycylGlycine Peptidase (Pep-
B; EC 3.4.11.23), L-Phenylalanyl-L-proline Peptidase (Pep-D; EC 3.4.13.9), Anidrasi
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carbonica (Ca; EC 4.2.1.1), Aconitase (A, EC 4.2.1.3), Mannose phosphate
isomerase (Mpz; EC 5.3.1.8), Glucose phosphate isomerase (Gpz;; EC 5.3.1.9),
Phosphoglucomutase (Pgz-2; EC 5.4.2.2). Zymograms were visualized using
enzyme-specific staining procedures, following techniques in Harris & Hopkinson
(1976) and Richardson ef al. (1986). Alleles at each locus were designated by their
mobility (in mm, standardized conditions) relative to the most common one (700) in

a reference population (Bagno di Romagna).

5.2.5 ALLOZYME DATA ANALYSIS

Estimates of allele frequencies and population genetic variability (as mean
observed heterozygosity, Nei’s (1978) unbiased estimate of expected heterozygosity,
proportion of polymorphic loci and mean number of alleles per locus) were
computed with the software BIOSYS-2 (Swofford & Selander, 1999). Exact
significance probabilities for departures from the expected Hardy-Weinberg
equilibrium were computed for each locus in each sample.

A hierarchical cluster analysis of populations was carried out using the
Neighbour-Joining method (NJ) with Cavalli-Sforza & Edwards (1967) chord
distances. The reliability of the NJ tree was assessed by 1,000 bootstrap replicates,
obtained with the BOOTDIST option in BIOSYS-2. The consensus NJ tree was then
obtained using the subroutines NEIGHBOR and CONSENSE in the software PHYLIP
3.5¢ (Felsenstein, 1993). Because tree-building methods force populations into a
dichotomic branching pattern we also, in order to detect potentially intergraded
populations relative to the main lineages, computed a Principal Component Analysis
(PCA) of allele frequencies by means of the software PCAGEN 1.2 (Goudet, 1999).
The statistical significance of each axis was evaluated over 10,000 randomizations.

The amount of genetic differentiation between populations was investigated
by calculating pairwise Fsr values as estimated by the parameter 6 of Weir &
Cockerham (1984), using the software FSTAT 2.9.3 (Goudet, 2001). The significance
of the Fsr estimates was assessed by 1000 permutations. As for mitochondrial data,
the hierarchical partitioning of the genetic variance into its different components
was evaluated by an AMOVA analysis (Excoffier ¢z al., 1992), as implemented by the

software ARLEQUIN 2.0 (Schneider ¢ a/., 1999).
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The relationships between geographical and genetic distances were
investigated using the same methodological framework as for mtDNA data. The
statistical significance of the association between the genetic (Fst) and geographic
(in km) distance matrices was assessed through a Mantel test (with 10,000
permutations), whereas its strength as well as regression statistics were assessed by
means of the reduced major axis regression as implemented in the software IBD 1.52

(Bohonak, 2002).

5.3 RESULTS

5.3.1 MTDNA

Sequence variation and population genetic diversity — For all the 148 studied
specimens we obtained a fragment of 598 base pairs of the mitochondrial
cytochrome 4 gene, corresponding to the positions 14286-14884 of the previously
published Bowmbina bombina mitochondrial genome (GenBank accession number: NC
006402). Thirteen distinct haplotypes were found (GenBank Accession Numbers:
DQ320148-DQ320160), showing a sequence divergence ranging from 0.3% to 1.0%
(the overall average being 0.6%). These were identified by thirteen variable
positions, with all substitutions being transitions, nine located at the third codon
position, three at the second position and one at the first position. Substitution
located at the first and second position gave rise to the following four aminoacidic
replacements: Ile/Val, Ala/Val, Gln/Arg and Ser/Asn.

Estimates of haplotype (/) and nucleotide diversity (n) for each sampled
population are given in Table 2. Strikingly, twelve out of seventeen populations
analysed showed a complete lack of variability at the mtDNA gene fragment
analysed and are all located north of the Crati-Sibari plain (samples 1-10), except for
the two southernmost samples (16-17). The only populations showing appreciable
mtDNA diversity are those located in central Calabria (samples 11-15). Moreover,
both 4 and m were particularly high in samples 13 and 14, located respectively

slightly north and slightly south of the Catanzaro plain.
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Haplotype network and geographical distribution of haplotypes — The minimum
spanning network yielded by the statistical parsimony procedure is presented in Fig.
1b. A reticulation between haplotypes h5 and h7, caused by an inferred haplotype,
was removed following the criteria of Crandall & Templeton (1993).

The haplotype showing the highest number of connections in the network
was ho0, which was found to be restricted to the three populations (12-14) sampled
in the geographical area between the Crati-Sibari plain and the Catanzaro plain (later
on CS- and CA-plain respectively), where it is also the most common haplotype
(42.3% of the specimens analysed from this area). Within this geographic area, five
other haplotypes were found (h7, h8, h9, h10 and h11), three of which were never
found elsewhere (h7, h8 and h10). Among the populations sampled along the
Apennine chain north of the CS-plain (1-10), the most common haplotype was hl,
which was fixed in six out of ten populations (2-5, 9-10), but which was never found
south of CS-plain. Each of the other four populations sampled north of this area
(the sample 1 from the northern Apennines and the three samples from the
Volturno river basin 6, 7, 8) showed a single private haplotype fixed. Among the
four populations sampled south of the CA-plain (14-17), the haplotype h11 was by
far the most common, being shared by 92.7% of the specimens analysed. Of the
other three haplotypes observed in this area (each from a single specimen), two were
restricted to it, and the third (h9) was shared with an individual sampled north of
CA-plain (from sample 13).

Nested Clade Phylogeographical Analysis (NCPA) — Results of the NCPA of
geographical distance and the application of Templeton’s (2004) inference key are
presented in Fig. 2, while the nesting design upon which the analysis is based is
presented in Fig. 1b. Both population structure and history appeared to have played
a role in shaping the observed geographic pattern of association of haplotypes and
clades. For the clade 1-1, comprising all the haplotypes found in (and restricted to)
the samples located north of CS-plain, restricted gene flow/dispersal was inferred as
the main cause of the geographical association, whereas an event of long distance
dispersal has been inferred for the haplotype h2, which is geographically restricted
to sample 1, collected on a ridge of the northern Apennines. A contiguous range

expansion, on the other hand, was inferred for the clade 1-3, comprising haplotypes
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sampled in central Calabria. For the clade 2-2, a range expansion was suggested,
cither through long-distance colonization possibly coupled with subsequent
fragmentation or by past fragmentation followed by range expansion. Three 1-step
clades were nested within clade 2-2: the clade 1-2; which comprised a single
haplotype (h7) found in one sample only (11), and the clades 1-1 and 1-3 which
were distributed respectively north and south of the CS-plain. An inference of long-
distance colonization possibly coupled with subsequent fragmentation or past
fragmentation followed by range expansion, was also made at the level of the total
cladogram, where the two 2-step clades 2-1 and 2-2 were nested, mainly distributed
south and north of the CA-plain respectively.

The results of the addendum to the original NCPA proposed by Templeton
(2001) to test for the occurrence of secondary contacts between previously isolated
lineages are presented in Fig. 3, after excluding those populations lacking haplotype
variation (samples 1-10, and 16-17), and therefore having average population clade
distance equal to zero at all the nesting levels. For the three populations sampled in
the nearby of the CA-plain (11, 13-14), where haplotypes from both clade 2-1 and 2-
2 were found, the average population clade distance grew from the haplotype (O-
step clades) to 2-step clade level, thus suggesting secondary contact as a likely
explanation for the copresence in these populations of haplotypes from both the 2-
step clades.

