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ABSTRACT: We used nucleotide sequences from portions of the mitochondrial cytochrome b,
cytochrome oxidase I and 16s rRNA gene regions to evaluate phylogenetic relationships within the
genus Dendrobates, a group of neotropical poison frogs with complex parental behaviors. Mapping
of parental care behaviors on the phylogenetic tree derived from the molecular analysis suggests
that female-only care has evolved once within Dendrobates, after passing through a biparental stage
involving male egg attendance and female tadpole transport and feeding. Phylogenetic analysis also
suggests that female provisioning behaviors observed in some Amazonian species of poison frogs
may have arisen independently from male care in this genus. Low levels of divergence between
members of previously delimited groups within Dendrobates suggest that the members of these
groups from Central and South America may have speciated relatively recently (after the formation
of the current Panamanian land bridge in the Pliocene).
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THE bright coloration, extreme toxicity,
and complex behaviors of the poison frogs
(Dendrobatidae) have made them the sub-

* To whom reprint requests should be sent.

ject of considerable interest (e.g., Myers
and Daly, 1983; Wells, 1978, 1981; Wey-
goldt, 1980, 1987; Zimmermann and Zim-
mermann, 1984, 1988). Nevertheless, the
evolutionary relationships of the poison
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frogs are not well resolved, which impedes
our understanding of the evolution of their
complex behavioral strategies (Caldwell,
1997).

Controversy still surrounds the relation-
ships of the dendrobatids to other anurans;
phylogenetic research utilizing morpholog-
ical characters suggests that the family is
of ranoid ancestry (Ford, 1993), but recent
analysis of mitochondrial DNA sequences
groups dendrobatids with bufonids (Ru-
vinsky and Maxson, 1996). Members of the
family Dendrobatidae are believed to form
a monophyletic group (Ford and Canna-
tella, 1993), including at least six genera
(Aromobates, Colostethus, Epipedobates,
Minyobates, Dendrobates, and Phyllo-
bates). Zimmermann and Zimmermann
(1988) proposed two new genera of poison
frogs, Phobobates and Allobates, from spe-
cies previously placed within Epipedo-
bates. However, these new genera have
not been recognized as legitimate by all
members of the scientific community (e.g.,
Myers et al., 1991). Two new genera of
dendrobatids have also been proposed for
some species previously placed in Colos-
tethus: Mannophryne (La Marca, 1992a)
and Nephelobates (La Marca, 1992b). The
toxic dendrobatids are thought to form a
monophyletic group exclusive of Aromo-
bates and Colostethus (Myers et al., 1978,
1991; Silverstone, 1975, 1976), although
recent molecular evidence suggests that
Phobobates trivittatus and some members
of Colostethus may be sister taxa (Ruvinsky
and Maxson, 1996).

Dendrobates and Phyllobates were di-
agnosed as a monophyletic clade based on
the presence of lipophilic alkaloids (Myers
et al., 1978, 1991). Dendrobates was sub-
sequently divided into several genera on
the basis of morphology, acoustic param-
eters of the mating call, and the chemical
structure of skin toxins (Myers, 1987): Epi-
pedobates (22 species), Minyobates (eight
species), Phyllobates (five species), and
Dendrobates (21 species). Myers (1987)
posited Dendrobates and Phyllobates as
sister taxa, with Minyobates as their sister
taxon, then Epipedobates.

The systematics of the poison frogs are
of special importance to those interested

in the evolution of their complex parental
and social behaviors. Members of the ge-
nus Dendrobates exhibit the most elabo-
rate parental behaviors observed in the
family (Weygoldt, 1987), including three
parental care types—male, female, and bi-
parental.

In D. auratus, D. leucomelas, D. azur-
eus, D. tinctorius, and D. truncatus, small
(2-8 eggs) clutches are laid in the leaf lit-
ter and are attended by the male (Sum-
mers, 1989, 1990; Wells, 1978; Weygoldt,
1987). Once the eggs have developed into
mature tadpoles (10-14 days), they are
typically carried by the male to small pools
of water that form in treeholes (Dunn,
1941; Eaton, 1941; Wells, 1981).

In D. histrionicus, D. speciosus, D.
granuliferus, and D. pumilio, eggs are also
deposited in the leaf litter, but females car-
ry the young and deposit them in small
accumulations of water that form in the
leaf or stem axils of plants (e.g., bromeli-
ads). The female then returns to the pools
periodically and lays infertile eggs that are
eaten by the tadpole (Brust, 1993; Wey-
goldt, 1980; Zimmermann and Zimmer-
mann, 1981). This form of feeding is prob-
ably obligatory in D. pumilio; the tadpole
will neither grow nor survive if not provi-
sioned with trophic eggs (Brust, 1993).
The male performs egg attendance in
some of these species [ie., D. pumilio
(Weygoldt, 1980) and D. granuliferus
(Meyer, 1992)], but the female is the main
care provider (Weygoldt, 1987). In D. his-
trionicus and D. speciosus, females carry
out all aspects of parental care (Jungfer,
1985; Zimmermann and Zimmermann,
1981). The form of parental care in D. ar-
boreus is not known, but attempts to keep
it in captivity suggest that nutritive eggs
are required for tadpole growth, implying
that females feed their offspring (Walls,
1994). This species is thought to be closely
related to D. pumilio on the basis of mor-
phology and calling parameters (Myers et
al., 1984).

In captivity, several species of a wide-
ranging Amazonian group of poison frogs
exhibit what appears to be biparental care.
For example, in a study of captive D. re-
ticulatus, Zimmermann and Zimmermann
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(1984) observed that both parents attend
the clutch, which is oviposited above a
pool in the leaf axil of a bromeliad. The
male carries the tadpoles to a different
pool and returns periodically to call, thus
attracting his mate who lays eggs at the
surface of the pool, which the tadpoles
consume. Evidence of biparental care has
also been observed in other dendrobatids
from the Peruvian Amazon, including D.
ventrimaculatus [referred to as D. quin-
quevittatus by Zimmermann and Zimmer-
mann (1988), but see Caldwell and Myers
(1990)], D. variablis, D. imitator, and D.
fantasticus (Zimmermann and Zimmer-
mann, 1988), although these behaviors are
not well documented in captivity (Walls,
1994; Weygoldt, 1987) and have not been
studied in the field.

Recently, biparental care has been ob-
served in a field study of D. vanzolinii, an-
other Amazonian poison frog (Caldwell,
1997). In this species, males carry tadpoles
to small pools of water in treeholes, and
females feed tadpoles with unfertile nutri-
tive eggs. Males and females maintain an
intimate association, or “pair bond”
throughout the period of parental care
(Caldwell, 1997).

Recent field research on a population of
D. ventrimaculatus in Amazonian Ecuador
suggests that this population (or species)
has male care, rather than biparental care.
Dendrobates ventrimaculatus is probably a
complex of closely related species (Cald-
well and Myers, 1990). Briefly, in the Ec-
uadorian population, the mating system is
promiscuous, unrelated individuals ovipos-
it in the same axil, and females do not re-
turn to pools to feed tadpoles (Summers
and Amos, 1997; Summers, unpublished
data).

Zimmermann and Zimmermann (1988)
analyzed relationships among 32 species in
six genera of poison frogs using overall
similarity in behavior (based on 62 behav-
ioral characters, including some behaviors
involved in parental care). They resolved
three “species groups” within Dendro-
bates, each exhibiting a specific type of pa-
rental care: (1) male parental care (D. au-
ratus, D. leucomelas, D. tinctorius, D.
azureus, D. truncatus), (2) female (or pre-

dominantly female) parental care (D. pum-
ilio, D. granuliferus, D. histrionicus, D.
lehmanni, and D. speciosus), and (3) bi-
parental care (D. ventrimaculatus, D. re-
ticulatus, D. fantasticus, D. imitator, and
D. variablis). Zimmermann and Zimmer-
mann (1988) hypothesized that these be-
havioral groups corresponded to mono-
phyletic evolutionary groups.

