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Abstract

Background

W

The currently recognized species richness of South Ameratamanders is surprisingly Ig
compared to North and Central America. In part, this low richmesg be due to th
salamanders being a recent arrival to South America. Addityoriaké number of Sout
American salamander species may be underestimated becaugpticfdiversity. The aim
of our present study were to infer evolutionary relationships, lindagesity, and timing
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divergence of the South Americ&olitoglossa using mitochondrial and nuclear sequence

data from specimens primarily from localities in the Andes apper Amazon Basin.
also estimated time of colonization of South America to testhehat is consistent wit

e

arrival via the Panamanian land bridge connection at its tradifjoaasumed age of |3

million years.




Results

Divergence time estimates suggest tBalitoglossa arrived in South America from Cential
America by at least the Early Miocensg. 23.6 MYA (95% HPD 15.9-30.3 MYA), and
subsequently diversified. South American salamanders of the Behteoglossa show strong
phylogeographic structure at fine geographic scales and deegrgehces at the
mitochondrial gene cytochrome (Cytb) and high diversity at the nuclear recombination
activating gene-1Ragl). Species often contain multiple genetically divergent lineaugs t
are occasionally geographically overlapping. Single specimem® fiwo southeastern
localities in Ecuador are sister to tbguatoriana-peruviana clade and genetically distinct
from all other species investigated to date. Another singémplar from the Andes of
northwestern Ecuador is highly divergent from all other specirapdss sister to all newly
studied samples. Nevertheless, all sampled species of South AamBdlitoglossa are
members of a single clade that is one of several constititengubgenug&ladinea, one of
seven subgenera in this large genus.

Conclusions

The ancestors of South American salamanders likely arrivedsit by the Early Miocene,
well before the completion of the Late Pliocene Panamanian lathglebfwidely accepted as
ca. 3 MYA). This date is in agreement with recent, controversigliraents that an olde
perhaps short-lived, land connection may have existed between SoutltaAared presen
day Panama 23-25 MYA. Since its arrival in South AmerBmitoglossa has diversifieg
more extensively than previously presumed and currently includesasecryptic specie
within a relatively small geographic area. Rather than two upper Ansazepecies current
recorded for this region, we propose that at least eight shoulecbgnized, although the
additional lineages remain to be formally described.
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Background

While the forests of South America are renowned for their diyeditfrogs, including
endemic clades that are both old and species rich [1-11], Southcamesalamanders are
represented only by the family Plethodontidae [12] and are considpeetes poor in this
region. In fact, with the exception of two speciesQadipina, all salamanders in South
America belong to the genuBolitoglossa (subgenusEladinea) with only 28 currently
recognized species that are distributed across the entire car[ti2¢. Species richness is
greatest in Colombia and rapidly decreases to the south and esssth&ae one-ninth of all
recognized neotropical salamander species are found in South Amdgspite its
geographical area dwarfing that of Central America where rémeaining diversity is
concentrated [13].

One hypothesis for the lower species richness of South Amertamanders is that they
arrived only relatively recently via the isthmus of PanamaP@namanian land bridge),
which is widely accepted to have closed 3 to 4 million years BIY@\J. If true, then South
American plethodontids would have had less time to diversify comparguwse of Central
America (discussed in [13,14] and references therein; tested i [HBjvever, recent
geological research suggests that the Panamanian land brigdeemauch olderca. 23—-25
MYA, [16,17] and references therein), although this remains contrové@ates, personal
communication to DBW, 8 Nov. 2011).



When, and how many times, salamanders migrated into South Amesiteedia a matter of
debate: for example, Brame & Wake [18] suggested multiple trogsafrom the Pliocene to
the Pleistocene, while Dunn [19] suggested a Late Miocene to Bholgene origin that
would predate a 3 MY old land bridge. Estimates based on allozyna@abst suggested the
divergence between Central and South American species to [@stal3&MYA [20], while
analyses from mitochondrial (mt) DNA sequences suggeBtiitbglossa were present in
South America before the Pliocene land bridge closure [13,21]. Hankeak& YX0] offered
two alternative hypotheses to explain such a deep level of divergBniteat several deeply
divergent lineages occurred in southern Central America by thg EBocene and each
independently migrated to South America after the Late Pliooemeection was established,
or 2) thatBolitoglossa colonized South America prior to the late Pliocene land bridge a
subsequently diversifienh situ. Parra-Olea, Garcia-Paris & Wake analysed the phylogeneti
relationships acro$3olitoglossa and concluded that the South American lineages must be old
(35.8-12.5 MYA, depending on the molecular clock) and predate the isthmasarhi [13].
This was reaffirmed with more advanced chronogram analysis, whichlated a divergence
of at least 11 million years [21]. However, to date, there have beedetailed studies or
discussion of South American plethodontids based on DNA sequence datdnesed
hypotheses have never been rigorously tested.