Population genetic structure and demographic analyses - The overall pattern of
population differentiation was particularly marked and significant, with a Fsr=0.86
(P < 0.01). The Fsr estimates among population pairs (Table 3) showed a very wide
variation, ranging from 0.00 to 1.00. These were also the only two values observed
in pairwise comparisons between populations located north of the CS-plain
(samples 1-10). Lower than average values of Fsr were observed among samples
located within the two main calabrian plains (samples 11-13) and, particularly,
among samples located south of CA-plain (samples 14-17). The differentiation
between the samples located on alternative sides of the two Calabrian plains was
instead very pronounced, the majority of pairwise Fsr values exceeding 0.60, with a
few exceptions in the comparisons between samples located slighly north and south

of the CA-plain (samples 11,13 vs. 14,15).
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The AMOVA revealed that a large portion (63.65%) of the overall genetic
variance observed in the mtDNA gene fragment analysed can be attributed to the
difference between the three population groups, as defined by the two major
phylogeographic discontinuities observed: north of CS-plain (samples 1-10),
between the CS- and CA-plain (samples 11-13), south of CA-plain (samples 14-17).
Nevertheless, a non-negligible part of the overall variation is due to differences
among populations within groups (25.71%) and to differences within populations
(10.64%), all variance components being highly significant (P < 0.01).

In order to ascertain a possible role for the geographic distances in shaping
the observed patterns of genetic variation at mtDNA level, the association between
genetic (Fy7) and geographic (in km) distance matrices was investigated at the level
of both the entire dataset and by analysing separately the samples located on
different sides of the CS-plain. A slight but significant correlation was observed
between the two matrices at the level of the entire dataset (r = 0.24, P < 0.05; see
Fig. 4). However, a stronger and significant association was observed when
restricting the analysis to populations sampled south of CS-plain (r = 0.60, P <
0.01), whit no association being detected north of this area. Nevertheless, in no case
was a significant correlation observed between residuals of the regressions and
geographic distances.

The possibility of past demographic changes was investigated for each
significant clade according to the NCPA, using the statistics Fs (Fu, 1997) and Ro
(Rasmos-Onsins & Rozas, 2002). The occurrence of a past population expansion
was suggested only by the statistic Ro (0.11; P < 0.05), and only for the clade 1-3,
whereas no signs of past population growths were detected by the statistic Fs either

for this clade or for any other clade.

5.3.2 ALLOZYMES

Genetic variability — 13 out of 21 loci analysed were monomorphic for the same
allele in all the samples studied. The allele frequency at the polymorphic loci are
presented in Table 4. No significant deviations from the expected Hardy-Weinberg

equilibrium were detected across samples or loci.
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At all loci that were polymorphic in more than one sample (all but Md)-7 and
Mpi), alleles were found to be completely (Mdh-2'75, 1dh-2107, Pgm-2*, Gpi#¥) or
almost completely (Ldb-172, Pep-B'"%) confined to Calabria, south of CS-plain.
Among these, the frequency of allele I.dh-77? appeared to gradually decrease from
south to north. When regressed over the geographic distance (in km) from the
southernmost sample, the frequency of this allele appeared highly and significantly
correlated with geography (Spearmann » = -0.81; P < 0.05). At the locus Gps, high
frequencies of the allele Gp#*# were observed in the two samples surveyed in central
Calabria (11-12), whereas its frequency was never above 0.23 among samples located
south of CA-plain.

Estimates of population genetic variability are given in Table 2. All the
samples surveyed along the Apennines north of Calabria completely or almost
completely lack genetic variation at all the parameters estimated. For instance, Hg
observed among samples from this area was 0.02 (sample 9). By contrast, among
samples from Calabria, Hg was never below 0.06, a value observed in the
southernmost sample. The highest values of Hr were observed among the samples
located slightly south of the CA-plain (14-16).

Population genetic structure and differentiation — The Neighbour-Joining analysis
conducted on the pairwise Cavalli-Sforza & Edwards (1967) chord genetic distances
(Fig. 5) showed that two main population clusters can be identified at allozyme level,
comprising samples located alternatively north and south of the CS-plain. The same
two population groups were also evident along the first principal component
(explaining 74.6% of the total genetic variance), resulting from the PCA (see Fig. 6).
According to this analysis, samples from the northern and central Apennines (1-9)
formed a group of very close samples, with almost no identifiable intra-group
variation, as expected from the allele frequency patterns (Table 4). Along the second
principal component (explaining a further 19.5% of the total genetic variance), the
samples located south of CS-plain are arranged roughly according to their
geographic distribution, with the more geographically distant populations at the
extremes and the populations from central Calabria being intermediate.

The overall pattern of population differentiation was found to be strong and

highly significant, with an Fsr value among all populations of 0.47 (P < 0.01).
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Pairwise estimates of Fsr are given in Table 3. A wide variation was found in
pairwise comparison, with Fsr ranging from 0 to 0.76. Almost all comparisons
among samples from the northern and central Apennines (samples 1-9) were very
low and not significant, whereas Fst values between these samples and those located
in Calabria south of CS-plain were never below 0.32. With the single exception of
comparisons involving the southernmost sample, pairwise comparisons among
Calabrian samples located on the same side of the CA-plain always gave rise to Fst
= 0, whereas comparisons between samples located on different sides of the CA-
plain ranged between 0.15 and 0.46.

The hierarchical AMOVA, based on the three groups defined for mtDNA
data (i.e. according to their location with respect to the two main Calabrian plains),
revealed that 52.44% of the overall allozyme genetic variance can be attributed to
differences between groups, 43.85% to the within-population level of variation, and
3.71% to differences between populations within groups, all variance components
being significant (P < 0.01).

As for mtDNA data, the relationship between genetic and geographic
distances was investigated both at the level of the entire dataset, and by considering
separately those samples located alternatively north and south of the CS-plain (see
Fig. 4). At the level of the entire dataset a significant association was found between
the two distance matrices (» = 0.56; P < 0.01). This association was, however,
stronger when restricting the analysis only to the populations located south of CS-
plain (» = 0.85; P < 0.01). By contrast, no significant association was found when
analysing separately those populations surveyed north of CS-plain. In no case were
significant relationships observed between the residuals of the regressions and

geographic distances.
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5.4 DISCUSSION

5.4.1 GENETIC DIVERSITY AND POPULATION STRUCTURRE

In their anecdotal work, Nascetti e a/ (1982) suggested a higher genetic
diversity in populations of the Apennine yellow-bellied toad from Calabria
compared to those from the northern portion of the species range, a pattern which
was interpreted as evidence of a post-glacial northward range expansion from a
refugial range in Calabria. Our analyses concerning both mitochondrial DNA and
allozymes confirm this general pattern of population genetic diversity, giving further
support to the proposed explanation and providing also several interesting data to
gain further insight into the evolutionary processes that have shaped the present
population genetic structure of Bombina pachypus.

Rapid range expansions are expected to produce a pattern of reduced genetic
variation and population structure within the recently colonized areas because of
serial founder events, particularly when long-distance colonization occurs (Hewitt,
1996 & 1999; Ibrahim et al., 1996; Hewitt & Ibrahim, 2001). As a consequence, the
pattern obtained when plotting pairwise genetic vs. geographic distances would
reflect a lack or weakness of correlation between the two distance measures, and a
degree of scattering which would be as much pronounced as stronger would be the
habitat fragmentation within the newly colonized areas, and consequently the
isolation among the newly established populations (Hutchinson & Templeton,
1999). Allozyme data indicated that among the populations north of Calabria there
is a paucity of genetic differentiation, an almost complete lack of intrapopulation
genetic diversity, an absence of correlation between pairwise genetic vs. geographic
distances and a narrow degree of scattering. Following the above arguments, this
genetic pattern appears fully consistent with a scenario of recent and rapid
recolonization of the northern portion of the Italian peninsula by refugial
populations in Calabria. This scenario is also supported by our mitochondrial data.
In fact, range expansion was inferred from the NCPA as being the major process
underlying the geographical distribution of clades nested within the clade 2-2,
although it was not possible to establish from the NCPA whether it occurred