Weygoldt (1987) and Zimmermann and
Zimmermann (1984, 1988) proposed that
male parental care is the primitive behav-
ioral condition within dendrobatids, and
that male care gave rise to biparental care
of the form observed in some Amazonian
species, which later gave rise to female
care, as seen in D. pumilio, D. granulifer-
us, D. speciosus, and D. histrionicus.

Male parental care was hypothesized as
the ancestral state in Dendrobates based
on studies of parental care in species from
Phyllobates, Minyobates, and Epipedo-
bates (Weygoldt, 1987). Four out of five
species of Phyllobates have been studied,
and all exhibit male parental care (Wey-
goldt, 1987; Zimmermann and Zimmer-
mann, 1988). Fourteen out of 22 species
of Epipedobates have been studied, and all
exhibit male parental care (Weygoldt,
1987; Zimmermann and Zimmermann,
1988). A recent study of Minyobates min-
utus demonstrated that this species also
exhibits male parental care (Summers, un-
published data). In most species of Colos-
tethus, the males provide care for the tad-
poles (Weygoldt, 1987), but females pro-
vide care (tadpole transport) in some spe-
cies of Colostethus (Wells, 1981).
However, tadpoles are transported to
streams (not axil pools) and tadpole feed-
ing does not occur in these species (Wey-
goldt, 1987). The type of parental care (if
any) in the most basal taxon, Aromobates,
is unknown (Myers et al., 1991). The most
parsimonious interpretation of the infor-
mation currently available is that male pa-
rental care is the primitive state within
Dendrobates (Weygoldt, 1987).

Here we present an analysis of DNA se-
quence data from the mitochondrial cyto-
chrome b, cytochrome oxidase I, and 16s
rRNA genes that helps to resolve the sys-
tematic relationships of species in the ge-
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TABLE 1.—Forms of parental care observed in the poison frogs included in this analysis. References for these
observations are as follows: Jungfer, 1985; Meyer, 1993; Summers, 1989, 1992, unpublished data; Walls, 1994;
Wells, 1978; Weygoldt, 1987; Zimmermann and Zimmermann, 1981, 1988.

Species Egg attendance Larval transport Larval feeding Source

D. auratus Male Male No Field and captive
D. leucomelas Male Male No Field and captive
D. fantasticus Male Male Yes Captive

D. ventrimaculatus Male Male No Field

D. granuliferus Male Female Yes Field and captive
D. pumilio Male Female Yes Field and captive
D. arboreus Unknown Female? Yes? Captive

D. speciosus Female Female Yes Field and captive
D. histrionicus Female Female Yes Field and captive

nus Dendrobates, and allows an assess-
ment of the evolution of parental care in
this group. In particular, we focus on the
species with female or predominantly fe-
male care, to test the hypothesis that these
species form a monophyletic group. The
type of parental care found in each species
is listed in Table 1. Phylogenetic analyses
of these data contribute to a more com-
plete understanding of the evolutionary re-
lationships of these frogs, and they permit
inferences concerning the evolution of pa-
rental care and other behaviors that are
independent of the behavioral characters
of interest.

MATERIAL AND METHODS

We analyzed five out of the seven spe-
cies in the female care group of Dendro-
bates (see above). We also included four
other species of Dendrobates (D. auratus,
D. leucomelas, D. ventrimaculatus, D. fan-
tasticus), and two outgroup species, Pho-

bobates trivitattus and Colostethus tala-
mancae. These species, the areas where
they were collected, the region of mito-
chondrial DNA sequenced, and the num-
ber of individuals sequenced are listed in
Table 2. Overall, we sequenced 292 base
pairs of the cytochrome b gene, 521 base
pairs of the cytochrome oxidase 1 gene,
and 536 base pairs of the 16s rRNA gene
(GenBank accession numbers for COI:
AF097496-506; for cyt b: AF120008-017;
for 16s: AF098740-750). Whole frogs were
preserved in liquid nitrogen and stored at
—70 C, or in DNA preservation buffer
(20% DMSO, 0.25 M EDTA, NaCl to sat-
urate) until analyzed. Tissue dissections
were extensive; as a result the remaining
carcasses could not be usefully maintained
as vouchers. Two species (D. fantasticus
and P. trivittatus) were obtained from the
U.S. National Aquarium in Baltimore,
Maryland. The specimen of D. fantasticus
was a second generation offspring from

TABLE 2.—Collection localities and gene regions sequenced for each species in this study. CyB = cytochrome
b, COI = cytochrome oxidase I, 16s = 16s rRNA. Numbers in parentheses indicate the number of individuals
sequenced for that gene region.

Country Location Species Sequences
Panama Bocas del Toro D. pumilio CyB(Z) COI(2), 16s(1)
Panama Nusagandi C. talamancae CyB(1), COI(1), 16s(1)

D. auratus CyB(2), COI(2)
Panama Fortuna D. speciosus CyB(l) COI(2), 16s(2)

D. arboreus CyB(1), COI(1), 16s(1)
Venezuela Tabogan D. leucomelas CyB(1), COIL(2), 16s(2)
Ecuador Santo Domingo D. histrionicus CyB(1), COI(1), 16s(1)
Ecuador Limoncocha D. ventrimaculatus CyB(1), COI(2), 16s(1)
Costa Rica Corcovado D. granuliferus CyB(1), COI(1), 16s(1)
Peru Chumilla P. trivittatus CyB(l) COI(1), 16s(1)
Peru Yurimaguas (F1) D. fantasticus CyB(1), COI(1), 16s(1)
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wild-caught animals, whereas the speci-
men of P. trivittatus was a wild-caught in-
dividual. The sample of DNA for the 16s
sequence of D. auratus was obtained from
a captive bred animal.

Extraction of DNA

We homogenized approximately 0.5 g of
muscle tissue in 300 pl of lysis buffer (100
mM EDTA, 100 mM Tris pH 7.5, 1%
SDS). Samples were homogenized and in-
cubated overnight with 25 pl of proteinase
K solution (20 mg proteinase K/ml in 50%
glycerol) at 37 C. The homogenate was
centrifuged for 3 min at 14,000 rpm. The
supernatant was transferred to a new tube
and extracted once with equal volumes of
equilibrated phenol, once with phenol-
chloroform-isoamyl alcohol (25:24:1), and
once with chloroform-isoamyl alcohol (24:
1). DNA was precipitated for 30 min at
—20 C with ethanol and 3 M sodium ac-
etate, and centrifuged for 20 min at 14,000
rpm. The resulting pellet was rinsed once
with 70% ethanol, vacuum dried, resus-
pended in 100 pl of dH,O, and stored at
-20 C.

Enzymatic Amplifications

Initial polymerase chain reaction ampli-
fications were performed in 50 pl reac-
tions containing 1 pl of genomic DNA, 5
pl of 10X buffer, 2.5 pl each of 10 mM
stock solutions of the 16s primers (16sar-
L and 16sbr-H; Palumbi et al., 1991), cy-
tochrome oxidase I primers (COla and
COIf; Palumbi et al., 1991), or cytochrome
b primers (H14841 and L15182; Kocher
et al., 1989), 5 pl of 10 mM dNTP mix,
and 0.25 ul (1.25 units) of Taq Polymerase.
The samples were overlaid with a drop of
mineral oil and cycled 30-35 times on a
Perkin-Elmer thermal cycler using stan-
dard conditions: 94 C for 45 s (denaturing
step), 50 C for 45 s (primer annealing
step), and 72 C for 60 s (primer extension
step). Following amplification, the PCR
products were run in 1.5% agarose gels in
1X TBE (89 mM Tris, 89 mM Boric Acid,
2 mM EDTA) and stained with ethidium
bromide.

Sequencing was carried out with radio-
active labeling for some samples and with

fluorescently labeled dNTPs on an auto-
mated sequencer for others. For radioac-
tively labeled sequencing, a single band
was visualized and this fragment was cut
from the gel and diluted in 400 pl of
dH,O. For cytochrome oxidase I, 1 pl of
this sample was amplified a second time
using the same conditions described above
except that we replaced one of the two
COI primers with a phosphorylated COI
primer and reduced the number of ampli-
fication cycles to 20. This second reaction
was carried out two times for each sample;
one reaction used the phosphorylated
COla primer and the other used the phos-
phorylated COIf primer.