Very little is known about South American salamanders beazube “fractal’ [22], highly
spatially partitioned nature of plethodontid diversity across vast explered areas of the
upper Amazonian forests. In particular the systematics of Amazsalamanders has proven
difficult because they are generally small, have similavddrmorphological features such
as extensively webbed digits, reduced dentition, and subtle colounpditferentiation [23].
Further, they have been seldom collected and thus we are missingo@siendata on
geographical distributions. In 1963, Brame & Wake noted that becausediogibts have
always been intrigued with organisms living under novel or unusual comgjitor in
unexpected regions ... it is surprising that South American saldera virtually have been
ignored for so long” ([18] p. 5). Almost fifty years after teimtement, there has been little
progress towards quantifying the biodiversity and describing the ewtduy relationships of
South American salamanders.

The aim of our present study is two-fold. First, we use divergéinoe estimates and
ancestral area reconstruction to estimate the deepest agemd@mic South American clade
and thereby infer the minimum time of colonization of South Amebgaplethodontid
salamanders. Our estimates of divergence times suggeghéhatlamanders arrived and
diversified within South America in the Early Miocene. Furthermd@euth American
Bolitoglossa are all members of a single clade that is nested withiarged clade, the
subgenusEladinea, which also occurs in Costa Rica and Panama. Therefore, thei
colonization of South America significantly predates the widebepied date of about 3
MYA for the Panamanian land bridge connection. Because theseasaars have low
vagility and most likely reached South America by land, our reatdtsnore compatible with
a much earlier land bridge connection (e.g. [16,17]). Second, we infdutienary
relationships and the extent of genetic divergence among South AmBaicénglossa from
the Ecuadorean Andes and upper Amazon basin (Figure 1) using mitochandriauclear
DNA sequence data. Our analyses reveal previously unsuspbpdgenetic divergences
even within local regions, documenting the presence of extensive crypticsspeluieess.



Figure 1 Map of sample and type localitiesA map of sample localities of South American
Bolitoglossa salamanders. Closed dots represent samples that were collected new for this
study. Open dots represent locales for samples used in previously published research.
Numbers 1 through 18 represent locality numbers from Table 1. Numbers 12, 13, and 14
(white squares) represent the type localitieB.@tamazonica, B. peruviana, andB.

equatoriana, respectively. River names are written in italics.

Results and discussion

Bolitoglossa colonization of South America

Ancestral area reconstruction based on 56 bolitoglossine taxalgtsupported a Central
American origin ofBolitoglossa (Figure 2). Our estimate for the deepest time of divergence
for Bolitoglossa from throughout Central and South Americacas 50 MYA (95% highest
posterior density [HPD] 36.4 to 62.8 MYA, mean 50.3 MYA), and our estirftatehe
subgenu<£ladinea is ca. 36 MYA (95% HPD 26.8 to 46.7 MYA, mean 36.5 MYA) (Figure
2, Additional file 1, Additional file 2).

Figure 2 Chronogram and ancestral area reconstruction for Central and South

American Bolitoglossa based onRagl and Cytb. Mean divergence times are based on
Bayesian species tree estimation (non-bolitoglossines are not shown). Bamieogr
reconstruction was calculated in Lagrange. The highest split probabilityef@ancestral area
subtends each node, and branches are colored accordingly: Central Amerjc&¢hltie
America (red), and both regions (green). These analyses show a singie@b8guth
AmericanBolitoglossa by the Early Miocene, and two recent secondary re-colonizations of
Central America by species that occur in both regions.

While we were unable to sample the South American taxa exteystive found that the
diverse clade oBolitoglossa from the Andes and Amazon had a high likelihood of a South
American origin. The entire South American clade of samBt@doglossa was estimated to
be ca. 23 MYA (95% HPD 15.9 to 30.3 MYA, mean 23.6 MYA; Figure 2). Even if we
consider a much younger divergence time calibrations for the Plethda®ié0 MYA), we
still estimate divergence among sampled South American ttaxze at least 12.7 MYA
(Additional file 2). Furthermore, the deep divergence among regyosailictured clades
within upper Amazoniamolitoglossa — B. peruviana (ca. 11 MYA [95% HPD 6.9 to 15.4
MYA, mean 10.8 MYA]) andB. equatoriana (ca. 7 MYA [95% HPD 0.5 to 15.1 MYA,
mean 7.4 MYA] — also confirmed the minimally Miocene age of th@ation within South
America (Figure 2, Figure 3, Additional file 1, Additional file 2).ad®d on these
observations, we reason that the Andean and Amazonian species did refydnath of
the Panamanian land bridge and subsequently disperse into South Arfterics @losure
(one of the possibilities advanced by Hanken & Wake [20]). Ratheringsgkes result from
diversification in South America after colonizatioa 23 MYA. This is in agreement with
the scenario proposed by Parra-Oéeal. [13], whereby the South Americaolitoglossa
greatly predate a 3 MYA land bridge between Central and South America.



Figure 3 MtDNA phylogeny focusing on South American salamandersthe 50%
majority-rule phylogenetic tree @ytb inferred from Bayesian analyses. Posterior
probabilities are located at nodes or above branches. Subclades referred texnahe
derived from the combined analysis are noted in vertical. See Table 1 and Figureatd
information on sample localities.