through long-distance colonization possibly followed by subsequent fragmentation,
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or by past fragmentation followed by range expansion. From the haplotype network
topology, the haplotype hl appears to be ancestral with respect to the other found
north of CS-plain (e.g. Posada & Crandall, 2001). The presence of this haplotype
fixed in 6 out of 10 populations, also comprising the southernmost populations
sampled from this area (samples 9 and 10), as well as its wide distribution spanning
the northern and central Apennines (see Fig.1 and Table 2), might suggest long-
distance colonization as the most probable early event in the process of
recolonization of northern environments. Furthermore, although long-distance
dispersal is thought to be relatively uncommon in amphibians (but see Smith &
Green, 2005 and references therein), the existence of rare long-distance dispersers
was demonstrated for B. variegata, the sister species of the Apennine yellow-bellied
toad (Szymura & Barton, 1991). The fact that the statistics Is (Fu, 1997) and R
(Rasmos-Onsins & Rozas, 2002) failed to identify traces of a recent demographic
expansion may be due to the very high degree of population subdivision detected at
mitochondrial level among populations from this geographic area (Ray ez a/., 2003).
This strong population subdivision at the mtDNA (with Fsr worthing only 0.00 or
1.00) conflicts with the pattern of extensive genetic homogeneity observed at
allozymes. This discrepancy could be explained by at least two mutually non-
exclusive issues: z) a high degree of habitat fragmentation, coupled with the stronger
genetic drift acting on the mtDNA with respect to nuclear markers (Birky ez al.,
1989), or 7) a male-biased gene flow (Szymura ef al., 1985). The presence of distinct
haplotypes fixed in three samples from the same hydrographic basin (samples 6, 7,
and 8), while the same haplotype (h1) had been found fixed in very distant samples,
leads us to favour causes acting on a local scale, as would be a strong genetic drift
associated with habitat fragmentation, although a male-biased gene flow may also
have contributed (see also Szymura ef al., 1985). Therefore, the substantial lack of
genetic variation found in populations north of the CS-plain appears most likely due
to both historical and contemporary factors, as also suggested by the NCPA (on this
subject, see also the next section).

The only populations showing appreciable levels of genetic diversity were
found in Calabria south of the CS-plain, with particularly high values of genetic

diversity at both mtDNA and allozymes in populations from central Calabria.
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Furthermore, all the analyses concur in showing that the genetic variation in these
populations has a strong geographical component, and a north-south intergradation
(see Figg. 4 and 6). Distinguishing between primary and secondary intergradation
can be difficult, particularly when extensive intermixing has occurred and there is
weak palaecogeographic evidence. However, in our case study, both genetic and
historical information suggest the occurrence in Calabria of an allopatric
differentiation, with the CA-plain acting as a barrier to dispersal, followed by a
secondary contact. At the mtDNA, the geographic distribution of haplotypes (Table
2 and Fig.1), the pattern of population differentiation (Table 3) and the NCPA
(Fige. 1 and 2), concordantly suggested the CA-plain as the source of a major
phylogeographic break. Furthermore, NCPA indicated a long-distance colonization
of southern Calabria possibly coupled with subsequent fragmentation, or a past
fragmentation followed by range expansion, as the most likely historical events
explaining the observed pattern. However, samples located slightly south of CA-
plain are also among the most variable of the entire dataset, which is in striking
contrast with the reduction of genetic variation expected if they had arisen through
a long-distance colonization (see above). This genetic pattern does, however, appear
consistent with a history of past fragmentation at the level of the CA-plain, followed
by a secondary contact, an inference also strengthened by the addendum to the
NCPA proposed by Templeton (2001; see Fig. 3). At allozyme level, clinal variation
along a north-south axis was observed at the single locus Ld)-7, whereas at the locus
Gpi a significant variation of the allele frequencies was observed among samples
located on different sides of the CA-plain. Simulation studies indicated that primary
intergradation does not produce clinal variations at neutral loci, whereas it is yielded
by secondary contacts between previously differentiated lineages (Nichols & Hewitt,
1994; Durrett e al., 2000). However, the absence of a clear straightforward linear
transect (see also Santucci ef al, 1996), and the small number of samples from
Calabria do not allow us to perform classical statistical cline analyses; inferences
from single-locus clines are, moreover, hardly reliable, particulatly in relation to the
neutral/non-neutral nature of the cline (e.g. Endler, 1977; Kruuk ez 4/, 1999). A
closer sampling in southern Italy and the application of new marker loci

(microsatellites) are therefore in progress, and could help clarify this issue. A further
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line of evidence in favour of a secondary contact comes from the comparisons of
genetic vs. geographic distances. At both mtDNA and allozymes, a significant
pattern of isolation-by-distance was detected among Calabrian samples, although it
was more pronounced in the latter (R?=0.719) than the former (R?=0.362).
Nevertheless, the lack of increased variance among differentiation estimates with
increasing geographical distance allows us to reject the migration-drift equilibrium
under the Hutchinson & Templeton (1999) criteria. The observed population
genetic structure in Calabria appears therefore attributable to an historical
intermixing between previously differentiated groups, rather than to a current
balance between migration and drift. In this frame, the weak signs of past
fragmentation at allozymes is thus indicative of the extensive intermixing that
occurred between the two lineages.

From the overall genetic pattern reported it seems that two geographic areas,
the CS- and CA- plains, have played a major role as historical barriers to dispersal,
with the latter also giving rise to an event of allopatric differentiation. The present
knowledge of palacogeographic history in southern Italy strongly supports this
hypothesis (Ghisetti, 1978 & 1981; Tortorici, 1981; Caloi ez a/., 1989), depicting the
CA- and CS- plains as two of the main grabens in southern Italy. During the
Pleistocene they underwent alternate rising and sinking movements and were
repeatedly marine-flooded as a consequence of the glacio-eusthatic sea level
fluctuations, which render environmental conditions unfavourable to the dispersal
of terrestrial species along the north-south axis until the late Pleistocene (Caloi ¢f 4/,
1989). Central and northern Calabria were connected during the early Pleistocene
by a narrow land bridge (the emerging Catena Costiera), owing to the submersion of
the CS-plain. The gradual process of erosion and deposition from the adjacent lands
led the two plains to finally emerge during the middle-late and late Pleistocene. In
the case of the Apennine yellow-bellied toad, it is plausible that unfavourable
environmental conditions persisted during the early phases after the plains’
emergence, as suggested by the present distribution of the species found at mid-
altitude areas along the Apennine chain (e.g. Caputo e al., 1985; Doria & Salvidio
1994; Mazzotti et al., 1999; Sarrocco & Bologna, 2000) but not in the main Italian

lowlands. If we apply the clock calibration of 1.3-1.6% per million years proposed
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by Garcia-Paris & Jockusch (1999) for cytochrome 4 of Discoglossid frogs to the
0.6% of divergence among Bombina lineages, the coalescence time would be dated at
375,000-462,000 years. Although we are aware of the inaccuracies of the molecular
clocks (e.g. Ayala, 1997 & 1999; Gibbons, 1998; Penny, 2005), these estimates
would suggest that the key events in the history of populations of B. pachypus have
occurred roughly since the Middle Pleistocene. This is in agreement with the
palogeographic scenario so far described. Calabria south of CS-plain has been
identified as the refuge for B. pachypus during glacial stages. The recolonization of
northern habitats following climatic amelioration and the crossing of the present
CA-plain would have been prevented by both marine transgressions and subsequent
sub-optimal environmental conditions. In the late Pleistocene, conditions favourable
to dispersal through the two plains would have been re-established, in agreement
with the paleogeographical data and coalescence time. It is likely that the crossing of
the CA-plain, and thus the secondary contact between the differentiated lineages,
occurred at that time (i.e. at the approaching of the last ice age, after the Eemian
transgression). Most probably, the recolonization of northern habitats would have
occurred later, at the end of this period (the Wiirm).

