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Population genetics of the Chilean frBgtrachyla leptopuglLeptodactylidae)

J.R. Formas and L.M. Brieva

Abstract

Electrophoretic variation of proteins encoded by 14 loci was analyzed in eight (five continental and three insular) pofthiatiZhikean
leptodactylid frodBatrachyla leptopusThe overall proportion of polymorphic loci was estimated to be 18.7% and the average number of
alleles per locus, 1.2, while observed and expected heterozygosities were 1.7 and 5.1%, respectively. The estimateof geefétent
identity was 0.940; the corresponding figure for genetic distance was 0.063. F-statistics analysis showed a total inbfféediny co

(F,) of 0.855 and high levels of genetic subdivisiog£P.596) as well as of inbreeding within populations{B.640). However, there

was only a moderate level of genetic differentiatiqp=B.181) between the insular group of populations and the continental group.

INTRODUCTION (Gosner, 1960) were collected from eight populations in
southern Chile (Figure 1). The locations and the number
Genetic differentiation characterizes many natural of specimens examined were: Valdivia Province: La Saval
disjunct animal populations, providing evidence for are- (39°48'’S; 73°14'W), 10; Osorno Province: Pucatrihue
duced gene flow. Many amphibian species, including sala{40°26’S; 73°47'W), 15; Puyehue (40°41’'S; 72°37'W),
manders (Hedgecock, 1978; Yanev and Wake, 198116; La Picada (41°03’S; 73°58'W), 15; Llanquihue Prov-
Larsonet al, 1984; Ragghianti and Wake, 1986) and frogs ince: Lenca (41°37’'S; 72°40'W), 15; Chiloé Province:
(Formas, 1993; Nishiokat al, 1993; Sumida and Chepu (42°03’'S; 74°02’'W), 15; Puntra (42°03’S;
Nishioka, 1994), show substantial genetic substructuring73°58'W), 16; Dalcahue (42°23'S; 73°23'W), 16. The tad-
over relatively small geographic distances. poles were identified according to Formas (1976).
The tenperateNothofagudorests of southern Chile  Voucher specimens were deposited in the Amphibian Col-
and Argentina are characterized by endemism of their refection of the Institute of Zoology, Universidad Austral
duced anuran fauna (Formas, 1979). Some members of thige Chile (IZUA).
fauna CaudiverberaandEupsophugsare known from the

Tertiary period (Schaeffer, 1949). One species of this small Allozyme electrophoresis
group of frogsBatrachyla leptopuBell, is quite small (30-
35-mm snouvent length) and has a curious biology, with Voucher tadpoles were kept at -76°C until processed.

the eggs being deposited on the ground, near water (BussEyiscerated specimens were homogenized with 0.01 M
1971). The main distribution of this species in Chile is con- Tris-EDTA and 0.001 MB-mercaptoethanol, pH 7.5. The
tinental, with some isolated populations on Chiloé Island,homogenates from each specimen were centrifuged at
separated from the mainland by the Chacao channel (2.3-&2,000g for 15 min and the supernatants stored at -76°C,
km wide, 50-100 m deep). The present distribution area ofuntil analysis by horizontal starch gel (12%) electrophore-
B. leptopuswvas intensively glaciated (Heusser and Flint, sis. The staining procedures followed those of Selander
1977; Paskoff, 1977). During the last glacial maximum etal (1971), Ayaleet al (1972) and Harris and Hopkinson
(18,000 years BP), the insular and continental populationg1976). The proteins assayed in the tissue extracts were
of B. leptopuswere connected by a wide land bridge be- glutamate oxaloacetate transaminase (GOT-1, GOT-2, En-
tween Chiloé Island and the mainland (Moretal, 1994). zyme Commission [EC] 2.6.1.1), sorbitol dehydrogenase
This paper describes the allozymic variability, popu- (SORDH, EC 1.1.1.14), phosphogluconate dehydrogenase
lation structure, genetic relationships, migration rate, and(PGD, EC 1.1.1.44), purine nucleoside phosphorylase (NP,
degree of population differentiation of eight geographic EC 2.4.2.1), hexokinase (HK, EC 2.7.1.1), phosphoglu-

populations oB. leptopudgrom southern Chile. comutase (PGM, EC 2.7.5.1), glucose phosphate isome-
rase (GPI, EC 5.3.1.9), lactate dehydrogenase (LDH-1,