Until very recently it had generally been accepted that thehSAoterican continent was
isolated from the northern land mass until the isthmus permandsgbdca. 3 [24] to 4 [25]
MYA. However, recent geological analyses, which are still cwetrsial, suggest the isthmus
may have closed at least for some period of time much eafles. involved a major
narrowing of the seaway and great shifting of islands in thig Eaocene €a. 23-25 MYA)
[16,17] and a complete closure is now estimated to have happened by 1526 &learly
this would have facilitated dispersal between Central and Southicgen®vhile the Pliocene
‘Great American Interchange’ between continents approximateMY3 considerably
affected mammalian fauna [25] and some avian fauna [27,28], argrdisi of biological
data based on molecular phylogenetics also supports an earliern®lidaed connection:
e.g. frogs [29,30], plants [31], procyonid mammals [32], and snakes [3B8].fidding
confirms this also to be true for plethodontid salamanders. Ounatet of divergence
among South American and even just And&amhitoglossa are far older than the most
generally accepted dates for completion of the Panamanian largk bad3 MYA and
instead suggest a very Early Miocene colonization of South Americeh is concordant
with the postulated land connection between Panama and South Aoretica order of 23
to 25 MYA, timing that has been advanced to explain new geological discoveries [16,17].

Since that time there have been at least two other dispeaasadss the isthmus by
salamanders. The two species in our analyses that occur in Colamdbidanamab(
biseriata and B. medemi) have clear South American origins but the specimens are from
Central America and likely represent a more recent seconddopization of Central
America (Figure 2). Other thaBolitoglossa, Oedipina salamanders are also found in South
America and these are less well known. The current taxonomygdbm 1963 [18],
recognizes two species, both of which occur in Panama. Of fBesemplex (type locality
Gamboa, Panama) is known from two South American specimens,andsla Gorgona,
Colombia, and the other from northwestern Ecuador. The Ecuadorean spbhasnecently
been re-examined (DBW, 2011) and represents an unnamed species. Thesgecas®D.
parvipes (type locality Caceras, Antioquia, Colombia), is currently thoughtoccur in
Panama, but it, too, requires a modern taxonomic revision and it iselynthat the
Panamanian and Colombian samples represent the same speciehdssgrivhether the
taxonomy is correct or noQedipina is represented by few species and in South America is
found only in western Colombia and northern Ecuador. Pending study of currentl
unavailable samples using molecular methd@sjipina may well represent a post-Portal
dispersal from its Central American origin [34].

Phylogenetic and phylogeographic patterns within Sgth American
Bolitoglossa

Our phylogenetic analyses based on mtDNA document high diversitiolofoglossa
lineages in the upper Amazon and Andes of Ecuador, even within agaeoglaphic area
(Figure 1, Figure 3). Additionally, there is striking geographstaucture inB. equatoriana

and B. peruviana often coincident with east Andean and upper Amazonian geographical



features. For example, sister clades generally diffetaaation (upland vs. lowland) within
river basins and between river basin.

Bolitoglossa equatoriana (sensu lato) vs. B. equatoriana (sensu stricto)

Bolitoglossa equatoriana (sensu lato) forms a well-supported monophyletic group (posterior
probability [pp] = 1) with two divergent subclades that are sepaiay elevation and found
in the Napo and Aguarico River Basins (Figure 3). One of teseefer to as “upper
equatoriana” because it includes specimens from an upland localite dfapo River (map
locality 3; 400 metres above sea level [masl]) and a ssmgeimen from the more lowland
Tiputini locality (map locality 2; 250 masl) (Table 1, Figure W9.sister subclade includes
samples from localities near to, and more geographically typfcahe type locality [35]
(map locality 14; 260 masl) and so we consider this group to repigsamniatoriana (sensu
stricto).



Table 1Sample information

. . . . . Map Locali - Ragl
Species mtDNA Clade Specimen number Country Province/Territory Locality I\Fljumber v cytb accession accegsion
Bolitoglossa altamazonica “altamazonica” KU222111 Peru Loreto 1.5 km N Teteéel 6pez 1 AY526160
Bolitoglossa biseriata outgroup MVZ232943 Panama Kuna Yala Nusagandi - 526161 KC614436
Bolitoglossa cerroensis outgroup MVZ233516 Costa Rica Cartago Prov. Cartag - - KC614459
Bolitoglossa cerroensis outgroup MVZS12921 Costa Rica San José Cuerial ER/illa Mills - AF199195 -
Bolitoglossa cf. equatoriana upper equatoriana DFCH-BU2730 Ecuador Napo Estdgidlogica Jatun Sacha (EBJS) 3 DQ353846
Bolitoglossa cf. equatoriana upper equatoriana QCAZ25443 Ecuador Napo Estaiidingica Jatun Sacha (EBJS) 3 DQ353841
Bolitoglossa cf. equatoriana upper equatoriana QCAZ25448 Ecuador Napo Est&idngica Jatun Sacha (EBJS) 3 DQ353842 KC614451
Bolitoglossa cf. equatoriana upper equatoriana QCAZ25449 Ecuador Napo Estaiidivgica Jatun Sacha (EBJS) 3 DQ353843
Bolitoglossa cf. equatoriana upper equatoriana QCAZ25450 Ecuador Napo Est&idngica Jatun Sacha (EBJS) 3 DQ353844
Bolitoglossa cf. equatoriana upper equatoriana QCAZ25777 Ecuador Napo Est&idngica Jatun Sacha 3 DQ353840