For the cytochrome b primers, 1 pl of
the sample was used in an asymmetric am-
plification in which one primer (the lim-
iting primer) was present at 0.01 of the
original concentration in the polymerase
chain reaction.

Sequencing Template

For radioactive labeling, following the
second amplification with COI primers,
the DNA strand initiated with the phos-
phorylated primer was digested with lamb-
da-exonuclease yielding the single-strand-
ed DNA products used as sequencing
templates (Higuchi and Ochman, 1989).
To the double-stranded DNA product (45
uls), we added 5 pl of 10X Iambda-exo-
nuclease supplement (775 mM glycine,
278 mM KOH, 5.8 mM MgClz, 5.8 mg/ml
bovine serum albumin) and incubated for
30 min at 37 C with 2.5 units of lambda-
exonuclease. The lambda-exonuclease was
then heat denatured at 94 C for 5 min.
Next the samples were desalted and con-
centrated over Centricon 30 columns. Af-
ter the asymmetric amplification using cy-
tochrome b primers, the samples were de-
salted and concentrated over Centricon 30
columns, as for cytochrome oxidase I.

DNA Sequencing

We carried out dideoxy sequencing re-
actions using the Sequenase 2.0 kit (Unit-
ed States Biochemical Co.) and following
the vendor’s protocol. The sequencing re-
actions were resolved in 6.0% polyacryl-
amide gels which were run for 2, 4,7, and
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9 h. The gels were dried and exposed to
autoradiograph film for 12-48 h.

Automated Sequencing

All 16s and some COI and cytochrome
b sequences were obtained via ABI 373
and 377 automated sequencers. A single
amplification was carried out as for the
other species, then the product was puri-
fied using Microcon 100 filters and se-
quenced in both directions using the ABI
Prism Sequencing Reactions Kit and fol-
lowing the protocols therein.

Sequence Alignments and Phylogenetic
Analyses

We sequenced DNA from each individ-
ual in both directions to check for se-
quence accuracy. DNA sequences were
read from autoradiographs into the
MacVector sequence alignment program
(IBI, 1990) using the IBI gel reader. Se-
quence fragments for the same individual
from different gels were aligned with the
MacVector sequence alignment algorithm,
and consensus sequences were construct-
ed for each individual sequenced.

Electropherograms from the automated
sequencers were aligned and consensus
sequences for each individual were con-
structed using the ABI Sequence Assem-
bler software (Applied Biosystems). Cyto-
chrome oxidase I and cytochrome b gene
region sequences were aligned with the
Gene Jockey Sequence Analysis Software
(Taylor, 1990), and 16s RNA sequences
were aligned with the Clustal Sequence
Alignment Program (Thompson et al,,
1994). Minor adjustments to the align-
ments were made by eye after initial align-
ments were carried out with the programs.
There were no gaps in the COI and cy-
tochrome b alignments, and few gaps in
the 16s alignments. In the phylogenetic
analysis, single gaps (of any size) were cod-
ed as single characters if they were infor-
mative. The number of such informative
gaps was small: gaps accounted for only
three informative characters in the analy-
sis, and removing them from the analysis
did not change the topology of the most
parsimonious tree. The aligned sequences
are presented in Appendix 1.

In some cases, the nucleotide base at a
particular position could not be deter-
mined or was ambiguous. In these cases,
the base is represented with a question
mark, for missing data. Base pair mis-
matches between different individuals of
the same species were extremely rare.
Hence consensus sequences were con-
structed for each species, and mismatches
were represented as unknown base pairs.
Genetic distances between species were
calculated with MEGA (Kumar et al,
1993). Phylogenetic analyses were carried
out with PAUP 3.1 (Swofford, 1993). Phy-
logenetic analysis was carried out using se-
quence data from all three gene regions
combined, consistent with the total evi-
dence approach (Kluge, 1989; Kluge and
Wolf, 1993). Character weighting was car-
ried out with a dynamic weighting method
that utilizes the negative natural log of
transition and tranversion frequencies
(based on an initial tree derived from an
unweighted parsimony analysis) to con-
struct a stepmatrix of transition and trans-
version costs (Williams and Fitch, 1990).
Support for clades within the most parsi-
monious phylogenetic hypothesis was as-
sessed with bootstrap analysis (Felsen-
stein, 1985). Character map ing (using
parsimony) was carried out w1t£ MacClade
(Maddison and Maddison, 1992).

Based on morphological, toxicological,
and behavioral characteristics, members of
the genus Colostethus are considered to be
outside of a clade formed by the toxic den-
drobatids (Myers et al.,, 1991). There is
some question as to whether the genus
Colostethus is monophyletic or whetier it
should be broken into two groups (Myers
et al., 1991; Rivero, 1984), but the place-
ment of members of this genus as basal to
all the toxic dendrobatids has not been
questioned until recently. Recent analysis
of 16s rRNA sequences suggests that P. tri-
vitattus may be more closely related to Co-
lostethus than to other toxic dendrobatids
(Ruvinsky and Maxson, 1996). We used
both C. talamancae and P. trivittatus as
outgroup species in the analysis.

RESULTS

Genetic distances among taxa, based on
the Kimura two-parameter model (Kimu-
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TABLE 3.—Genetic distances calculated between all pairs of taxa, based on all nucleotide sequence data, using
the Kimura 2-parameter model with transversions weighted 2:1 to transitions.

OTU’s 1 2 3 4 5 6 7 8 9 10
1) C. talamancae
2) D. fantasticus 0.2489
3) D. histrionicus 0.2173 0.2347
4) D. leucomelas 0.2121 0.2110 0.1756
5) D. pumilio 0.2237 0.2292 0.0509 0.1714
6) D. auratus 0.2013 0.2129 0.1662 0.1071 0.1510
7) D. ventrimaculatus 0.2456 0.1455 0.1938 0.1970 0.1908 0.1958
8) D. speciosus 0.2275 0.2386 0.0458 0.1735 0.0493 0.1610 0.1985
9) D. arboreus 0.2195 0.2247 0.0391 0.1674 0.0257 0.1530 0.1941 0.0399
10) D. granuliferus 0.2318 0.2352 0.0888 0.1631 0.0824 0.1652 0.2155 0.0789 0.0761
11) P. trivittatus 0.2170 0.2527 0.2069 0.2115 0.2014 0.1946 0.2306 0.2156 0.2004 0.2121

ra, 1980), varied from 4-25% divergence
(Table 3). Transition to transversion ratios
for species that had high levels of se-
quence similarity, and were unambiguous-
ly closely related in preliminary phyloge-
netic analyses, ranged from 4-14 transi-
tions per transversion, but declined to <2:
1 for the more highly divergent sequence
pairs, suggesting the possibility of satura-
tion for the more distantly related taxa
(Brown, 1985; Moritz et al., 1987). Dy-
namic weighting of transitions and trans-
versions (Williams and Fitch, 1990) should
ameliorate any noise associated with such
saturation, but character weighting had lit-
tle effect on the topology of the phyloge-
netic tree produced by parsimony analysis
(see below).

Phylogenetic analysis produced a single
most parsimonious tree (Fig. 1). Un-
weighted analysis produced the same to-
pology, with the exception that the D. ar-
boreus-D. pumilio clade collapsed into a
polytomy, and C. talamancae collapsed
into a polytomy with P. trivittatus. Mem-
bers of the female care group appeared as
a monophyletic group in our analysis, sup-
porting previous claims that these species
form a monophyletic group. The species
with biparental (but predominantly fe-
male) care (D. granuliferus, D. pumilio)
fell out as basal within the female care
group, whereas the two species with fe-
male-only care (D. histrionicus and D. spe-
ciosus) appear to be relatively derived. The
position of D. arboreus within this clade is
consistent with previous suggestions that it
is closely related to D. pumilio.