MATERIAL AND METHODS LDH-2, EC 1.1.1.27), malate dehydrogenase NAD+

(MDH-1, MDH-2, EC 1.1.1.37), and glycerol-3-phosphate

Collection of specimens dehydrogenase (GPD-1, GPD-2, EC 1.1.1.8). Electro-

morphs (alleles) at each locus were designated alphabeti-
One hundred and eighteen tadpoles (stages 25-30ally, in order of decreasing mobility.

Instituto de Zoologia, Universidad Austral de Chile, Casilla 567, Valdivia, Chile.
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Figure 1- Map of the locations where population8atrachyla leptopusrere collected in southern Chile. Inset: DistributioB deptopusn southern
Chile and Argentina.

Statistical analysis tween genetic distance (Rogers, 1972) and geographic
distance was examined by the Mantel test (Mantel, 1967),
All measures of genetic variability and population as implemented in NTSYS (Rohlf, 1992). Isolation by
differentiation were calculated using BIOSYS-1 (Swofford distance model (Wright, 1943) was analyzed with regres-
and Selander, 1989). To determine whether heterozygossion of k/(1 - R, estimates for pairs of populations on
ity levels were significantly different from those expected the logarithm of the geographic distance for populations
under panmixia, the observed and expected proportions ofRousset, 1997). The GENEPOP program (ISOLDE op-
heterozygotes were compared by the Wilcoxon matchedion) (Raymond and Rousset, 1997) was used to test the
pairs signed rank test using the SPSS/pc + 5.0 computenypothesis of isolation by distance. F-statisticg fx,
package (Norusis, 1992). Levene’s correction for smallF;) were calculated according to Wright (1965), as imple-
sample sizes was applied to the data (Levene, 1949). Anented in FSTAT (Goudet, 1995), and the statistical sig-
locus was considered polymorphic when the frequency ofnificance per locus and among loci was tested according
the major allele was 95% or less. Heterogeneity of alleleto Excoffieret al (1992) and Hudsoet al. (1992).
frequencies among the populations was investigated for The gene flow was estimated with Slatkin’s formula
each locus with contingengy analysis using the method (1985) rare allele method, which uses the formula In
of Workman and Niswander (1970). (1) =-0.505 InNm) + (-2.44), wher® (1) is the average
The genetic relationships among populations werefrequency of the private alleles aNdhis the product of
depicted by a Wagner tree (Swofford and Selander, 1989)the population size and immigration rate. Because sample
since its algorithm does not assume a uniform rate ofsizes differed among populations, the correction recom-
protein change. A population Bf taeniatefrom La Saval ~ mended by Slatkin (1985) was applied, in whikhis di-
(Valdivia Province) was used as the outgroup. The inter-vided by the ratio of the average sample size to 25. Thus,
sample genetic variation, using Rogers’ genetic distanceNm.= Nm(N/25)?, whereN = (= Ni/n), the average sample
(Rogers, 1972), was examined through multidimensionalsize Niis the number of specimens in a given sample and
scaling, using NTSYS (Rohlf, 1992). The correlation be- nis the number of samples studied. For our average sample
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size ofN = 12.2, the correction factor was 0.819. The pro- monomorphic (LDH-1, 2; GPD-2; NP; GOT-1). The pro-
gram GENEPOP 3.1 (Rohlf, 1992) was used in estimat-portion of polymorphic loci ranged from 0 to 28.6%, with
ing the level of gene flow. a mean of 18.8% (Table I).