(EBJS-Inner Vision Lodge)
Bolitoglossa cf. peruviana “altamazonica” QCAZ20845 Ecuador Orellana Esta@@ntifica Yasuni (PUCE) 15 KC614427 KC614453
Bolitoglossa cf. peruviana “altamazonica” QCAZ25467 Ecuador Pastaza Kapawligeo 10 DQ353811
Bolitoglossa cf. peruviana “altamazonica” QCAZ25522 Ecuador Pastaza Kapawligieo 10 DQ353809 KC614442
Bolitoglossa cf. peruviana “altamazonica” QCAZ25710 Ecuador Pastaza Kapawligeo 10 DQ353810
Bolitoglossa cf. peruviana “altamazonica” QCAZ32291 Ecuador Orellana Esta@dentifica Yasuni (PUCE) 15 KC614430 KC614455
Bolitoglossa cf. peruviana lower Napo/lower Aguarico QCAZ25268 Ecuador Omdla Auca 14 Rd near Coca 6 DQ353830 KC614447
Bolitoglossa cf. peruviana lower Napo/lower Aguarico QCAZ25385 Ecuador Omdla La Selva Lodge 9 DQ353835 KC614449
Bolitoglossa cf. peruviana lower Napo/lower Aguarico QCAZ25386 Ecuador Omdla La Selva Lodge 9 DQ353833
Bolitoglossa cf. peruviana lower Napo/lower Aguarico QCAZ25387 Ecuador Omdla La Selva Lodge 9 DQ353836 KC614450
Bolitoglossa cf. peruviana lower Napo/lower Aguarico QCAZ25420 Ecuador Omdla La Selva Lodge 9 DQ353838
Bolitoglossa cf. peruviana lower Napo/lower Aguarico QCAZ25421 Ecuador Omdla La Selva Lodge 9 DQ353832
Bolitoglossa cf. peruviana lower Napo/lower Aguarico QCAZ25422 Ecuador Omdla La Selva Lodge 9 DQ353834
Bolitoglossa cf. peruviana lower Napo/lower Aguarico QCAZ25425 Ecuador Omdla La Selva Lodge 9 DQ353839
Bolitoglossa cf. peruviana lower Napo/lower Aguarico QCAZ25426 Ecuador Omdla La Selva Lodge 9 DQ353837
Bolitoglossa cf. peruviana lower Napo/lower Aguarico QCAZ25592 Ecuador Omdla Auca 14 Rd near Coca 6 DQ353831 KC614448
Bolitoglossa cf. peruviana lower Napo/lower Aguarico QCAZ25593 Ecuador Omdla Auca 14 Rd near Coca 6 DQ353819 KC614444
Bolitoglossa cf. peruviana lower Napo/lower Aguarico QCAZ28404 Ecuador Suciosb Monte Tour, Cuyabeno 5 KC614429 KC614454
Bolitoglossa cf. peruviana upper Aguarico QCAZ25784 Ecuador Sucumbios Agoaric 11 DQ353813
Bolitoglossa cf. peruviana upper Aguarico QCAZ25793 Ecuador Sucumbios Agoaric 11 DQ353814
Bolitoglossa cf. peruviana upper Aguarico QCAZ25794 Ecuador Sucumbios Agoaric 11 DQ353815 KC614443
Bolitoglossa cf. peruviana upper Aguarico QCAZ25795 Ecuador Sucumbios Agoaric 11 DQ353812
Bolitoglossa cf. peruviana upper Napo KU217421 Ecuador Napo Estacion Biokdetun Sacha (EBJS) 3 AY526170
Bolitoglossa cf. peruviana upper Napo QCAZ25289 Ecuador Napo Estacion Biokdatun Sacha 3 DQ353826

(EBJS-Inner Vision Lodge)
Bolitoglossa cf. peruviana upper Napo QCAZ25294 Ecuador Napo Estacion Biokgatun Sacha 3 DQ353816

(EBJS-Inner Vision Lodge)
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QCAZ25317 Ecuador
QCAZ25318 Ecuador
QCAZ25319 Ecuador
QCAZ25320 Ecuador
QCAZ25355 Ecuador
QCAZ25455 Ecuador
QCAZ25747 Ecuador
QCAZ25753 Ecuador
QCAZ25758 Ecuador
QCAZ25771 Ecuador
QCAZ25872 Ecuador
QCAZ05930 Ecuador
(= LSUMZ-H12838)
QCAZ28221 Ecuador
QCAZ37304 Ecuador
KU217422 Ecuador
LSUMZH-13735 Brazil
LSUMZH-3086 Brazil
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(EBJS-Inner Vision Lodge)
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(EBJS-Inner Vision Lodge)
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Guacamayos 31 km de Baeza
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et al 2004)
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Taxon, voucher specimen museum catalogue humbagrayehical locality (country, province/territorydhtocality), locality number from Figure 1, and @amk accession numbers. Institutional abbreviatamesas
listed in [36] with the following additions: BU =d&ton University (USA), DFCH-USFQ = Diego Francis€isneros-Heredia at Universidad San Francisco wiso@Ecuador), FHGO = Fundacion Herpetolégica
Gustavo Orcés (Ecuador), QCAZ = Museo de Zoologigificia Universidad Catdlica (Ecuador), JCS 3dieollection Juan Carlos Sanchez.