Interestingly, growing evidence confirms the main role of the two Calabrian
plains in shaping the patterns of distribution of species and evolutionary lineages
within them. From classical biogeography it is well established that several taxa
found in Calabria south of CA-plain have greater affinities with Sicilian taxa than
with those from central and northern Calabria, and that the two plains represent the
southern or northern edge of the range of many species (e.g. Audisio; 1984; Pignatti,
1984; Caloi et al., 1989). More recently, genetic investigations are providing further
evidence that these plains have repeatedly acted as barriers to dispersal (Santucci ez
al., 1996 and maybe Podnar ez al., 2005). These findings therefore suggest that the
two plains, and particularly the CA-plain, could be sites of suture zones (Remington,
1968), although further investigations focused on other taxa will be necessary in
order to strengthen this hypothesis.

At first glance, the genetic pattern we observed within B. pachypus could be
regarded as a typical pattern of “southern richness and northern purity” (Hewitt,

1999). However, our results also indicated that this southern richness is at least in
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part due to allopatric differentiation within the southern glacial refugium followed
by intermixing of previously differentiated lineages, and that a prolonged
demographic stability of southern populations (e.g. Hewitt, 1996 & 2000) cannot
explain the observed pattern of genetic diversity by itself, although neither can it be
completely ruled out. Most probably, both these processes have played a role (see
also Gomez & Lunt, 2004). Furthermore, the paleogeographic history of southern
Italy and a growing body of data also suggest that this scenario could be more
influential than was previously thought. These findings therefore indicate that, as
previously proposed for the Iberian peninsula (Sanz e# al, 2000; Guillame ez al,
2000; see Gomez & Lunt, 2004 for a review of evidence), allopatric differentiation
may have played an important role in shaping genetic diversity also within the
southern Italian refugium, thus suggesting that this pattern could be a common
feature of refugial ranges and stimulating further investigations on this matter both
for this and other putative refugia. Finally, a point that deserves particular attention
is the necessity for an appropriate sampling scheme so that this pattern and its
strength may be properly appreciated (see also Taberlet, 1998; Gomez & Lunt,
2004). In fact, several case studies showing higher genetic variability in populations
from southern Italy have been carried out with only one or very few samples from
that region (e.g. Ragghianti & Wake, 1986; Capula & Ceccarelli, 2003), or with
samples only from northern Calabria and Sicily, but not central and southern
Calabria (e.g. Randi ez al, 2003; Fritz et al., 2005). With such sampling schemes, it is
difficult to disentangle the complex evolutionary dynamics that could have shaped

genetic diversity within this southern refugium.

5.4.2 CONSERVATION IMPLICATIONS

As mentioned above, the conservation status of B. pachypus has recently been
a cause for concern. The main threats to this species include: 7) habitat loss and
fragmentation, with consequent population isolation, #) small and probably
declining population size, and zz) the recent finding of chytridiomycosis in samples
from the northern Apennines (e.g. Caputo ez al., 1985; Doria & Salvidio, 1994 and

references therein; Sarrocco & Bologna, 2000; Stagni e# al., 2002). The genetic data
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we have presented here add further cause for concern, but also provides useful
information for species management strategies.

The importance of genetic diversity for the long-term persistence of
populations, species and (more recently) ecosystem functions, has long been
acknoledged (e.g. Young & Clarke, 2000; Frankham e# 4/, 2002; Frankham, 2005).
Our results unequivocally indicate Calabria south of the CS-plain as the major
reservoir of genetic diversity for Bombina pachypus. This geographic area acted as a
refugium during the ice ages, and has been place of various evolutionary processes
that are among the most influential in the history of this species, such as past
fragmentation, range expansion and secondary contact. Therefore, protecting this
genetic diversity reservoir is of the greatest importance for the conservation of the
species. Unfortunately, although a large portion of the region is devoted to
protected areas, the effectiveness of this protection is in many cases doubtful. For
instance, the southernmost population we sampled (sample 17) is located on the
southern edge of the Aspromonte National Park, but the imminent activation of a
dam will soon erase the sampling site and its surroundings. Moreover, within the
Serre National Park (which is a little south of the CA-plain) several breeding sites
recently disappeared because of activities related to tree-cutting and water-draining
practices (Bagnoli C. pers. comm.).

All populations sampled north of Calabria appeared completely (at the
mtDNA) or almost completely (at allozymes) lacking in intrapopulation genetic
diversity (see Table 2). This reduction of genetic diversity compared to the Calabrian
samples is of clear historical origin, northern habitats having recently been
recolonized from the south. Nevertheless, the analysis of the pattern of population
differentiation at mtDNA and the NCPA suggested a further contribution by a
current reduction of gene flow/dispersal. This pattern of present fragmentation and
isolation is supported by the finding of three private haplotypes, each one fixed in a
single population (haplotypes h5, h3 and h4 from samples 6, 7 and 8 respectively)
from the Volturno river basin. After population subdivision, the achievement of
reciprocal monophyly at mtDNA may occur quickly: ~4Ne generations, where Ne is
the (equal) effective size of the two population fragments (Neigel & Avise, 1980).

Although as far as we know there are no available estimates for the Apennine
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yellow-bellied toad, the Ne in amphibians has been generally estimated as under a
hundred individuals (Jehle & Arntzen, 2002; Beebee & Griffiths, 2005). It may thus
be argued that the observed pattern of population subdivision could be of very
recent, anthropogenic origin. This hypothesis is also plausible when considering that
the underlying geographic area has been heavily affected by human activities in
recent decades. The inconsistency of intrapopulation genetic diversity in the central
and south-central peninsula, and the observed pattern of population subdivision at
mtDNA, both suggest the need of an accurate planning of conservation practices
for the Apennine yellow-bellied toad. These ought to include: 7) an accurate
assessment of the patterns of population connectivity and its enhancement where
necessary, #) the long-term monitoring of trends in population demography and
fitness-related traits and, where also suggested by this latter investigation, 7) the
restoration of population genetic variation. This latter management practice has the
potential to dramatically reverse negative population trends, as has been shown by
studies in both natural and laboratory reared populations (e.g. Madsen e# al., 1999;
Hedrick & Kalinowski, 2000). However, before the appropriate source population
can be indicated, fitness-related phenotypic differences ought to be properly

evaluated.
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5.5 TABLES AND FIGURES

Table 1. Geographic location and sample size for the 17 populations sampled of

Bombina pachypus .

Sampling locality Elevation Geogre}phical Sample size

(m a.sl) coordinates
Latitude Longitude mtDNA allozymes
™) &)

1 Bagno di Romagna 465 43°51° 11°57 13 14
2 Rio a Buti 200 43°56° 11°6’ 11 11
3  Firenze 100 43°47 11°14° 8 8
4 Rocca Caramanico 1050 42°09’ 14°1 6 6
5 Stipes 880 42°15 12°58 6 5
6 San Biagio 400 41°37 13°54° 5 -
7 San Lupo 330 41°16° 14°39’ 11 11
8 Carife 700 41°01° 15°12 4 -
9 S Angelo a Fasanella 280 40°27 15°20? 9 13
10  S. Severino Lucano 870 40°05’ 16°4 8 -
11  Monte Cocuzzo 1200 39°14 16°10° 9 11
12 Macchia Longa 1300 39°22° 16°36 12 12
13 Taverna 520 39°01° 16°35’ 5 -
14 Cardinale 560 38°44° 16°24° 5 5
15 Girifalco 300 38°49 16°29° 10 15
16 Stilo 300 38°30° 16°25 11 11
17  Gambarie 1300 38°10° 15°50° 15 16
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Table 2. Genetic variation in the 17 populations sampled of the Apennine yellow-bellied