The method of Nei (1975) was used to estimate the The average number of alleles per locus was 1.2. In
maximum possible value of(migration rate) using the for-  simple regressions, percentage of polymorphic loci cor-
mulal = m/(m + v), wherd is the Nei normalized coefficient related strongly with the mean number of alleles per lo-
of genetic identity andis the mutation rate. The value used cus (r = 0.897). No significant relationships were found
for the mutation rate was 2 x3er locus per generation. A between sample size and percentage of polymorphic loci
minimum estimate of the average effective population size(r = 0.319), and sample size and mean number of alleles
was deived by dividingNm (derived from k) by m (ob- per locus (r = 0.194).
tained from Nei's genetic identity). The insular and conti- D-statistics indicated a deficit of heterozygotes in
nental populations were grouped into two clusters, and difthe loci for PGD (six populations), GPI (three popula-
ferent populational calculations were carried out separatelitions), GPD-2 (one population) and GOT (one popula-
for both groups in order to make appropriate comparisonstion), and an excess in the MDH-1 locus (one popula-

tion; Table I). The heterozygote deficiency was 11.1%

RESULTS AND DISCUSSION and the heterozygote excess 1.4%, suggesting that some
of the populations were influenced by non-random mat-
Variation among the loci and heterozygosity ing (Gallardo and Kdhler, 1992). The mean expected and

observed heterozygosities, calculated for the popula-
Nine of the 14 loci were polymorphic (MDH-1, 2; tions, were 0.017 and 0.051, respectively (Wilcoxon z
GPD-2; SORDH; PGD; GPI; PGM; GOT-2; HK) and five value =-3.516, P <0.001).

Table | - Allelic frequencies, polymorphism (%), heterozygosity (observed and expected),
and mean number of alleles per locus at nine variable loci for eight populatBasaithyla leptopus

Populations
Locus Alleles 1 2 3 4 5 6 7 8
MDH-1 a 0.000 0.000 0.093* 0.000 0.000 0.000 0.093* 0.040*°
b 1.000 1.000 0.906 1.000 1.000 1.000 0.906  0.687
c 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.313
MDH-2 a 1.000 1.000 0.000 1.000 1.000 1.000 1.000 1.000
b 0.000 0.000 1.000 0.000 0.000 0.000 0.000 0.000
GPD-2 a 1.000 1.000 1.000 0.133+ 1.000 0.967* 1.000 1.000
b 0.000 0.000 0.000 0.867 0.000 0.033 0.000 0.000
SORDH a 0.000 0.000 0.000 0.200-  0.000 0.000 0.000- 0.9o0
b 1.000 1.000 1.000 0.800 1.000 1.000 1.000 1.000
PGD a 0.300 0.133¢ 0.125- 0.000 0.133-  0.000 0.533+ 0.133-
b 0.700 0.867 0.875 1.000 0.867 1.000 0.467  0.867
GPI a 0.050¢ 0.000 0.000 0.000 0.033+ 0.000 0.000* 0.000
b 0.350 0.000 1.000 0.067 0.300 0.000 0.000  0.000
c 0.600 1.000 0.000 0.933 0.667 1.000 0.833  1.000
d 0.000 0.000 0.000 0.000 0.000 0.000 0.167  0.000
PGM a 0.000 0.000 0.000* 0.067* 0.000 0.000 0.000 0.000
b 1.000 1.000 0.900 0.933 1.000 1.000 1.000 0.929
c 0.000 0.000 0.100 0.000 0.000 0.000 0.000 0.071
GOT-2 a 0.000 0.000- 0.125 0.000 0.000 0.000* 0.067* 0.000
b 1.000 1.000 0.875 1.000 1.000 1.000 0.933  1.000
HK a 0.000 0.133  0.000 0.000 0.000 0.000 0.000  0.000
b 1.000 0.867  1.000 1.000 1.000 1.000 1.000 1.000
% 14.3 14.3 28.6 28.6 14.3 0.0 28.6 214
Polymorphism
H observed 0.007 0.000 0.013 0.010 0.005 0.005 0.056  0.p45
H expected 0.070 0.034 0.058 0.059 0.051 0.005 0.079  0.p59
Mean number of
alleles per locus 1.2 11 13 13 1.2 11 13 12

The following loci were fixed for the same allele in all populations: LDH-1, LDH-2, GPD-1, NP, and GOT-1.
Population: 1 (La Saval), 2 (Pucatrihue), 3 (Puyehue), 4 (La Picada), 5 (Lenca), 6 (Chepu), 7 (Puntra), and 8
(Dalcahue). * Genotypic frequencies for these loci and populations deviate significantly (P < 0.01) from
Hardy-Weinberg expectations. sLoci and populations with a significant (P < 0.01) heterozygote deficit.
°Locus and population with a significant (P < 0.01) heterozygote excess.