Figure 4 Map of the location of the clades oB. equatoriana (sensu lato) and B.

peruviana (sensu lato). The map focuses on the upper Amazon region of Ecuador (see Figure
1). Circles represent sample localities for each of the different dldeletsfied withinB.
equatoriana (sensu lato) andB. peruviana (sensu lato) from the mtDNA phylogenetic

analysis (see Figure 3). Numbering follows map locality numbersdTabl

Average genetic divergence between these two subcladgsegbiatoriana (sensu lato) is
11.7% forCytb (Table 2) and 0.8% foRagl (Table 3). Bayesian estimates of divergence
times averagea. 7.4 MYA (Figure 2).

Table 2 Average within- and among-cladeCytb K2 corrected p-distances for the
Ecuadorean upper Amazon salamanders

Clade 1 2 3 4 5 6
1 peruviana-lower Napo/lower Agua Rico 0.033+0.005 +0.013 +0.011 +0.013t0.017 +0.014
2 peruviana-upper Napo 0.119 0.021+0.004 +0.011 +0.012+0.016  #0.017
3 peruviana-altamazonica 0.110 0.108 0.062+0.008 +0.010 +0.017  #0.015
4 peruviana- Agua Rico 0.111 0.095 0.095 0 +0.018 +0.017
5 upper equatoriana 0.161 0.156 0.184 0.1630 +0.014
6 equatoriana Brame & Wake 1972 0.136 0.158 0.161 0.153 0.107022+0.005

Mean p-distances between subclades are writteheolotver diagonal + standard error on the upperirjahean intraclade
p-distances + standard error lie on the diagorati(type).

Table 3Average within- and among-cladeRagl uncorrected p-distances for the
Ecuadorean upper Amazon salamanders

Clade 1 2 3 4 5 6
1 peruviana-lower Napo/lower Agua Rico 0.013+0.003 +0.003 +0.003 +0.005+0.005 +0.003
2 peruviana-upper Napo 0.012 0.006+0.003 +0.002 +0.006 +0.005 +0.004
3 peruviana-altamazonica 0.015 0.011 0.016+0.003 +0.005 +0.005 +0.003
4 peruviana- Agua Rico 0.025 0.027 0.028 nc +0.007 0.006
5 upper equatoriana 0.023 0.022 0.024 0.033nc  +0.003
6 equatoriana Brame & Wake 1972 0.015 0.013 0.016 0.26  0.008nc

Mean p-distances between subclades are writteheolotver diagonal + standard error on the upperirjahean intraclade
p-distances + standard error lie on the diagorati(type).

Bolitoglossa peruviana diversity

Within B. peruviana (sensu lato) four major subclades are broadly distributed by elevation
and river basin (Figure 3, Figure 4). We informally identify éhasibclades as follows:
altamazonica, Upper Napo, Upper Aguarico, and Lower Napo/Lower AguarFice.
altamazonica subclade spans the greatest latitude: from theN@ape to the lower Pastaza
River Basins (map localities 1, 10, 15). This subclade, which incltigesnost lowland
representative in our study.(altamazonica Loreto), is not the sister taxon of the other
Amazonian basin lowland species from Brazil, tentatively assigaB. paraensis. Instead,
the specimens assignedBoparaensis (from Ituxi and Jurud) are more closely related to the
southeastern Ecuadorean specimens from higher elevations @scalitand 18). The upper
Napo subclade occurs in multiple localities in the vicinity of hieadwaters of the Napo
River (localities 3, 7 and 8). Although the southeastward distributitmsogubclade remains
to be determined, it is replaced to the north at the headwatttrs Afyuarico River (locality
11; 610 masl) with the divergent sister subclade upper Aguarico. Sgrecim the subclade
lower Napo/lower Aguarico were found to span the lower Napo and |&gearico river
basins (localities 5, 6, 9). Additional sampling is required to deter the eastward
distribution of this subclade.



The four major subclades &. peruviana (sensu lato) are highly divergent: from 9.5 to

11.9% atCytb (Table 2) and from 1.1 to 2.8% Ragl (Table 3; see Additional files 3 and 4
for inter-individual distances). Divergence time estimatesrggrpopulations that have been
assigned td®. peruviana averageca. 10.8 MYA (Figure 2).

Given the highly localized nature of genetic differentiation irattas been considered to be

B. peruviana, we think that none of the Ecuadorean samples should be assignedd&dhat
Instead,B. peruviana should be considered to be a Peruvian endemic that so far is known
only from the unique holotype (locality 12 in Figure 1). Further sampéisgecially in this

area of southern Ecuador and northern Peru, is required to furtheverggoflogenetic
relationships.