toad.
Sample
mtDNA Allozymes
Haplotype h (107 A P H, Hy
[nl
1 h2 [13] 0.000 0.000 1.0 0.00  0.00 0.00
(0.000)  (0.000) 0.0 (0.00)  (0.00)
2 h1 [11] 0.000 0.000 1.0 0.00  0.00 0.00
(0.000)  (0.000) 0.0 (0.00)  (0.000
3 h1 [§] 0.000 0.000 1.0 0.05 0.01 0.01
(0.000)  (0.000) 0.0 0.01)  (0.01)
4 h1 [6] 0.000 0.000 1.0 0.05 0.02 0.01
(0.000)  (0.000) 0.0 0.02)  (0.01)
5 h1 [6] 0.000 0.000 1.0 0.00  0.00 0.00
(0.000)  (0.000) 0.0 (0.00)  (0.00)
6 h5 [5] 0.000  0.000 - - - -
(0.000)  (0.000)
7 h3 [11] 0.000 0.000 1.0 0.05 0.01 0.01
(0.000)  (0.000) 0.0 0.01)  (0.01)
8 hd [4] 0.000  0.000 - - - -
(0.000)  (0.000)
9 h1 [9] 0.000 0.000 1.1 0.09 0.02 0.02
(0.000)  (0.000) .1 0.01)  (0.01)
10 h1 [§] 0.000 0.000 - - - -
(0.000)  (0.000)
11 h6 [7], h10 0.417 0.074 1.2 019  0.08 0.08
11, 0.191)  (0.019) .1 0.03)  (0.03)
12 h7[8,h6 [3],  0.530  0.190 12023 009  0.09
h10 [1] (0.136)  (0.049) 0.1 0.04)  (0.04)
13 h8 [2], h6 0900 0234 - - - -
[1], ho [1], (0.161)  (0.053)
14 h11 [3], h12] 0.700 0.201 1.3 029 0.12 0.10
1], h9 [1] 0.218)  (0.082) .1 0.05  (0.04)
15 h11 [9], h13 0.2000 0.100 1.3 033  0.11 0.11
1] (0.1541)  (0.077) .1 0.04)  (0.04)
16 h11 [11] 0.000 0.000 1.3 029 0.10 0.10
(0.000)  (0.000) .1 0.04)  (0.04)
17 h11 [15] 0.000 0.000 1.3 029  0.06 0.06
(0.000)  (0.000) 0.1 0.02)  (0.02)

b haplotype diversity; m nucleotide diversity; .4 average number of alleles per locus; P
proportion of polymorphic loci; H, observed heterozigosity; H;, expected heterozigosity

(Nefi’s 1978 unbiased estimate).
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Table 3. Pairwise estimates of Fg. for the 13 samples of Bombina pachypus for which both mitochondrial and allozymes data were collected (samples
are numbered as in Table 1). Allozymes estimates (according to Weir & Cockerham, 1984) are above the diagonal; mitochondrial estimates

(incorporating Tamura & Nei, 1993 genetic distances) are below the diagonal.

Samples 1 2 3 4 5 7 9 11 12 14 15 16 17
1 - 0.00 0.04 0.19 0.00 0.12  0.06% 0.76% 0.67¢ 0.52% 0.54* 0.46* 0.74*
2 1.00% - 0.02 0.18 0.00 0.10 0.01 0.70%  0.59% 0.39% 046* 036% 0.71%
3 1.00%  0.00 - 0.05 0.00 0.06 0.00  0.66% 0.54% 0.32¢  0.42* 0.32%  0.66*
4 1.00%  0.00 0.00 - 0.08 0.11 0.06*  0.62*  0.52%  0.32% 041% 033% 0.65%
5 1.00%  0.00 0.00 0.00 - 0.04 0.00  0.65¢ 0.54% 0.34* 041* 0.33* 0.66*
7 1.00%  1.00¢ 1.00¢ 1.00* 1.00* - 0.00  0.69% 0.59% 0.40* 0.45* 0.36* 0.66*
9 1.00%  0.00 0.00 0.00 0.00 1.00%* - 0.67* 057+ 0.35% 043% 034% 0.64*
11 0.92%  0.84%  0.81 0.78% 0.78% 0.91* 0.82% - 0.00  0.25% 0.25% 0.26% 0.46*
12 0.84* 0.76*  0.72  0.70% 0.70% 0.83% 0.74% 0.49% - 0.15* 0.16* 0.15%* 0.39*
14 0.90* 0.83* 0.79 0.75% 0.75% 0.89% 0.81* 0.40* 0.56* - 0.00 0.00  0.29%
15 0.92%  0.88% 0.86 0.84% 0.84% 0.91* 0.86* 0.60%* 0.67* 0.00 - 0.00  0.19%
16 1.00%  1.00% 1.00 1.00%  1.00¢ 1.00¢ 1.00* 0.80* 0.76* 0.17 0.01 - 0.19%
17 1.00%  1.00% 1.00 1.00%  1.00¢ 1.00¢ 1.00* 0.83* 0.79* 0.24 0.04 0.00 -

*P < 0.05 after 1000 permutations. Values = 0 were in all cases set to 0.
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Table 4. Allele frequencies

Bombina pachypus (populations numbered as in Table 1)

at the 8 polymorphic loci detected among 13 populations of

Populations
Locus/allele 1 2 3 4 5 7 9 11 12 14 15 16 17
Ldp-1
72 - - - - - 0.14 0.12 0.27 0.35 0.20 0.39 0.45 0.94
100 1.00 1.00 1.00 1.00 1.00 0.86 0.88 0.73 0.65 0.80 0.61 0.55 0.06
Mdh-1
100 1.00 1.00 1.00 1.00 1.00 1.00 0.92 1.00 1.00 1.00 1.00 1.00 1.00
110 e 008 e e
Mdh-2
100 1.00 1.00 0.94 1.00 1.00 1.00 1.00 0.95 1.00 0.90 0.93 0.95 0.89
112 et 006 el
115 e el 005 —— 010 007 005 0.1
Idp-2
100 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.68 0.55 0.70 0.53 0.59 0.84
107 ekl o032 045 030 047 041 0.16
Pep-B
100 1.00 1.00 1.00 1.00 1.00 1.00 0.96 0.13 0.28 0.37 0.17 0.40 0.07
110 - - - - - - 0.04 0.87 0.72 0.63 0.83 0.60 0.93
Pom-2
94 e 023010 010 017 004 0.09
100 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.77 0.90 0.90 0.83 0.96 0.91
Mpi
96 00T e
100 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.93 1.00 1.00
Gpi
04 el el 0100 085 020 017 023 017
100 1.00 1.00 1.00 0.83 1.00 1.00 1.00 - 0.15 0.80 0.83 0.77 0.83
110 04T el
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Crati-Sibari
(CS) plain

Catanzaro
(CA) plain

d | Total cladogram

Figure 1. (a) Geographic range of Bombina pachypus in Italy and geographic location
of the 17 population sampled. Localities are numbered as in Table 1. Altitudes are
indicated by gray shadings (light grey indicates 200 to 1000 m, dark grey indicates above
1000 m). (b) Minimum spanning network showing relationships among the 13 haplotypes
observed among the 17 population sampled. Haplotypes are presented as pie-diagrams,
whose dimension is proportional to the number of times each haplotype was observed, and
slices are proportional to its distribution among the sampled populations (which are
numbered as in Table 1). Open circles are missing intermediate. Boxes represent the

nesting design resulting from the application of rules in Templeton ez al. (1987).
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O-step hl h2 h3 h4 h5 h6 h8 h9 h10 h7 hil h12 h13
clades
Dc 197L 0S 0S 0S 0S 20S 0 18 19 35 0
Dx 198L 2441 1208 172 528 24 208 32 27 35 20
(I-T) Dc 197L 7 NA
(I-T) Dn 33 -2 NA
Inference Restri(?ted gene flow/dispersal but with some Contiguous range expansion NS
long distance dispersal
I-step 11 13 12 14 15
clades
Dc 1778 258 0S 34 0
Dn 1828 310L 300L 34 31
(I-T) Dc -1368 34
(I-T) Dn 118L 4
Inference Range expansion; Long distance colonization possibly coupled with subsequent NS
fragmentation
2-step 2.2 2-1
clades
Dc 2108 34S
Dx 2178 273L
(I-T) Dc 176L
(I-T) D~ -568
Inference Long distance colonization possibly coupled with subsequent
fragmentation or Past fragmentation followed by range expansion