46 Formas and Brieva

Genetic population structure, gene flow, pooled. The high positivesialue (0.640, P <0.005), due
and effective population size to excess homozygotes within populations, indicated high
levels of inbreeding in these population8Bofeptopus

The heterogeneity of allele frequencies among the The estimate of gene flow, using the rare alleles
populations, investigated for each locus with contingencymethod (Table I; Slatkin, 1985), was one migrant per 1.6
x2analysis (Workman and Niswander, 1970), revealed sig-generations, which is not strong enough to counteract the
nificant heterogeneity in allele frequencies among popula-effects of drift. The estimate of the minimum effective
tions (2= 870, d.f. = 91, P < 0.001). The high values of population size was 56@@dividuals (theNmandmvalues
heterogeneity among populations indicate similarly highwere 0.17 and 3 x fQrespectively). Since thdmwas
levels of inbreeding of further population subdivision as very low, we concluded that the population8oleptopus
suggested by the positive (0.640) values (Chesser, 1983). were highly differentiated (Hartl and Clark, 1989).

The standardized variance of allele frequencies in-
dicated a high level of interpopulational genetic differen- Genetic and geographical correlation
tiation (F;= 0.596, P < 0.005). On average, 60% of the
total variance of allele frequencies was attributable to ge- The average genetic identity was 0.940 (Table Il). The
netic differentiation among the populations whereas 40%hierarchical analysis, based on Rogers’ genetic distance
was found within populations. (Rogers, 1972), produced clusters of populations that did

The high positive value for;£0.855, P < 0.005) in-  not conform to their north-south distributional patterns
dicated a greater number of homozygous individuals rela{see Figures 1 and 2). The populations of La Picada and
tive to that expected, when the data for all populations wereChepu, 157 km apart, were grouped in the same cluster

Table Il - Nei's genetic identity (1978) (above the diagonal) and Rogers’ genetic
distance (Rogers, 1972) (below the diagonal) for populatioBsitoéchyla leptopus

Populations 1 2 3 4 5 6 7 8

1Lenca — 0934 0998 0981 0985 0991 0991 0.887
2 La Picada 0.108 — 0925 0915 0931 0946 0938 0.795
3LaSaval 0016 0125 — 0987 0979 0983 098 0.889
4 Puntra 0.059 0141 0051 — 0979 0976 0984 0844
5 Dalcahue 0.050 0118 0066 0070 — 0991 0991 0.842
6 Chepu 0035 0083 0051 0064 0.039 — 0.997 0.849
7 Pucatrihue 0032 0105 0048 0061 0037 0.021 — 0.847

8 Puyehue 0144 0245 0151 0178 0174 0177 0176 -+

-® Lenca
@® [a Picada
Chepu
Dalcahue B. leptopus
Pucatrihue populations
pr———) Puntra
—® La Saval
—® Puyehue <
@ B. taeniata
(La Saval population)
L ] 1 5
F T L] 1 T I 1
0.00 0.08 0.17 0.25

Distance from root

Figure 2 - Wagner tree showing the allozymic relationships anRatgachyla leptopupopulations. The tree was rooted using the outgroup
method. Cophenetic correlation = 0.999.
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since they shared an equal degree of genetic similarity
(Table I1). In contrast, the Puyehue and La Picada popula-
tions, 50 km apart, were allocated separately. The Mantel The continental group of populations was signifi-
test for a correlation between matrices of Rogers’ (1972)cantly more polymorphic (28.6%) than the insular one
genetic distance and geographic distance was not signifi¢21.4%), and the mean number of alleles per locus was
cant (r=-0.082, P =0.330), indicating that genetic simi-also higher in the continental (1.8) than in the insular group
larity does not correspond to geographic proximity. (1.5). The mean heterozygosity was lower in the mainland