Our mtDNA phylogeny contains more extensive sampling of upper Aniaz salamanders
than the Parra-Olea et al. [13] mtDNA phylogeny, which caethisamples across the large,
geographically widespread genuBolitoglossa. Parra-Olea et al. [13] considered their
specimen from Cuyabeno (locality 5) to Be peruviana (QCAZ05930, was LSUMZ-
H12838 in [13]). We find this specimen instead to be a member & thopiatoriana (sensu
stricto) clade and was likely previously misidentified. We do not haiRagi sequence for
this specimen.

Ecuadorean highland Bolitoglossa spp

Taking a broader geographical perspective on our mtDNA phyltigdngothesis, the high
Andean specimen from northwestern Ecua@orsp. Chilma) is recovered as sister to the rest
of our east Andean and Amazonian specimens (pp = 0.96; FigurergJatisnship with the
lowland Amazonian specieB. paraensis (Acre) is undefined. Specimens from the high
altitude eastern slopes of the southern Andes of EcuBdep(ECSanFram. sp. CondorB.
palmata; localities 4, 18, 19; 1800—2000 masl) are all, with varying resolutionnahaling

the extreme lowland Brazilial. paraensis, sister to the upper Amazonian specks
peruviana andB. equatoriana.

Nuclear phylogeny

Phylogenetic analysis ¢tagl alone (19 specimens) reveals weak phylogeographic structure
(Figure 5), perhaps due to incomplete lineage sorting and the loogkescence times of
slowly evolving nuclear genes. As in the mtDNA phylogeny, tigh Windean specimen from
northwestern EcuadoB( sp. Chilma) (pp = 0.99) is sister to the rest of our east Analedn
Amazonian specimens. The remaining internal relationships arelédimed. The combined
analysis Ragl andCytb from 19 specimens; Additional file 5) is intermediate in ngsoh
between the single gene analyses.



Figure 5 Ragl phylogeny focusing on South American salamander3he 50% majority-
rule phylogenetic tree d?agl inferred from Bayesian analyses. Posterior probabilities are
located at nodes or above branches. Clades referred to in the text and derived from the
combined analysis are noted in vertical. See Table 1 and Figure 1 for more irdoramati
sample localities.

Patterns of diversity in the upper Amazon

Similar high diversity has been found previously in Amazonian fragts, morphological,
bioacoustic, and molecular data across ecologically and evolutiorgivigrse clades,
including the pattern of elevation and latitude in discerning upper Amazoriades.
Specifically, the geographical distribution of mtDNA clade8ahitoglossa is approximately
coincident with those identified for the terrestrial leaf tifteg Pristimantis “ockendeni” [5]
(now split into three species [37]) aktgystomops frogs [38]. The major phylogeographic
divergence within northwestern Amazonian terrestrial frogs ef gheciesEngystomops
(=Physalaemus) petersi is also altitudinal in the Napo Basin [39-41], although elevation was
not an important overall biogeographic signal at broader scalkatispecies [39]. Given the
paucity of data on the phylogenetic diversity and fine-scaleoglewgraphic structure of
upper Amazonian vertebrates in this region, the extent to which ieleMaas promoted
speciation and maintains species identity (as has been inferredldmanders [42-44] and
other taxonomic groups in North [45] and Central America [46]), requugker and
detailed analyses combining genetic, phenotypic, and geographical information.

Bolitoglossa species richness and relevance for conservation

The high divergence and pronounced geographic structuring among subafatlese
salamanders support our view that additional speci8slabglossa should be recognized in
the upper Amazon region of Ecuador; more species exist than weieysly recognized
based on existing morphological descriptions and field surveys [18,23,35,47-&@fopbse
that at least six upper Amazonian species (four wighiperuviana sensu lato, two within B.
equatoriana sensu lato) be recognized, rather than the previously known Bveduatoriana
and B. peruviana). Additionally, perhaps two more species should be named from higher
elevations to the southB( sp. Condor and. sp. ECSanFran). It is doubtful that any
Ecuadorean salamander are conspecific with topopperuviana because the geographic
distance from the most lowland Ecuadorean sample tdBthgeruviana type locality is
greater than the ranges of the three or four phylogeneticesp@®@. clades, as described
here) within Ecuador. The situation wiB. equatoriana is also difficult, although the
geographic proximity of theB. equatoriana type locality to specimens of the “lower
equatoriana” clade suggests that this group.isquatoriana sensu stricto. From northern
Ecuador, in the westward drainage of the Andes Mountains, we havdeaesiegiplar of a
currently unnamed highly divergent speciBsgp. Chilma) from the western drainage of the
Andes Mountains in northern Ecuador. Our study reveals that maogaiexc problems
remain to be resolved for these morphologically similar spesmelswork on this topic is
currently underway (Wake et al. in prep.). Further alpha-taxonorork \&nd extensive
sampling from the upper Amazon and Andes more is much needed, thaugkerad by
difficulty in collecting these rare amphibians from remote regions.