Figure 2. Nested clade phylogeographical analysis for the geographical distribution of the
mitochondrial cytochrome b haplotypes in Bombina pachypus. D and Dy are the clade and
nested clade distance measures (in km). I-T indicates interiors vs. tips contrasts for D and
Dy measures of the corresponding clade. L and S indicate significantly larger or smaller
than expected distance values. Interior clades and the associate distance measures are
grey-shaded. The phylogeographic inferences resulting from the application of Templeton’s
(2004) inference key are also presented, for each clade showing a significant geographical

association as detected by the nested contingency analysis.
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0-step clades 1-step clades 2-step clades

350 350 350
300 300 T 300 T
100 T 100 T 100 T

50 50 50

Distance (km)
N’\
44"

north south north south north south
Figure 3. Average pairwise population distances for haplotypes and clades for the Bombina pachypus cladogram. Only populations showing haplotype

variation are presented, and their average distances for each nesting level are plotted in order of decreasing latitude. * Samples where haplotypes from

both the 2-step clades were found.
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Figure 4. Relationships among genetic (Fy) and geographic (in km) distances for
population pairs of Bombina pachypus, carried out on both mtDNA and allozyme data. The
analyses were performed at the level of the entire dataset as well as considering samples

located north and south of CS-plain separately.
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Figure 5. Neighbour Joining phenogram of the 13 populations of Bowbina pachypus studied

at allozymes, based on the pairwise Cavalli-Sforza & Edwards (1967) chord distances.

Boostrap values > 50% after 1000 pseudoreplicates are shown. Samples are numbered as in

Table 1.
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Northern and central Italy

PC-2

PC-1

Figure 6. Principal component analysis of allele frequencies among the studied samples of
Bombina pachypus. Both the axes were significant (P < 0.01) over 10,000 randomizations.

Samples are encoded as in Table 1.
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6. DISCUSSIONE GENERALE

6.1 FILOGEOGRAFIA COMPARATA

Come precedentemente ricordato, ormai da molti anni lo studio della
diversita genetica di numerose specie europee, sia animali che vegetali, ha messo in
evidenza I'importante ruolo svolto dalle penisole mediterranee come aree rifugio
durante le culminazioni glaciali del Quaternario. I.’ipotesi maggiormente accreditata
(Hewitt, 1996, 1999 & 2000), vede queste penisole come aree dove le popolazioni
sarebbero state caratterizzate da una prolungata stabilita demografica, fatto che in
molti casi avrebbe anche consentito il mantenimento di una maggiore variabilita
genetica rispetto alle popolazioni piu settentrionali, che da esse si sarebbero
originate mediante un processo di ricolonizzazione implicante ripetuti colli di
bottiglia. Il pattern di distribuzione della diversita genetica risultante ¢ stato quindi
definito di “southern richness, northern purity” (Hewitt, 1996, 1999 & 2000).
Recentemente, in studi di filogeografia per taxa della penisola iberica, alcuni autori
(Sanz et al., 2000; Guillame e7 al., 2000; per una rassegna v.d. Gomez & Lunt, 2004)
hanno suggerito lipotesi che i pattern di diversita genetica sovente osservati
allinterno di questo rifugio possano in realta farsi derivare da fenomeni di
differenziamento allopatrico, eventualmente seguiti da contatto secondario,
verificatisi all’interno della penisola stessa. Prescindendo dalle dinamiche coinvolte
nella successiva fase di ricolonizzazione, sia della porzione settentrionale della
penisola stessa sia del’Europa (in proposito si vedano gli importanti lavori di Bilton
et al., 1998 e Petit et al., 2003), per organismi come gli anfibi (si veda paragrafo 1.1) le
due ipotesi sopra esposte offrono due modelli predittivi assai diversi circa i pattern
di diversita genetica all'interno delle penisole meridionali. Nel primo caso, essendo la
prolungata stabilita demografica ’elemento caratterizzante le popolazioni all'interno
dei rifugi (modello P.D.S.), I'attesa ¢ di un sostanziale equilibrio a livello regionale
tra migrazione e deriva, un differenziamento modesto tra le popolazioni

riconducibile per lo pit ad isolamento per distanza, I'assenza di importanti
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discontinuita filogeografiche e conseguentemente I'esistenza di un certo grado di
concordanza filogeografica anche tra specie ecologicamente diverse. Nel secondo
caso, il processo evolutivo maggiormente influente nel determinare i pattern di
diversita sarebbe il differenziamento allopatrico allinterno della penisola stessa
(modello R.W.R.), percio I'attesa sarebbe di un elevato differenziamento genetico tra
le popolazioni, la presenza di importanti discontinuita nella distribuzione geografica
della variazione genetica ed un grado di concordanza filogeografica difficilmente
prevedibile, ma con tutta probabilita basso tra specie ecologicamente diverse. Primo
obiettivo di questa tesi, lo ricordiamo, era quello di valutare quale sia stato il
contributo relativo dei due scenari P.D.S. e R.IF.R. nel determinare i patterns di
diversita genetica in taxa della penisola italiana. Ebbene, lo studio della variazione
genetica e della sua distribuzione geografica nella raganella italiana, la salamandrina
dagli occhiali e I'ululone appenninico, indica chiaramente che in queste specie il
modello maggiormente esplicativo dei pattern di diversita osservati ¢ quello R.W.R.
Infatti, in tutte le specie studiate sono state individuate importanti discontinuita
filogeografiche ed un forte grado di differenziamento genetico tra le popolazioni,
rivelando come la componente geografica della variazione sia certamente quella di
maggior rilievo. Inoltre, sia la localizzazione geografica delle discontinuita, sia i
pattern di differenziamento, sia la probabile datazione dei principali eventi storici
implicati, sono risultati complessivamente diversi nelle specie studiate. Tale forte
discordanza filogeografica, se da una parte era attesa in virtu della strategia di
campionamento di specie adottata, dall’altro suggerisce fortemente che il modello
R.W.R. possa avere una valenza piu generale, in particolare per la fauna anfibia.

Quattro aree geografiche sono state individuate complessivamente come sedi
di discontinuita nella distribuzione della variazione genetica. Di seguito, per ciascuna
di esse verranno ricordati i principali eventi storici che le hanno caratterizzate e che
sembrano aver lasciato traccia nella struttura genetica delle specie studiate, insieme
ad una breve rassegna delle evidenze di letteratura circa il loro ruolo come barriere
alla dispersione, con particolare riguardo agli anfibi.

La piu settentrionale delle discontinuita ¢ stata osservata in Appennino
settentrionale. In prossimita di quest’area ¢ stata trovata infatti la zona di

intergradazione tra la forma settentrionale e quella meridionale di raganella italiana.
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Qui risiede inoltre il limite settentrionale dell’areale sia della salamandrina dagli
occhiali sia dell'ululone apenninico, nonche di diversi altri taxa dell’Italia
peninsulare, tra i quali diversi elementi della fauna ittica (per una rassegna si veda
Bianco, 1994) e tra gli anfibi la Rana italica, la Salamandra s. gigliolii e la forma
peninsulare e siciliana di Rana lessonae. Per quanto riguarda quest’'ultima specie in
particolare ¢ interessante notare come, sebbene studi di genetica biochimica abbiano
evidenziato una variazione genetica geograficamente concorde con quella da noi
riscontrata nella raganella italiana, il pattern di divergenza e la storia evolutiva delle
popolazioni siano apparsi del tutto diversi. Per questa specie infatti, la forma padana
¢ risultata piu affine alle popolazioni centro europee che non a quelle dell’Italia
peninsulare (Uzzell, 1979; Uzzell & Hotz, 1979; Snell ez al., 2005), fatto che ha
indotto gli autori ad ipotizzare per lentita europea e padana l'esistenza di un
secondo rifugio, o in Italia settentrionale (di indefinita collocazione) o in Ungheria
ad est dei Carpazi (presso un’area gia identificata come rifugio per diverse altre
entita sia animali che vegetali; v.d. Snell ez @/, 2005e riferimenti all'interno). A
ridosso del’Appennino settentrionale ha sede la zona di transizione tra 'ecoregione
padana e quella definita italiana a foreste semi-decidue e a sclerofille (EEA, 1998), e
Parea costituisce inoltre lo spartiacque tra due distinti bacini di drenaggio. E quindi
facile comprendere come mai qui risieda il limite della distribuzione geografica di
molte forme. Inoltre, durante le culminazioni glaciali in questo tratto della catena
appenninica erano presenti ghiaccai sparsi, ed in generale ¢ possibile supporre che le
condizioni climatiche risultassero fortemente sfavorevoli per lattraversamento da
parte di taxa termofili (Cattani, 2003; Cremaschi, 2003a & 2003b).