Dendrobates auratus and D. leucomelas
also came out as sister taxa, which agrees
with the results of Zimmermann and Zim-
mermann (1988). Both of these species
have male parental care: D. auratus is
widely distributed in Central America and
Colombia, and D. leucomelas is found in
the Guyana highlands and the Orinoco
River basin in Venezuela.

Dendrobates ventrimaculatus and D.
fantasticus also appeared as sister taxa in
our analysis. These species are both mem-
bers of a large complex of Amazonian spe-
cies that are morphologically similar and
believed to be closely related (Caldwell
and Myers, 1990). Our results support that
interpretation.

In contrast to the hypothesis proposed
by Zimmermann and Zimmermann (1984,
1988) and Weygoldt (1987), our results
suggest that the Amazonian species are not
the sister group of the D. granuliferus, D.
pumilio, D. arboreus, D. speciosus, and D.
histrionicus clade. Instead, our analysis
places the D. granuliferus clade as the sis-
ter taxon to the northern species with male
parental care, D. auratus and D. leuco-
melas.

DISCUSSION

The phylogenetic hypothesis derived
from our mitochondrial DNA data has im-
plications with respect to the evolution of
parental care in the genus Dendrobates.
Figure 2 shows the most parsimonious re-
construction of the evolution of different
facets of parental care on the hypothesis




June 1999] HERPETOLOGICA 261
g
3 o
3 v ] N 3
S
§ § § § T, s s § 3
§ § 8§ §§YO§OLogog
; § S
£ 3 8§ 8§ 3§08 8 % & %
X U § & & & & 8 & &8 ¢

FIG. 1.—Phylogenetic tree derived from a weighted parsimony analysis of mitochondrial DNA substitutions.
Substitutions were weighted according to their frequency using a dynamic weighting method (see text). The
treelength for the weighted analysis was 2442 (a consistency index was not calculated for the stepmatrix
characters). Numbers at the base of each node refer to the percent of trees in which that clade appeared in
1000 bootstrap replicates. An unweighted parsimony analysis produced the same topology, with the exception
that C. talamancae and P. trivittatus formed a basal polytomy, and the D. arboreus-D. pumilio clade collapsed
to form a polytomy with the D. speciosus-D. histrionicus clade. The treelength was 1061 and the Consistency

Index was 0.59 for the unweighted analysis.

of phylogenetic relationships derived from
the mitochondrial DNA sequence data.
This reconstruction suggests that female
parental care in the D. granuliferus, D.
pumilio, D. arboreus, D. speciosus, and D.
histrionicus clade evolved from male pa-
rental care, passing through a stage in
which males cared for eggs and females
carried tadpoles.

Our analysis does not support the hy-
pothesis that female parental care evolved
from biparental care of the kind seen in
certain Amazonian species, as proposed
by Zimmermann and Zimmermann
(1984, 1988) and Weygoldt (1987). In-
stead, it suggests that larval feeding be-
havior by females has evolved indepen-
dently in two lineages, once in certain
Amazonian species (e.g., D. fantasticus
and D. vanzolinii) and once in a Central

American-northern South America clade
represented by D. pumilio, D. histrioni-
cus, D. arboreus, D. granuliferus, and D.
speciosus.

This inference is further supported by
the placement of D. granuliferus as basal
to the female care group. This suggests
that the female care group originated in
Central America (D. granuliferus is re-
stricted to southwestern Costa Rica). If
this group had a South American origin,
then D. histrionicus (from Colombia)
should appear as the basal species in the
female care lineage. The significance of
this for parental care is that all the bipa-
rental members of the Amazonian species
group are restricted to the Amazonian re-
gions of South America, suggesting that it
was unlikely that an ancestral member of
this clade gave rise to the D. pumilio, D.
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FIG. 2.—The most parsimonious reconstruction of the evolution of female parental care in the genus
Dendrobates, based the phylogenetic tree derived from the mitochondrial DNA sequence data.

histrionicus, D. arboreus, D. granuliferus,
and D. speciosus clade.

Silverstone (1975) suggested that mem-
bers of the genus Dendrobates colonized
Central America from South America dur-
ing the Pliocene, after the establishment
of the present Panamanian land bridge, 3—
5 million years ago. The relatively low lev-
els of genetic divergence between the
members of the female care clade repre-
sented by D. pumilio, D. speciosus, D. ar-
boreus, and D. granuliferus from Central
America and D. histrionicus from South
America, are roughly consistent with Sil-
verstone’s (1975) argument, whereas those
between D. auratus from Panama and D.
leucomelas from Venezuela are somewhat
higher than might be expected.

A phylogenetic analysis of mtDNA se-
quences by Ruvinsky and Maxson (1996)
indicated a sister group relationship be-
tween P. trivittatus and C. talamancae. In
contrast, in our analysis C. talamancae was
placed closer to Dendrobates than to P. tri-
vittatus. This distinction was not, however,
upheld in an unweighted parsimony anal-
ysis, in which C. talamancae and P. trivit-

tatus collapsed into a basal polytomy. Res-
olution of these conflicting results awaits

further analysis.
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APPENDIX I

Aligned DNA sequences for each gene region. Abbreviations are as follows: DPUMIL = D. pumilio, DAURAT
= D. auratus, DSPECI = D. speciosus, DHISTR = D. histrionicus, DLEUCO = D. leucomelas, DVENTR
= D. ventrimaculatus, CTALAM = C. talamancae, DFANTA = D. fantasticus, DARBOR = D. arboreus,
PTRIVI = P. trivittatus. These sequences have been submitted to GenBank.

Cytochrome Oxidase I

CTALAM
DFANTA
DHISTR
DLEUCO
DPUMIL
DAURAT
DVENTR
DSPECI
DARBOR
DGRANU
PTRIVI

CTALAM
DFANTA
DHISTR
DLEUCO
DPUMIL
DAURAT
DVENTR
DSPECI
DARBOR
DGRANU
PTRIVI

CTALAM
DFANTA
DHISTR
DLEUCO
DPUMIL
DAURAT
DVENTR
DSPECI
DARBOR
DGRANU
PTRIVI

CTALAM
DFANTA
DHISTR
DLEUCO
DPUMIL
DAURAT
DVENTR
DSPECI
DARBOR
DGRANU
PTRIVI

ATCCTCCCTGGCT?TGGTATTATCTCTCACGTAGTAACCTACTACTCTAGCAAAAAAGAA
ATGCTTCCGGGTTTTGGTATCATCTCCCACGTGGTAACATTTTACTCCA?C?AAAAAAAA
ATCCTCCCAGGCTTCGGAATCATCTCCCATGTAGTCACGTTTTACTCAAACAAAAAAGAG
ATCC??CCCGGTTTTGGGATTATCTCTCATATAGTAACATTCTATTCAAGCAAAAAAGAA
?TCCTCCCAGGCTTCGGAATAATCTCCCATGTAGTCACGTTTTACTCAAGCAAAAAAGAA
ATCCTCCCTGGCTTTGGAATTATTTCCCACGTAGTAACATTTTATTCAAGCAAAAAAGAA
A?TCTTCCAGGTTTCGGTATCATTTCCCACGTAGTTACATTCTATTCCGGCAAAAAAGAG
ATCCTCCCAGGCTTCGGAATCATCTCCCATGTAGTCACATTTTACTCAAGCAAAAAAGAG
ATCCTCCCAGGCTTCGGAATCATCTCCCATGTAGTCACGTTTTACTCAAGCAAAAAA?AA
ATCCTCCCCGGTTTCGGAATCATCTCTCATGTGGTCACATTTTACTCAAGCAAAAAA??A
ATTCTTCCAGGATTTGGGATTATTTCCCATGTCGTCACATTCTACTCTAGCAAAAAGGAG