High genetic differentiation within “species” of Neotropicalasahnders is not unusual in the
few molecular studies on these to date (e.g. [51-54], Rovito et pitep). Garcia-Paris et al.
[55] found genetic structuring at fine geographical scales dansanders in continuous



habitat in montane Costa Rica. In a study of allozyme variationkéta & Wake [20]
reported that South AmericaBolitoglossa displayed intra-site heterogeneity, high
differentiation within species-groups, and diversity levels compatablemong species of
different genera in North America. Studies of Neotropical feo@ have also found mtDNA
differentiation to be particularly high among populations, sometiales suggestive of
distinct species [5,8,9,56,57], though not always [11]. The low vagilityh biglopatry,
small home ranges, and non-migratory life history of direct-dgvwed salamanders and
terrestrial frogs may promote high levels of local difféi&tion as a result of restricted gene
flow [58], ultimately producing high speciation rates.

Our survey of salamanders from upper Amazon drainage of Ecuadoatesdithat upper
Amazonian salamander species’ distributions are much smallerptieaiously assumed.
Accordingly, a revision of current conservation assessments engghired. The IUCN Red
List considers all salamander species east of the Andesaadafaient with regard to their
risk assessment criteria (http://www.iucnredlist.org/). TheaAomian species are all thought
to have very wide geographical distributions (d8galtamazonica is purported to have a
distribution including Colombia, Brazil, Venezuela, Ecuador, Peru, and/i8dil2]) and
therefore large population sizes are assumed; such widespreses $sfa@ accordingly been
considered of “Least Concern” [59-61]. Our findings suggest that wetsgrgphical
distributions are unlikely and species must be reassessed tmtaleecount the possibility
of smaller geographic distributions and concomitantly smaller populaizes, which might
place these species at greater risk due to localized environrdegtablation. Results to date
imply that the salamander species richness in the Andes and Apmeron has been
substantially underestimated.

Conclusions

Minimal estimates for the timing of diversification of the SoAimerican salamanders of the
genus Bolitoglossa, based on our studies of eastern Ecuadorean species, indicate that
plethodontids colonized South America 23 MYA. These findings are consistent with an
Early Miocene, rather than Pliocene, initial closure of the an&an Portal. Within South
America, Bolitoglossa have considerable genetic diversity at nuclear and mitochonalrial |
There is a high cryptic diversity of distinct lineages, even within avelgtsmall geographic
area of the Andes and upper Amazon of Ecuador. Our molecular phylegéndings
suggest that salamander species richness in South Ameridaensayiously underestimated,
in large part because of extensive morphological similarity and lack of samphisgmplies
that many more species @blitoglossa should be recognized in the upper Amazon and
Andes.

Methods

Taxon sampling

Specimens were collected opportunistically from tropical foasdlities in Ecuador (Figure
1). Individuals were euthanized using chloretone or MS-222 with approved psotieet

tissue removed, then fixed with 10% formalin and stored in 70% ethaissu€elsamples
were stored in pure ethanol until DNA analysis. Voucher specimensleposited at the
Museo de Zoologia, Pontificia Universidad Catolica del Ecuador @QG¥d Fundacién
Herpetologica Gustavo Orcés collections (FHGO). Sample lesalimuseum voucher



numbers, and Genbank accession numbers are listed in Table 1. For upazonfan
localities, specimens were assignedBioequatoriana Brame & Wake, 1972 [35] oB.
peruviana (Boulenger, 1883; see [18]) based on body size, shape and colouration.

DNA extraction, amplification, and sequencing

Total genomic DNA was extracted from ethanol-preserved ligsué using a Qiagen
DNEasy kit (Qiagen, Inc.) following the manufacturer’s protoetdted in Buffer AE, and
stored at —20 °C.

A 790 base pair fragment of the mitochondrial gene cytochtmii@ytb) was amplified by
polymerase chain reaction (PCR) in an Applied Biosystems 2700 or B&f0dcycler with
parameters following [13]. PCR reactions used M of each primer (MVZ15L and
MVZ16H, [62]), PCR enhancing buffer (2.5 mM MgCI2, 10 mM Tris pH 8.4, 90 KClI,

0.02 mg bovine serum albumin, 0.01% gelatin), 0.3 mM of each dNTP, 0.625 units of taq
DNA polymerase (Fermentas), and approximately 1 to 3 ng DNA @er_Seaction. All
amplifications included a negative control.

For representative individuals from major mitochondrial clades (sdew), an 805 bp
portion of the nuclear geriRagl was amplified using 0.gM of each of the newly designed
primers RaglBolitoF (8CTT GAA CTA GGG GGC ATA CTC AGA AC-3 and
RaglBolitoR (3TGC CTG GCA TTC ATT TTC CGG AAA CG-B Typical PCR
conditions were as follows: | of 10X Promega PCR buffer, 1 mM MgCI2, ui of each
dNTP, 0.5 to uL of a variety of taq polymerases, and approximately 2 to 4 ng\#{ per
50 uL PCR reaction. Again all amplifications included a negative control.

PCR products of the correct molecular weight were excised eletrophoresis on an
agarose gel and purified using Qiagen Gel Extraction kits (Qidgen, Big Dye (Applied
Biosystems Inc.) was used for cycle sequencing reactions, wieichthen sequenced on an
Applied Biosystems 3730 capillary sequencer. @jitb samples were sequenced in one
direction using the MZV15L primer and a subset of five samplessggsenced in both
directions. Detailed visual comparison of forward and reverse seguantee overlapping
regions showed no discordance in DNA sequenceR#dlL samples were sequenced in both
directions.