Una seconda discontinuita ¢ stata evidenziata in Campania centrale, in
corrispondenza del bacino di drenaggio del fiume Volturno. A nord e sud di
quest’area si estendono gli areali di distribuzione rispettivamente di Salamandrina
perspicillata e 8. terdigitata, le due distinte specie di salamandrina dagli occhiali
individuate come tali in questo studio. Nel capitolo 3 ¢ stato suggerito un possibile
scenario evolutivo per la divergenza tra queste due entita. In base alla ricostruzione
offerta, la piana del Volturno non sarebbe all’origine della discontinuita osservata.
Tuttavia la distribuzione dei campioni e della variazione genetica sembrano suggerire

che in tempi piu recenti quest’area possa aver svolto un ruolo come barriera alla
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dispersione. Le ricostruzioni geo-morfologiche e paleoambientali supportano questa
ipotesi (Romano e al., 1994; Barra et al., 1996 e riferimenti all'interno). Infatti dati
biostratigrafici ottenuti da pozzi profondi indicano che gia all’inizio del Quaternario
vigevano in questarea condizioni tali da determinare sedimentazione marina.
Durante il Pleistocene l'area ¢ stata interessata da subsidenza (in media 2-3 mm
I'anno) compensata perd da sedimentazione, condizioni che dettero luogo ad una
alternanza di ambienti variabili tra il marino poco profondo e il subaereo (Barra ef
al., 1996). In particolare, nella seconda meta del Pleistocene superiore, una
diminuzione della subsidenza e la concomitante oscillazione glacio-eustatica del
livello marino avrebbero consentito 'emersione totale dell’area e lo sviluppo di una
importante fase di erosione subaerea (Romano ¢z al, 1994). E dunque verosimile che
durante le fasi in cui 'area era sostanzialmente marina, essa abbia costituito una
efficace barriera alla dispersione delle salamandrine lungo I'asse nord-sud. In
proposito, vale la pena di menzionare che in questarea risiede anche la zona di
parapatria tra le due specie di ofidi Zanemis longissimus e Z. lineatus, recentemente
riconosciute come distinte specie (Lenk & Wiister, 1999), e che dati preliminari sulla
variazione mitocondriale in Salamandra s. gigliolii (Canestrelli & Nascetti, dati non
pubblicati) suggeriscono che anche per essa quest’area sia stata efficace nel limitare
la dispersione, in questo caso tra due linee evolutive pienamente cospecifiche.
Sebbene non per quanto riguarda la fauna anfibia, anche nel caso di quest’area vi
sono specie che vedono qui il confine del loro areale. Tra queste ricordiamo
Glossiphonia complanata, Erpobdella testacea (Hirudinea; Minelli, 1977); Dryops vienensis,
D. striatopunctatus, D. sulcipennis (Coleoptera, Dryopidae; Olmi, 1978); Cneta marsicana,
Boophthora erythrocephala (Diptera, Simuliidae; Rivosecchi 1978); Aplexa hypnorum,
Lymnaea stagnalis, Anisus vortex (Gasteropoda, Pulmonata; Girod ez al., 1980).

Infine, le discontinuta filogeografiche piu meridionali sono state osservate
presso le piane calabresi di Crati-Sibari e Catanzaro. Come ricordato nel capitolo 5,
anch’esse avrebbero esercitato la loro influenza come barriere alla dispersione
principalmente  grazie allinterazione tra eventi geologici ed oscillazioni
glacioeustatiche del livello del mare. Tali eventi hanno profondamente influenzato la
storia di numerose specie, sia animali che vegetali, che vedono ad una di queste due

aree il confine del loro areale (v.d. cap. 5). La piana di Catanzaro sembra essere stata
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particolarmente influente, come suggerisce la maggior affinita di molti taxa della
Calabria meridionale con entita della Sicilia, piuttosto che non con entita della
Calabria settentrionale (v.d. cap. 5). La storia recente delle popolazioni di ululone
appenninico ¢ risultata sostanzialmente legata alle vicende paleogeografiche di
queste due aree. Ai fini dell’obiettivo generale del presente lavoro, ¢ interessante qui
notare che il pattern di variazione geografica della diversita genetica da noi osservato
pet Bombina pachypus in Calabria, trova ampi parallelismi con quello individuato in
Rana lessonae (Santucci et al., 19906), Talpa romana (Ungaro et al., 2001) e Podarcis sicula
(Podnar ez al., 2005), che sono anche le uniche tre specie animali la cui variazione
genetica in quest’area geografica sia stata investigata con un dettaglio di
campionamento  sufficiente ad evidenziare un pattern riconducibile a
differenziamento allopatrico seguito da contatto secondario. Il quadro complessivo
che si viene a delineare suggerisce dunque che le due piane, e particolarmente la
piana di Catanzaro, potrebbero essere sedi di zone di sutura, un’ipotesi che per la
sua rilevanza sia evoluzionistica che conservazionistica andra di certo ulteriormente
indagata in futuro. Cio suggerisce la necessita di riconsiderare, ed eventualmente
integrare in futuro, i risultati e le conseguenti inferenze ottenute attraverso schemi di
campionamento inappropriati ad evidenziare tale pattern. Diversi studi precedenti
infatti sono stati condotti campionando in Sicilia, Calabria a nord della piana di
Crati-Sibari ed Appennino centro settentrionale, ma non in Calabria centrale ¢/o
meridionale (ad es. Randi ez al., 2003; Fritz ef al., 2005), mentre diversi altri lavort si
basano su un singolo o pochi campioni da quest’area (ad es. Ragghianti & Wake,
1986; Capula & Ceccarelli, 2003). Alla luce dei risultati ottenuti, ¢ possibile affermare
che studi effettuati con simili schemi di campionamento potrebbero aver portato ad
una sottostima del ruolo di fenomeni micro-evolutivi (differenziamento allopatrico e
contatto secondario) nel determinare i pattern di diversita genetica lungo la penisola
italiana, in modo particolare nei casi in cui la maggior variabilita dei campioni
meridionali ¢ stata considerata un’indicazione della prolungata stabilita demografica
delle popolazioni.