The isolation-by-distance test indicated a lack of populations (0.7% direct-count, 11.8% expected) than in
significant correlation (r = 0.651) betweegd@® - F) the Chiloé Island populations (3.5% direct-count, 5.8%
and the logarithm of geographical distance (Roussetexpected). Thefvalue (0.181) and the Rogers’ genetic
1997). This shows that the genetic differentiation is notdistance (0.017) indicated a low degree of differentiation
related to the geographical distance. On the other handyetween these two groups of populations.
it suggests that this species may have only recently in- The hierarchical analysis (Wagner tree) built on
vaded this area since it is not in equilibrium (Slatkin, Rogers’ genetic distance produced a topology not totally
1993). The lack of association between genetic differ-consistent with the populations’ geography. Using Rogers’
entiation and geographical distances suggests differengenetic distances, interpopulational genetic variation was
tiation by a founder effect, mutation, and drift (Mayr, further examined. Non-hierarchical, multidimensional
1968; Chesser, 1983). scaling allowed two slightly different sets of populations

The southwestern part of South America was affectedto be recognized: an insular group (Puntra, Chepu,
by three to four pleistocenic glaciations which reachedDalcahue) and a continental one (La Saval, Pucatrihue,
the eastern slopes of the coastal range (Figure 1) (PaskofRuyehue, La Picada and Lenca) (Figure 3).
1977). The last of these glaciations occurred between The calculated gene flow, using the rare alleles method
20,500 and 14,000 years BP (Mercer, 1972). Conse{Table I; Slatkin, 1985), between the insular and continental
guently, most animal and plant species were displaced t@opulations was one immigrant per three generations, and
the western slopes, where they remained in refugial areadoes not agree with the known situation. Since these ani-
(Formas, 1979; Ashworth and Hoganson, 1993; Villagranmals have very little tolerance of salt water, oceans are ef-
et al, 1996). After retreat of the glacieB, leptopus  fective barriers to dispersal (Porter, 1972). The estimated
populations may have recolonized their primitive areas ofgene flow between the Chiloé Island and mainland popula-
distribution. Based on this scenario, the lack of correla-tions was interpreted as resulting from genetic interchanges
tion between genetic and geographical distances is interthat took place when both areas were connected during the
preted as the result of a relatively recent recolonizationlast glacial maximum (18,000 years BP) by a wide land bridge
from the west. The allozymic data are consistent with the(Climap, 1981; Morenet al., 1994). The low values for
notion that a founder effect and genetic drift were associ-Rogers’ genetic distance (0.017) and genetic differentia-
ated with these post-glacial events. tion (Ry= 0.181) between the insular and continental popu-

lations ofB. leptopusare consistent with this scenario.
The level of gene flow and the genetic distances be-
tween insular and continental population8ofeptopus

Insular and continental populations

suggest that the Chacao channel has acted as a recent bar-

° rier to gene flow between these groups of populations.
- 002+ La Picada
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. OPuntra RESUMO
-0.08 0.00 0.08 A variacgéo eletroforética de proteinas codificadas por 14
| Component loci foi analisada em oito populagdes (5 continentais e 3 insulares)

Figure 3 - Bi-dimensional ordination of the eight population8afrachyla

® Continental populations
O Insular populations

leptopususing the multidimensional scaling method.

da ré leptodactilidea chile®@atrachyla leptopusA proporgéo

geral de loci polimdrficos foi estimada como sendo de 18,7% e o
namero médio de alelos por loco, 1,2, enquanto que as hetero-
zigosidades observada e esperada foram 1,7 e 5,1%, respec-
tivamente. O coeficiente esperado de identidade genética foi
0,940; o nimero correspondente para a distancia genética foi



48

0,063. A analise estatistica F mostrou um coeficiente de endogam
total (F) de 0,855 e altos niveis de subdiviséo genetiga (F
0,596), assim como de endogamia dentro das populacges (F

0,640). Contudo, houve apenas um nivel moderado de diferen

ciacdo geneética (F 0,181) entre o grupo insular de populacdes
€ 0 grupo continental.
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