Bolitoglossa sequences were assembled and aligned in MacClade version 4.07 [63].
Nucleotide sequences were compared to protein sequences using BLASTX
(http://www.ncbi.nlm.nih.gov/) to infer reading frames. Additional seqesnere obtained

from GenBank (Table 1).

Divergence time estimates

We estimated Bolitoglossa species tree and divergence times via Bayesian methods using
the *BEAST function in the program BEAST v. 1.6.2 [64]. The speces was based on
805 bp of Ragl for 31 taxa and 522 bpCgtb for 110 taxa (Additional file 6). This allowed

us to incorporate other previously publish€gtb sequences for other South American
Bolitoglossa and other major clades @&blitoglossa from Central America [13]. The final
data set included 60 “species” (tips), with representatives ofnhpr lineages ofB.
equatoriana andB. peruviana, and two norBolitoglossa bolitoglossinesRseudoeurycea and
Thorius). We also included representatives of other plethodon#g®ides, Ensatina,



Plethodon, and Desmognathus) in order to take advantage of the crown group of
plethodontids as a basal calibration point for our analyses. Missingeadilled in for taxa
in which we only had one of the two genes.

This sequence data matrix was partitioned by gene and codon positigrsuisstitution and
site heterogeneity models determined in Modeltest (Additional 7l see Phylogenetic
Analysis section). This analysis was based on an uncorrelatedrogmaolecular clock and
a Yule speciation prior across the tree. We calibrated thewiittea normally distributed
prior basal calibration prior for the crown group Plethodontidae. A waohge of dates has
been proposed for this node; from ~50 to 99 MYA [21,65-70]. Therefore eviermed the
analyses considering three alternative normally distributadraabns priors for this node:
90 MYA (Std 6), 75 MYA (Std 6), and 60 (Std 6), which collectivghars the entire range of
age estimates for the node. We show the chronogram for the intermedeafésdiskY A), but
we also report the ages of critical nodes in Additional fil&f't2e analysis was run twice
independently for 20 million generations. The numerical results wesealized and
compared using Tracer version 1.5 [71]. We estimated statiohgrigéxamining the trace of
likelihood values, which typically stabilized in less than one amllgenerations, and we
conservatively discarded 10% (2 million generations) as burnin. In @addithe methods
discussed above, we also analysed this divergence using a varietheof calibration
strategies and priors and the results were highly consistentd@epest divergence within
South AmericarBolitoglossa is always in the early to Middle Miocene). The purpose of this
analysis was to test if divergence time estimates withierademic South America clade of
Bolitoglossa are significantly earlier than 3 MYA, which would suggest tBalitoglossa
either arrived in South American prior to the Pliocene Panamanian land bridge.

Ancestral areas oBolitoglossa were reconstructed using the likelihood-based dispersal-
extinction-cladogenesis analysis with LAGRANGE v. 12120508 [66,72]. Thgsasalvere
performed on the species tree chronogram of bolitoglossines basdlde o5 MYA
calibration. The geographical regions for the terminal taxee ve#ther Central America,
South America, or both regions, and we did not constrain dispersal probabilities.

Phylogenetic analyses

Modeltest version 3.7 [73] implemented with PAUP* [74] was used onh gace and codon
position separately and both genes together to infer the best ofawelecular evolution,
which was selected using the Akaike Information Criterion. Sequeneegdnces between
haplotypes and clades were calculated in MEGA4 [75] with a éGtRection [76] forCytb
and no correction fdrRagl (because of its lower mutation rate).

To reconstruct the evolutionary relationships among upper Amazonian adéar
Bolitoglossa with all sample and geographic information, Bayesian phylogeaealyses
were run in MrBayes version 3.1.2 [77] under a variety of partition amdehsettings for
each codon position separately and some combined, as calculated froiteMddelditional
file 7). Prior distributions on state frequencies, substitutiorsyaf@mma distribution shape
and the proportion of invariable sites were unlinked across allipastiand left at default
values. Branch length prior was left at default for singgme analyses and was set to
Unconstrained: Exponential (100) for the combined analysis. Sitedspedds were allowed
to vary across partitions (ratepr=variable). Temperature gniom MCMC heated chains
varied from 0.05 to 0.08 as needed to facilitate chain swapping. Thegteee was random
as determined by MrBayes. Each analysis was run in two indepesaenirrent blocks of 3



million (Ragl) or 5 million Cytb and combined) generations with sampling every 100
generations. The first 10 000 treeRagl) or 15,000 treesCytb and combined) were
discarded as burn-in. Convergence was assumed when chain swaps rawged bel and
0.8, harmonic means were effectively identical from run 1 and rundparameter PSRF
values were approximately 1.00. The partitioning, parameters and ofazksgn for the final
tree were those that provided the highest Bayes factor compared to other mxoeelsif ¢he
second best model differed in Bayes factor by less than 10 andimpger [78]. Fifty
percent majority consensus trees were built from the first iivd@pendent runs and
visualized in FigTree version 1.3.1 (http://tree.bio.ed.ac.uk/).
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