CCTTTTGGGTACATAGGCATAGTCTGAGCTATAATATCCATTGGCCTCCTTGGTTTTATT
CCCTTTGGCTATATAGGCATGGTTTGAGCGATAATATCTATTGGTCTTCTAGGCTTTATC
CCATTTGGTTACATAGGAATAGTCTGAGCCATAATATCTATTGGCCTCTTAGGTTTCATT
CCTTTTGGGTACATAGGCATGGTCTGAGCCATAATATCCATCGGCTTACTAGGCTTTATC
CCATTTGGTTACATGGGAATAGTCTGAGCCATAATATCTATTGGCCTATTAGGTTTCATT
CCTTTCGGGTATATAGGCATGGTTTGAGCCATAATATCTATTGGCTTGCTAGGCTTTATT
CCATTCGCGTACATAGGCATAGTTTGAGCTATAATATCTATTGGACTTTTAGGCTTTATC
CCATTTGGTTACGTAGGAATAGTCTGAGCCATAATATCTATTGGCCTCTTAGGTTTCATT
CCATTTGGCTACATAGGAATAGTCTGAGCCATAATATCTATTGGCCTCTTAGGTTTCATT
CCATTTGGCTATATGGGGATAGTCTGAGCCATAATATCTATCGGTCTCCTAGGTTTCATT
CCCTTCGGCTATATGGGGATAGTTTGAGCTATAATATCAATCGGCCTCCTAGGATTCATT

GTTTGAGCCCACCACATATTCACCACTGACCTAAATGTAGATACTCGAGCCTATTTTACC
GTCTGACCCCACCATATATTCACTACTGACCTAAATGTAAACACCCGAGCCTACTTTACC
GTGTGAGCTCATCATATATTTACTACAGACTTAAATGTGGATACACGAGCCTACTTTACC
GTCTGAGCCCACCATATGTTTACTACAGATCTCAACGTGGACACTCGAGCCTATTTCACC
GTATGAGCTCATCATATATTTACTACAGACTTAAACGTAGACACACGAGCCTACTTTACC
GTCTGGGCCCACCATATATTCACTACAGACCTTAACGTAGACACTCGAGCCTATTTTACC
GTCTGGGCCCACCATATGTTTACTACTGACCTTAATGTGGACACCCGAGCCTACTTTACC
GTATGAGCCCATCATATATTTACTACAGACTTAAACGTGGACACACGAGCCTACTTTACC
GTTTGAGCTCATCATATATTTACTACAGACTTAAACGTAGACACACGAGCCTACTTTACC
GTATGAGCCCATCATATGTTTACTACAGACTTAAACGTGGACACAC?AGCCTACTTTACT
GTTTGAGCCCACCACATGTTTACAACTGACCTTAATGTAGATACTCGAGCCTACTTTACC

TCAGCTACTATAATCATCGCTATCCCTACCGGAGTAAAAGTTTTCAGCTGATTAGCAACA
TCGGCCACTATAATTATCGCCATCCCTACGGGCGTCAAAGTCTTTAGCTGACTAGCCACA
TCAGCCACCATAATCATTGCTATCCCAACAGGCGTGAAAGTCTTTAGCTGACTTGCCACT
TCAGCCACTATAATCATCGCTATCCCAACGGGCGTTAAAGTCTTCAGCTGGCTTGCCACA
TCAGCCACCATAATTATTGCTATCCCAACAGGTGTGAAGGTCTTTAGTTGACTTGCTACT
TCAGCCACTATAATTATTGCCATCCCAACAGGTGTAAAAGTCTTTAGTTGGCTCGCTACA
TCAGCCACCATAATTATCGCCATCCCCACAGGCGTTAAAGTCTTTAGCTGACTAGCCACA
TCAGCCACCATAATCATTGCTATCCCAACAGGCGTGAAAGTCTTTAGTTGGCTGGCCACT
TCAGCCACCATAATTATTGCTATCCCAACAGGCGTGAAAGTCTTTAGTTGACTTGCTACT
TCAGCCACCATAATTATTGCCATCCCAACAGGCGTGAAAGTCTTTAGCTGACTTGCCACT
TCAGCTACAATAATCATTGCTATCCCAACAGGTGTAAAAGTCTTTAGCTGACTTGCTACC
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CTALAM
DFANTA
DHISTR
DLEUCO
DPUMIL
DAURAT
DVENTR
DSPECI
DARBOR
DGRANU
PTRIVI

CTALAM
DFANTA
DHISTR
DLEUCO
DPUMIL
DAURAT
DVENTR
DSPECI
DARBOR
DGRANU
PTRIVI

CTALAM
DFANTA
DHISTR
DLEUCO
DPUMIL
DAURAT
DVENTR
DSPECI
DARBOR
DGRANU
PTRIVI

CTALAM
DFANTA
DHISTR
DLEUCO
DPUMIL
DAURAT
DVENTR
DSPECI
DARBOR
DGRANU
PTRIVI

CTALAM
DFANTA
DHISTR
DLEUCO

ATGCACGGAGGAGTAATTAAATGAGATGCTGCTATGCTCTGAGCCCTGGGATTCATCTTT
ATACATGGGGGGGTCATTAAATGAGAAGCTGCTATACTTTGAGCTCTCGGCTTTATTTTC
ATGCATGGGGGGGTAATCAAATGAGAAGCTGCCATGCTTTGGGCCCTAGGGTTTATTTTT
ATACATGGAGGCATTATCAAATGAGAAGCCGCAATGCTCTGAGCTCTTGGCTTCATTTTT
ATACATGGAGGAATTATCAAATGAGAAGCTGCCATGCTTTGAGCCCTAGGGTTTATTTTT
ATGCATGGAGGCATTATTAAATGAGAAGCCGCAATGCTATGGGCCCTCGGCTTCATTTTT
ATACATGGAGGAGCCATCAAGTGAGAAGCTGCCATATTATGGGCTCTCGGCTTTATTTTT
ATACATGGAGGGATTATCAAATGAGAAGCTGCTATGCTCTGAGCCCTAGGGTTTATTTTT
ATGCATGGGGGAATTATCAAATGAGAAGCTGCCATGCTTTGAGCCCTAGGGTTTATTTTT
ATACATGGAGGAATTATCAAATGAGAAGCTGCTATGCTTTGAGCCCTAGGATTTATTTTT
ATGCACGGGGGAATCATTAAATGAGATGCCGCCATGCTGTGAGCCCTAGGATTCATCTTT

TTGTTCACAGTTGGAGGCCTAACCGGCATTGTTCTCGCTAACTCCTCTCTAGATATTGTC
CTTTTTACAGTCGGGGGGCTAACTGGAATTGTTCTAGGTAATTTTTCT ?TAGACATTGTT
TTATTTACTGTGGGTGGCCTAACCGGAATCGTCTTGGCTAATTCATCTCTTGATATTGTT
CTTTTCACTGTCGGAGGTTTAACAGGAATTGTCCTAGCTAATTCCTCCTTAGACATTGTT
TTATTTACTGTAGGCGGCTTAACTGGGATCGTCTTGGCTAATTCATCTCTTGACATCGTT
CTTTTTACCGTCGGAGGTTTGACCGGAATTGTCCTAGCCAACTCCTCCTTAGACATTGTC
CTCTTTACGGTCGGGGGGCTGACCGGGATTGTTCTAGCTAATTCTTCTCTAGATATTGTT
TTATTTACTGTGGGCGGCCTGACCGGAATCGTCTTGGCTAACTCATCTCT ?2GACATCGTC
TTATTTACTGTAGGCGGCCTAACTGGAATCGTCTTGGCTAACTCATCTCTTGACATCGTT
TTATTCACTGTAGGGGGTCTAACCGGAATCGTCCTAGCTAATTCATCTCTTGACATTGTT
TTATTCACAGTTGGAGGACTGACCGGGATTGTTCTAGCCAATTCTTC? TTAGACATTGTC