In merito a quanto fin qui discusso, particolarmente in relazione alle
considerazioni di biogeografia storica, i risultati da noi presentati suggeriscono

vigorosamente la necessita di una nota di cautela. Infatti, gran parte della

110



biogeografia storica si basa sull’analisi dei pattern di distribuzione delle specie, e la
concordanza di tali pattern in taxa diversi viene usata per fare inferenze circa la loro
possibile comune storia evolutiva (per quanto riguarda gli anfibi si veda ad es.
Duellman 1999 ed i numerosi riferimenti bibliografici all'interno). Tra I’altro, la
supposta relazione tra comune pattern di distribuzione geografica e comune storia
evolutiva sta alla base della frequente costruzione di cladogrammi di area multi-
specie, pratica talvolta utilizzata anche in studi di filogeografia comparata (ad es.
Taberlet e al., 1998). L’esistenza o meno di questa relazione ¢ di grande importanza
anche ai fini di una questione a lungo dibattuta, ossia 'origine delle attuali comunita
biotiche. Secondo un’ipotesi classica (ad e.s. Mengel, 1964; citato in Sullivan e 4/,
2000) intere comunita di organismi avrebbero risposto in modo concertato alle
vicende paleoclimatiche. Una crescente mole di dati, in particolare relativa alla
porzione settentrionale della fascia Oloartica (ad e.s. Bennett, 1997; FAUNMAP,
1996; Hewitt, 1999) supporta pero lipotesi alternativa, che vede invece le comunita
come entita largamente mutevoli, per effetto della risposta indipendente e
diversificata delle specie ai medesimi eventi storici. Discernere tra queste due ipotesi
ha almeno due importanti implicazioni. Da un lato, se lipotesi della risposta
indipendente avesse una valenza generale, cio comporterebbe che i fenomeni di
coevoluzione si sarebbero verosimilmente instaurati in tempi molto recenti, visto il
carattere effimero e l'origine recente delle comunita (Sullivan ez 4/, 2000; Hewitt,
2004b). Inoltre, fatto di estrema rilevanza, le sopracitate analisi biogeografiche
sarebbero prive di significato, perche equivarrebbero alla ricerca di correlazioni tra
dati casuali (Sullivan ez a/, 2000). I risultati da noi ottenuti, in particolare con
P'ululone appenninico e la salamandrina dagli occhiali, indicano chiaramente che per
queste specie tale relazione ¢ ben lungi dal sussistere. Le “due” specie, pur
condividendo quasi in pieno la distribuzione geografica nonché quella altitudinale,
hanno avuto storie evolutive completamente diverse, tanto che in una (B. pachypus) la
divergenza genetica osservata tra popolazioni ai margini opposti dell’areale ¢
risultata tutto sommato modesta, mentre nell’altra 1 livelli ed i pattern di divergenza
sono risultati tali da indicare persino I'esistenza di due distinte specie, di probabile
divergenza tardo-miocenica. Inoltre, dati preliminari (Canestrelli & Nascetti, dati

non publicati) relativi alla variazione genetica in altri due anfibi ampiamente
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codistribuiti con i precedenti sia dal punto di vista latitudinale che altitudinale,
Salamandra 5. giglolii ¢ Rana italica, confermano quanto appena detto rispetto
all’'ululone appenninico e alla salamandrina dagli occhiali, indicando un forte
differenziamento geografico delle popolazioni, correlabile in parte con gli eventi
paleoclimatici precedentemente ricordati, cui le due specie hanno pero risposto in
modo diverso e completamente indipendente. Ancora, come ricordato poco sopra
I’Appennino settentrionale rappresenta la principale discontinuita filogeografica sia
nella raganella italiana che nella rana verde. Le forme peninsulari di queste specie
hanno dunque distribuzione geografica sovrapposta, ma come poc’anzi illustrato la
loro storia evolutiva ¢ stata profondamente diversa. I’importanza di quanto appena
detto risultera piu chiara ricordando che, mentre per cio che riguarda I’Europa
settentrionale e centrale esiste un generale accordo circa 'origine recente dell’attuale
comunita biotica (Bilton ¢z a/., 1998; Stewart & Lister, 2001; Petit e al., 2003; Hewitt,
2004b), in riferimento alle aree mediterranee meridionali I'ipotesi della risposta
concertata e di un origine tutto sommato “antica” delle comunita sembrerebbero
ricevere in realta supporto sia dai modelli che vedono queste come aree di stabilita
demografica e come sorgenti per le successive ricolonizzazioni degli habitat
settentrionali (ad es. Hewitt, 1996; Petit e# a/., 2003), sia di quelli che ne enfatizzano
il ruolo come sedi di elevata endemicita, a causa dell’effetto barriera svolto dalle
principali catene montuose durante il processo di espansione degli areali verso nord
(ad es. Bilton ez al., 1998). Invece, i dati qui presentati accreditano anche per queste
aree il modello della risposta indipendente e dell’origine recente, suggeriscono la
necessita di una maggiore cautela nel valutare le possibili implicazioni eco-evolutive
dei pattern di distribuzione geografica, ed in cid costituiscono un esplicito invito a
valutare in futuro la generalizzabilita dei risultati stessi anche rispetto ad altri taxa

della penisola italiana.
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6.2 IMPLICAZIONI PER LA CONSERVAZIONE

I risultati presentati nei capitoli precedenti hanno importanti implicazioni per
la conservazione sia delle singole specie studiate sia della batracofauna italiana in
generale. Infatti, se da un lato lesistenza delle importanti discontinuita
filogeografiche poc’anzi ricordate andra considerata in fase di pianificazione degli
interventi di conservazione delle specie qui studiate, dall’altro si dovra tenere conto
della localizzazione geografica di tali discontinuita anche nella programmazione delle
misure di gestione di quelle entita, in particolare della fauna anfibia, per le quali
mancano ad oggi studi specifici circa 1 pattern di distribuzione della diversita
genetica. Tuttavia, va enfatizzato che il carattere assolutamente prioritario di tali
studi in materia di conservazione emerge con particolare chiarezza proprio sulla
base dei risultati da noi ottenuti, in particolare con lo studio della variazione genetica
in Salamandrina terdigitata. 1a salamandrina dagli occhiali ¢ da pit di cento anni il
simbolo della zoologia italiana, per il fatto di essere I'unico genere di vertebrato
terrestre endemico d’Italia, ed in cio fornire all’Italia un “lustro” rispetto agli altri
paesi europei (Lanza, 1988). Inoltre la perfetta concordanza tra 'areale di questa
specie e quello di molte altre (v.d. sopra), I'assenza di vistose discontinuita nella
distribuzione delle popolazioni lungo l'areale e 'apparente uniformita morfologica
della specie, sono tutti elementi che fino ad oggi non avevano fatto presagire
Iesistenza di alcun differenziamento significativo tra popolazioni. Il fatto che due
distinte specie siano state individuate all'interno della salamandrina dagli occhiali,
costituisce dunque per la fauna italiana il pit sonoro monito fino ad oggi vibrato
contro la pianificazione degli interventi di gestione delle specie in assenza di una
accurata conoscenza della struttura e della distribuzione geografica della diversita
genetica.

L’esistenza di una discrepanza tra marcatori mitocondriali e nucleari cosi
profonda come quella osservata in Hyla intermedia, indica inoltre la necessita di
diversificare la scelta dei marcatori, non solo ai fini di una piu accurata
comprensione di processi storico evolutivi, ma anche ai fini della genetica della
conservazione, cosi da poter discernere dinamiche legate al singolo marcatore da
quelle inerenti la specie nel complesso e le sue popolazioni. Cio apparira tanto piu

importante se si considera che, come gia ricordato in precedenza, le specie di anfibi
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qui studiate sono anche le uniche per la penisola italiana per le quali sono disponibili
dati per entrambi i tipi di marcatori.

Infine, il fatto che la Calabria sia risultata la principale riserva di variabilita
genetica in Bombina pachypus, Salamandrina terdigitata ed in diverse altre specie studiate
in precedenza (ad es. Ragghianti & Wake, 19806; Santucci ¢z al., 1996; Ungaro et al.,
2001; Capula & Ceccarelli, 2003), unitamente al fatto che per alcune di esse
quest’area sia stata teatro di vicende storico-evolutive particolarmente rilevanti (ed il
numero di specie in cui cid ¢ avvenuto potrebbe essere stato ampiamente
sottostimato, in virtu della strategia di campionamento sovente utilizzata; v.d.
sopra), identifica quest’area geografica come quella probabilmente a maggiore

priorita di conservazione di tutta I'Italia peninsulare.
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