CTTCATGACACATATTATGTTGTTGCTCATTTCCACTATGTTCTATCCATGGGAGCTGTA
CTCCACGATACTTATTATGTCGTAGCCCACTTCCACTACGTCCTAT ?TATGGGTGCAGTA
CTTCATGATACATATTACGTAGTCGCACACTTCCATTATGTTTTATCTATAGGAGCAGTC
CTCCACGACACCTACTATGTTGTTGCCCATTTCCACTATGTCTTATCCATGGGTGCGGTC
CTTCATGACACATATTACGTAGTCGCACACTTCCATTATGTTCTATCTATGGGGGCAGTC
CTTCATGATACATATTATGTTGTTGCTCATTTCCACTATGTCTTATCCATAGGTGCAGTG
CTTCACGACACTTACTACGTCGTGGCCCACTTTCACTACGTTCTGTCTATAGGCGCAGTA
CTTCATGACACATATTACGTAGTCGCACATTTCCATTATGTTCTAT ?TATAGGAGCAGTC
CTTCATGACACATATTACGTAGTCGCACACTTCCATTATGTTCTATCTATAGGAGCAGTC
TTTCATGACACATATTATGTAGTCGCACATTTCCATTATGTCCTAT ? TATAGGGGCAGT?
CTACACGACACATATTATGTAGTAGCTCACTTTCACTATGTCCTTTCTATAGGAGCAGTA

TTTGCTATTATAGCGGGATTTGTTCACTGATTTCCTCTTTTTTCTGGATATACTCTTCAT
TTCGCAATTATAGCTGGCTTTGTACACTGATTTCCACTTTTTACCGG? TACACATTGCAT
TTTGCAATCATAGCCGGCTTTGTCCACTGATTTCCACTTTTTTCTGGGTTCACTCTTCAT
TTCGCCATTATAGCCGGCTTCGTACACTGATTCCCTCTTTTCACCGGCTTCACACTTCAT
TTTGCAATTATAGCCGGCTTTGTCCACTGATTCCCGCTTTTTTCTGGATATACTCTTCAT
TTTGCCATTATAGCTGGCTTCGTGCACTGATTTCCCCTTTTTTACGGCTTTACGCTTCAC
TTCGCAATTATAGCTGGCTTTGTACACTGATTTCCGCTTTTTACTGGCTATACATTGCAC
TTTGCAATCATAGCCGGCTTTGTCCACTGATTTCCGCTTTTTTCTGGATATACTTTTCAT
TTTGCAATTATAGCCGGCTTTGTCCACTGATTCCCGCTTTTTTCTGGGTATACTCTTCAT
TTTGCAATTATAGCCGGCTTTGCTCACTGATTCCCGCTTTTTTCTGGATACACTTTTCAT
TTTGCTATCATAGCCGGCTTCGTGCACTGATTCCCCCTCTTCTCCGGATTTACCCTTCAT

GAAACTTGAACCAAAATCCATTTTGGGGTGATATTCGCAGG
AGTACCTGAACAAAGATTCACTTTGGTG?GATATTTGCCGG
GAAACATGAACTAAAACCCATTTTGGTGTAATATTCGCCGG
GAGACCTGAACAAAAATTCACTTTGGCGTCATATTTGCCGG
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DPUMIL GAAACATGAACAAAAACCCACTTTGGTCTAATATTTGCCGG
DAURAT GAAACCTGAACAAAAACTCACTTTGGTGTTATATTTGCCGG
DVENTR GACACTTGAACAAAAATCCATTTTGGTGTAATATTTGCCGG
DSPECI GATACATGGGCAAAGACCCACTTTGGTGTAATATTCGCCGG
DARBOR GAAACATGAACAAAAACCCACT??GGTCTAATATTTGCCGG
DGRANU GAATCATGGACAAAAGCACACTTTGGTGTTATATTTGTCGG
PTRIVI GAAGCCTGAACAAAAATTCAATTTGGCGTCATATTTACAGG

Cytochrome B

CTALAM
DFANTA
DHISTR
DLEUCO
DPUMIL
DAURAT
DVENTR
DSPECI
DARBOR
DGRANU
PTRIVI

CTALAM
DFANTA
DHISTR
DLEUCO
DPUMIL
DAURAT
DVENTR
DSPECI
DARBOR
DGRANU
PTRIVI

CTALAM
DFANTA
DHISTR
DLEUCO
DPUMIL
DAURAT
DVENTR
DSPECI
DARBOR
DGRANU
PTRIVI

CTALAM
DFANTA
DHISTR
DLEUCO
DPUMIL
DAURAT

TTTGGCTCATTGTTAGGTCTTTGCTTAATTGCTCAAATCATTACGGGCCTCTTCCTTGCT
TTTGGGTCTCTACTCGGTATCTGCTTAGTTATTCAAATCCTAACAGGATTATTC?TGGCA
TTCGGCTCCCTTCTTGGCCTCTGTCTTATTGCCCAAATCATCACTGGCCTTTTTTTAGCA
TTTGGCTCCCTCCTAGG?CTCTGCCTTATTGCCCAAATTCTCACAGGCCTTTTCCTGGCC
TTCGGCTCCCTTCTTGGCCTCTGTCTAATTGCCCAAATCATTACTGGCCTTTTTTTAGCA
TTTGGCTCCCTTTTAGGACTCTGCCTCATTGCCCAGATCCTCACAGGCCTTTTCCTAGCT
TTCGGCTCCCTCCTCCTCCTCTGCCTAATTATACAAATCCTCACCGGGCTCTTTCTTGCT
TTCGGCTCCCTTCTTGGCCTCTGTCTTATTGCCCAAATCATCACTGGCCTTTTTTTAGCA
TTCGGCTCC?TTCTTGG?CTCTGTCTTATTGCCCAAATCATCACTGGCCTTTTTTTAGCA
TTTGGCTCC?TTCTTGG?CTCTGTCTTATTGCCCAAATCATCACTGGCCTTTTTTTAGCT
TTCGGCTCTCTTCTAGGTCTCTGCCTAATTGCCCAGATCGTCACAGGTCTCTTCTTAGCC

ATACACTACACTGCCGACACATCAATAGCCTTCTCTTCCATCGCTCATATCTGCCGAGAT
ATACACTACACATCAGATACAACCACAGCATTTTCATCAGTAACACATATCTGCCGAGAC
ATACACTTTACTGCAGACACCTCTATAGCTTTCTCCTCCATCGCCCACATCTGCCGAGAT
ATACACTTCACCGCAGACACCTCCATAGCCTTCTCCTCCGTAGCGCAGATCTGCCGTGAT
ATACACTTTACTGCAGACACCTCTATAGCCTTCTCCTCCATCGCCCACATCTGCCGAGAT
ATACACTTTACTGCAGACACCTCTATAGCCTTCTCCTCTGTAGCTCATATCTGCCGTGAT
ATACATTACACCTCGGACATCTCCACAGCCTTCTCCTCCGTAGCCCACATCTGCCGAGAT
ATACACTTCTCTGCAGACACCTCAATAGCCTTCTCCTCCATCGCCCACATCTGTCGAAAT
ATACACTTTACTGCAGATACCTCCATAGCCTTCTCCTCCATCGCCCACATCTGCCGAGAT
ATACACTTTTCTGCAGACACCTCCATAGCCTTCTCCTCCATCGCTCATATCTGTCGAGAT
ATACACTACACGGCTGACACCTCTATAGCCTTCTCCTCTGTGGCCCACATTTGCCGAGAC

GTAAATAATGGATGACTTCTTCGTAATGTCCATGCTAATGGCGCATCA? TCTTCTTCATC
GTARACTACGGCTGATTAATCCGATACATACATGCAAACGGAGCCTCTATATTCTTTATC
GTGAATCATGGATGACTTCTTCGAAATCTTCACGCCAACGGTGCCTCCTTCTTCTTTATC
GTAAACTACGGATGGCTTTTACGCAACCTTCAG?CTAACGGCGCCTCTTTCTTCTTCATC
GTAAATCACGGATGACTCCTTCGAAACCTACACGCCAACGGCGCCTCCTTCTTCTTTATC

GTAAACTATGGCTGGCTAATCCGAAATATACACGCCAACGGGGCCTCATTCTTCTTCATC
GTAAATCACGGATGACTTCTTCGAAATCTTCACGCCAACGGCGCCTCCTTCTTCTTTATC
GTTAATCACGGATGACTTCTTCGAAATCTTCACGCCAACGGCGCCTCCTTCTTCTTTATC
GTAAATCACGGATGACTTCTTCGAAATCTTCACGCCAACGGCGCCTCTTTGTTCTTTATC
GTAAACAACGGCTGACTTCTTCGCAACCTACACGCCAATGGCGCTTCATTTTTCTTCATC

TGTATTTACCTTCACATCGGACGAGGCATGTATTATGGCTCATTTTTATTTAAAGAAACA
TGCATATTCCTTCATGTAGGACGAGGCATATATTATGGCTCATATACATTCACAGAAACA
TGCATTTACCTTCACAT ?GGCCGCGGGATATACTATGGCTCCTTCCTATTCAAAGAAACC
TGCATTTACCTCCACAT?GGTCGCGGAATGTACTACGGCTCCTTCCTATTTAAAGAGACC
TGCATCTACCTTCACATCGGCCGCGGGATATACTACGGCTCCTTCCTATTTAAAGAAACC
TCTATCTACCTTCACATCGGCCGTGGAATATACTACGGCTCCTTCCTATTTAAAGAAACC
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16s RNA
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CTALAM
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TGCATTTATCTTCACA? ?GGCCGCGGGGTATACTACGGCTCCTTCCTATTCAAAGAAACC
TGCATCTACCTTCACATCGGCCGCGGGATATACTACGGCTCCTTCTTATTTAAAGAAACC
TGCATCTATCTCCACATCGGCCGCGGAATCTACTACGGCTCCTTCCTATTCAAGGAAACC
TGCATCTACTTTCACATCGGCCGAGGTATATACTACGGCTCATTCATATTTAAAGAGACA

TGAAATATTGGCGTGTTACTTTTTTTCTTAGTTATAGCCACTGCATTTGTTG
TGGAATATTGGAATTATACTACTCTTCGCCGTAATAGCATCCGCATTACTAG
TGAAACATTGGGGTAATTTTATTCTTTCTAGTGATAGCTACAGCATTCGTAG
TGAAATATCGGCGTCGTACTATTTTTTCTTGTTATAGCCACAGCATTTGTTG
TGAAACATTGGAGTAATTTTACTCTTTCTAGTGATAGCTACAGCATTCGTAG
TGAAATATTGGAGTCGTACTACTTTTCCTAGTTATGGCCACAGCATTTGTTG
TGAAACATTGGAGTGATCCTACTCCTACTCGTTATAATAACCGCATTCGTGG
TGAAACATTGGAGTAATTTTACTCTTTCTAGTGATAGCTACAGCATTCGTAG
TGGAACATTGGAGTAATTTTATTCTTTCTAGTGATAGCTACAGCATTCGTAG
TGAAACATTGGGGTAATTTTACTATTTTTAGTTATAGCCACAGCATTCGTAG
TGAAACATTGGTGTAGTTCTTTTATTTTTAGTTATAGCCACTGCCTTCGTGG

CGTTGAACAAACGAACCGTTAGTAGCTGCTACACCACTGGGATACCCTGATC
CGTTGAACAAACGAACCATTAGTAGCGGCTGCACCACTAGGATACCCTGATC
CGTTGAACAAACGAACCATTAGTAGCGGCTGCACCACTAGGATACCCTGATC
CGTTGAACAAACGAACCTTTAGTAGCGGCTGCACCACTGGGATACCCTGATC

CGTTGAA?AAAC?AACCTTTAGTA?CGGCTGC?CCACCAGGATACCCCGATC
CGTTGAACAAACGAACCATTAGTAGCGGCTGCACCACTAGGATACCCTGATC
CGTTGAACAAACGAACCATTAGTAGCGGCTGCACCACTAGGATACCCTGATC
CGTAGAACAAACGAACCATTAGTAGCGGCTGCACCACTAGGATACCCTGATC
?GTTGAACAAACGAACCATTAGTAGCGGCTGCACCACTAGGATACCCTGATC
CGTTGAACAAACGAAC-ATTAGTAGCGGCTGCACCACTAGGATACCCTGATC

CAACATCGAGGTCGTAAACCCGCCTGTCGATAAGAGCT-CTTAAG--GCGGATTGCGCTG
CAACATCGAGGTCGTAAACCTACTTGTCGATATGAGCT-CTTAAA--GTAGATTGCGCTG
CAACATCGAGGTCGTAAACCTACTTGTCGATAAGAGCT~CTCGAA--GTAGATTGCGCTG
CAACATCGAGGTCGTAAACCTACTTGTCGATAAGAACTTCTCGGAAGGAAGATTGCGCTG
CAACATCGAGGTCGTAAACCTACTTGTCGATAAGAGCT-CTCGAA--GTAGATTGCGCTG
CAACATCGAGGTCGTAAACCTACTTGTCGATAAGAACT-CTCGAA--GTAGATTGCGCTG
CAACATCGAGGTCGTAAACCTACTTGTCGATATGAGCT-CTTAAA--GTAGATTGCGCTG
CAACATCGAGGTCGTAAACCTACTTGTCGATAAGAGCT-CTCGAA--GTAGATTGCGCTG
CAACATCGAGGTCGTAAACCTACTTGTCGATAAGAGCT-CTCGAA~--GTAGATTGCGCTG
CAACATCGAGGTCGTAAACCCACTTGTCGATAAGAGCT-CTCGAA--GTAGATTGCGCTG
CAACATCGAGGTCGTAAACCTACTTGTCGATATGAGCT-CTTGAA--GTAGATTGCGCTG

TTATCCCTAGGGTAACTTGGTTCGTTGATCAAATAATTGGGTCAATTTAGGTCAATATCT
TTATCCCTAGGGTAACTTGGTTCGTTGATCAAATTAT TGGGTCAATGGGAGTCAATGTGT
TTATCCCTAGGGTAACTTGGTTCGTTGATCAAGTAATTGGGTCAATGGAAGTCAATGTAT
TTATCCCTAGGGTAACTTGGTTCGTTGGTCAAAAAATTGGGTCAATGGAAGTCAATGTGT
TTATCCCTAGGGTAACTTGGTTCGTTGATCAAGTAATTGGGTCAATGGAAGTCAATGTGT
TTATCCCTAGGGTAACTTGGTTCGTTGATCAAAAAATTGGGTCAATGGAAGTCAATGTGT
TTATCCCTAGGGTAACTTGGTTCGTTGATCAAATTATTGGGTCAATGGAAGTCAATATGT
TTATCCCTAGGGTAACTTGGTTCGTTGATCAAGTAATTGGGTCAATGGAAGTCAATGTAT
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TTATCCCTAGGGTAACTTGGTTCGTTGATCAAGTAATTGGGTCAATGGAAGTCAATGTGT
TTATCCCTAGGGTAACTTGGTTCGTTGATCAAGTAATTGGGTCAATGGTAGTCAATTTAT
TTATCCCTAGGGTAACTTGGTTCGTTGATCAATATATTGGGTCAATGAAGGTCAATTTGT

TGATGCGTAAAGGTGTGACTTTTTGCTTAGAAGAGT ---AACTTCTTTCCACGTGGAGGT
TGATGCTTAGAGATGTAACTCTTAGCTTAGAAGATGGGAGGCTTCTTACAGCGTGGAGGT
AGATGTTTTAAGTTGTGACTTTAAATTAAGAAT~--GGAGGATTCTTTCAGCGTGGAGGT

TGATGCGTAAAGTTGTAACTTTAAGCTAAGA-—--- GGATGGCTCGTTCAGCGTGGAGGT
TGATGTTTTAAGTTGTGACTTTAAATTAAGAAC---GTAGGATTCTTTCAGCGTGGAGGT
TGATGCATGAAGTTGTGACTTTTTGCTAAGA-—-—- GGAGGGCTCGTTCAACGTGGAGGT

TGATGCTTGGAAATGTGGCTCTAAGCTTAGAAGATGGTGGATTTCTTACAGCGTGGAGGT
TGATATTTTAAGTTGTGACTTTAAATTAAGAAC---GTAGGATTCTTTCAGCGTGGAGGT
TGATGTTTTAAGTTGTGACTTTAAATTAAGAAT---GGAGGATTCTTTCAGCGTGGAGGT
TGATGTTTAAAGTTGTGACTTTAGATTAAGAAC---GGAGG-TTCTTTCAGCATGGAGGT
TGATGCTTAARAAAAGTAGTTTGTGGCTTAAAAATAT-—~——- TCATTTCTTCATGGAGGT

TGGTTTTTTCTCCGTGGTCACCCCAACCCAAGACTTAGGAC-AAAATGAT-ATGTTTTA-
TGATTTTTTCTCCGTGGTCACCCCAACCTAAAACTAGGGGGTAAGATGCTTTAATT-TG-
TAGTTTTTACTCCGTGGTCACCCCAACCTAAAACTAGAAATTAAAGTGCTCGGAGTATAA
TAGTTTGTTCTCCGTGGTCACCCCAACCTAAAACTAGAAATTAAAGTGCTAGAAATATA-
TAGTTTTTACTCCGTGGTCACCCCAACCTAAAACTAGAAATTAAAATGCTTGGAGTATA-
TATTTTGTTCTCCGTGGTCACCCCAACCTAAAACTAGAAATTAAAGTGCTAGAGATATA-
TAATTTTTTCTCCGTGGTCACCCCAACCTAAAACTTGGTGGTAAGATGCTTTAATT-TG-
TAGTTTTTACTCCGTGGTCACCCCAACCTAAAACTAGAAATTAAAGTGCTTGGAGTATG-
TAGTTTTTACTCCGTGGTCACCCCAACCTAAAACTAGAAATTAAAGTGCTCGGAGTATG-
TAGTTTTTACTCCGTGGTCACCCCAACCTAAAACTAGAAATTAAAGTGCTTGGGGTATT -
TTAGTTTTGCTCCGTGGTCACCCCAACCTAAAACTAGAAATAATAATGCTTAAATAAAA-

AGAATTTTTCGGAAAGTGTAATATTAAGTT-CAAATGTCTAAAATGTCTGAAGCTCCA
TTTAGCTTTCAGGAAATGAATTAGGAATTAGCAAGTACCCCAGTTGTTTAAAGCTCCA
TTTAGTTCTCTGAAGATAATAAAGTTAAAAGCAAGTGTTTCTGTTGTTTAAAGCTCCA
TTTAGCTCTCAGAAGGTGTAAAGTTAAATAGCAAGTATTTCGGTTGTTTAAAGCTCCA
TTTAGTTTTCTGAAGATAATAAAGTTAAAAGCAAGTGTTTCTGTTGTTTAARAGCTCCA
TTTAGTTTTCAGAAGGTATAAAGTTAAATAGCAGGTATTTCGTTTGTTTAAAGCTCCA
TTTAGTTTTCAGAAGATATAAAATGAATTAGCAAGTACCCCGGTTGTTTAAAGCTCCA
TTTAGCTCTCTGAAGATAATAAAGTTAAAAGCAAGTGTTTCTATTGTTTAAAGCTCCA
TTTAGTTCTCTGAAGATGATAAAGTTAAAAGCAAGTGTTTCTGTTGTTTAAAGCTCCA
TATAGTTCTCTGAAGATGTAGAGGTTAAAAGCAAGTGTTTCTGTTGTTTAAAGCTCCA
ATAAAGAGCTCGGGAGGAATTAGGAGAAAAGCAAATGTTTCAATTGTTTAAAGCTCCA

TAGGGTCTTCTCGTCTTATATATATATCCCCGCTTCTTCACGGGGAGATTAGTTTT~ACT
TAGGGTCTTCTCGTCTTATATATTTATCCTCGCTTCTTCACGAGGAGATCAGTTTC-ATT
TAGGGTCTTCTCGTCTTATATGTGAATCCCCGCTTCTTCACGGGGAGATTAGTTTC~ATT
TAGGGTCTTCTCGTCTTATAGGCTCATCCCCGCTTCTTCACGGGGAGATTAGTTTC-ATT
TAGGGTCTTCTCGTCTTATAGATGTATCCCCGCTTCTTCACGGGGAGATTAGTTTC~ATT
TAGGGTCTTCTCGTCTTATAGGTTTATCCCCGCTTCTTCACGGGGAGATTAGTTTC-ATT
TAGGGTCTTCTCGTCTTATATAATCATCCTCGCTTCTTCACGAGGAGATCAGTTTC-ATT
TAGGGTCTTCTCGTCTTATAGGTGTATCCCCGCTTCTTCACGGGGAGATTAGTTTC-ATT
TAGGGTCTTCTCGTCTTATAGGTGTATCCCCGCTTCTTCACGGGGAGATTAGTTTC-ATT
TAGGGTCTTCTCGTCTTATAAATGCATCCCCGCTTCTTCACGGGGGGATTAGTTTC-ATT
TAGGGTCTTCTCGTCTTATAGGATAATCCCCGCTTCTTCACGGGGAGATTAGTTTCCATT
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GATTGAATAAAGGAGACAGTATAGCTTTCGTGGGGCCATTCATACTAGTCCTCATTTAAA
GATTAGAAAAAGGAGACAGTGTAGTCCTCGTGGGGCCGTTCATACTAGTCCTCAATTAAA
GATTAGAAAAAGGAGACAGTGTAGTCTTCGTGAAGCCATTCATACTAGTCCTCAATTAAA
GATTGGAAAAAGGAGACAGTGTAGTCTTCGTGGAGCCGTTCATACTAGTCCTCAATTAAA
GATTAGAAAAAGGAGACAGTGTAGTCTTCGTGAAGCCATTCATACTAGTCCTCAATTAAA
GATTAGAAAAAGGAGACAGTGTAGTCTTCGTGAAGCCGTTCATACTAGTCCTCAATTAAA
GATTAGAAAAAGGAGACAGTGTAGTCCTCGTGGGGCCGTTCATACTAGTCCTCAATTAAA
GATTAGAAAAAGGAGACAGTGTAGT?TTCGTGAAGCCATTCATACTAGTCCTCAATTAAA
GATTAGAAARAGGAGACAGTGTAGTCTTCGTGAAGCCATTCATACTAGTCCTCAATTAAA
GATTAGAAAAAGGAGACAGCGAAGTCTTCGTGAAGCCATTCATACTAGTCCTCAATTAAA
GATTAGAAAAAGGAGACAGTGCAGCCCTCGTGGGGCCATTCATACTAGTCCTCATTTAAA

GAACAAGTGATTACGCTACCTTCGCACGGTTAGGATACCGCGGCCGTTGAACAAT--GTT
GAACAAGTGATTACGCTACCTTCGCACGGTTAGGATACCGCGGCCGTTGAACAGA--GTC
GAACAAGTGATTACGCTACCTTCGCACGGTTAGGATACCGCGGCCGTTGAACAGT~~-GTC
GAACAAGTGATTACGCTACCTTCGCACGGTTAGGATACCGCGGCCGTTGAACAATATGTC
GAACAAGTGATTACGCTACCTTCGCACGGTTAGGATACCGCGGCCGTTGAACAGT--GTC
GAACAAGTGATTACGCTAC? ?TCGCACGGTTAGGATACCGCG?CCGTTGAACA?T--GT?
GAACAAGTGATTACGCTACCTTCGCACGGTTAGGATACCGCGGCCGTTGAACAGT--GTC
GAACAAGTGATTACGCTACCTTCGCACGGTTAGGATACCGCGGCCGTTGAACAGT--GT?
GAACAAGTGATTACGCTACCTTCGCACGGTTAGGATACCGCGGCCGTTGAACAGT--GTC
GAACAAGTGATTACGCTACCTTCGCACGGTTAGGATACCGCGGCCGTTGAACAGT--GTC
GAACAAGTGATTACGCTACCTTCGCACGGTTAGGATACCGCGGCCGTTGAACAAA--GTC

ACTG
ACTG
ACTG
ACTG
A?TG
2222
ACTG
ACTG
ACTG
ACTG
ACTG
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