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Abstract

A study of genetic diversity at microsatellite loci and the mitochondrial DNA (mtDNA)
cytochrome 

 

b

 

 gene was carried out to assess genetic relationships among four Mexican cave
(Pachon, Sabinos, Tinaja, Chica) and four surface populations of 

 

Astyanax fasciatus

 

(Characidae) from northeast Mexico and the Yucatan. With the exception of Chica, the cave
populations were all characterized by extremely low microsatellite variability, which most
likely resulted from bottleneck events. Population analyses of the microsatellite data
indicated no measurable levels of gene flow between all cave and surface populations
(

 

F

 

ST

 

 > 0.0707). Phylogenetic analyses of mtDNA data showed that only two cave populations
— Sabinos and Tinaja — group together to the exclusion of surface populations. From the
microsatellite data these cave populations cluster with the Pachon cave fish population.
The mtDNA thus appears to have been replaced in Pachon because of introgressive hybrid-
ization. It is likely that these three cave populations have descended from a surface ancestor
in common with current surface populations, rather than evolving recently from one of the
extant surface populations. Like Pachon, the Chica population clustered with the surface
populations according to mtDNA data, but was not clearly associated with either the
surface or the other cave populations according to the microsatellite data. Our data indicate
that the Chica population evolved recently from a surface population, and subsequently
hybridized with a phylogenetically older cave population. In conclusion, both the micros-
atellite and mtDNA data suggest multiple origins of cave populations and the Chica and
Sabinos/Tinaja/Pachon were founded after at least two independent invasions from surface
populations.
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Introduction

 

Cave animals represent unique models for studying the
evolutionary loss of eyes and pigmentation and gain of
specialized traits (e.g. taste and olfaction) (Culver 1982;
Wilkens 1988; Culver 

 

et al

 

. 1995). When closely related
surface sister forms coexist, the direction of evolutionary
processes can be inferred and comparative morphological,
developmental and genetic studies of the ontogeny and
phylogeny are possible. Interfertility between cave and
surface forms also enables analysis of the genetic basis of

complex traits [see Wilkens (1988) and Culver & Wilkens
(2000) for detailed reviews]. Furthermore, cave animals
often provide good model systems for studying the
genetics of speciation processes (Allegrucci 

 

et al

 

. 1987;
Sbordoni 

 

et al

 

. 2000).
The neotropical fish 

 

Astyanax fasciatus

 

 (syn. 

 

A. mexicanus

 

)
is widely distributed in Mexican surface waters (Miller
1986). Within a comparatively restricted karst area in
northeastern Mexico, more than 20 blind and pigmentless
populations are known (Mitchell 

 

et al

 

. 1977). In the labora-
tory all of them are interfertile, both between each other
and with the surface form.

It is currently unknown whether different cave popula-
tions of 

 

Astyanax

 

 originated by single or multiple founder
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events and whether there is gene flow among populations
(Avise & Selander 1972; Mitchell 

 

et al

 

. 1977; Wilkens 1988;
Espinasa & Borowsky 2001; Dowling 

 

et al

 

. 2002). This infor-
mation is necessary to determine if troglobitic features,
such as eyelessness and pigment reduction, have evolved
only once or are convergent.

Allozyme analyses by Avise & Selander (1972) favoured
a single founder event for the Pachon, Sabinos and Chica
populations, and suggested that eyes and pigment were
lost, totally or partly, by cave 

 

Astyanax

 

 populations before
they became entirely isolated from each other. In contrast,
Dowling 

 

et al

 

. (2002) proposed, based on sequence data
from the mitochondrial DNA (mtDNA) 

 

ND2

 

 gene, that
at least two separate founder events occurred, with
independent evolution of troglobitic characters in each
lineage.

Little is known of the occurrence or the extent of intro-
gression of surface fish genes into the cave fish gene pool,
although in several caves they occur syntopically (Wilkens
& Burns 1972; Mitchell 

 

et al

 

. 1977). Knowledge of popula-
tion genetic differentiation in cave-living species and how
they compare to their surface sister forms is limited (Avise
& Selander 1972; Caccone & Sbordoni 1987; Culver 

 

et al

 

.
1995). The size of the founding populations as well as the
occurrence and frequency of bottleneck events are also
poorly documented. In this study, we performed a gene
diversity analysis based on six microsatellite loci among
cave and surface populations of 

 

Astyanax

 

 to address these
issues. Furthermore, a mtDNA cytochrome 

 

b

 

 analysis was
used to establish a phylogenetic framework.

 

Materials and methods

 

Samples

 

A total of 260 

 

Astyanax

 

 specimens were sampled in
March 1996 and fin clips were immediately preserved in
95% ethanol. Abbreviations of 

 

Astyanax

 

 populations and
number of individuals sampled are given in parenthesis.
The cave fish studied in this analysis were collected using
handnets in the Cueva de El Pachón (Pachon, 40), Cueva de
los Sabinos (Sabinos, 25), Sótano de la Tinaja (Tinaja, 30)
and Cueva Chica (Pool II, Breder 1942) (Chica, 21), all
located in the Sierra de El Abra (San Luis Potosi) (Fig. 1).
The surface fish from the cave region were sampled in a
tributary of the Arroyo Lagarto, which is situated near the
Cueva de El Pachón (Pachon-S, 30), and a creek draining
into the Micos cave (Cueva del Rio Subterraneo; Mitchell

 

et al

 

. 1977) (Micos-S, 32). Sampling in the Micos cave was
not possible because it had been blocked by falling rocks.
An overview of the hydrology of cave and surface
locations is presented by Mitchell 

 

et al

 

. (1977). Surface
fish from Yucatan were caught using baited hooks in
the lagoon alongside the road leading from Cafetal to

Majahual north of the Chetumal Bay (Majahual, 51) and in
the Laguna Chichancanab (Chichancanab, 31), where they
were observed for the first time in 1996 (U.S. and H.W.,
unpublished data).

 

Microsatellite analysis

 

Fish samples were screened for genetic variation at six
microsatellite loci. DNA extraction, polymerase chain
reaction (PCR) amplification and scoring procedures
were performed as described in Strecker (2003). The
mean number of alleles per locus (

 

A

 

), observed hetero-
zygosity (

 

H

 

O

 

) and gene diversity (

 

H

 

E

 

), were calculated
using 

 

genepop

 

 software 3.0 (Raymond & Rousset 1995a).

 

genepop

 

 was also used to assess heterogeneity in geno-
type frequencies among pairwise population com-
parisons and to test for deviations from Hardy–Weinberg
equilibrium within populations for each locus and over
all loci (Raymond & Rousset 1995b). Values of signif-
icance were estimated by the Markov chain method with
1000 iterations (Guo & Thompson 1992). Heterozygote
deficiencies in microsatellite loci may result from the
occurrence of null alleles. We estimated the expected
frequency of a presumed null allele based on the formulae
presented by Chakraborty 

 

et al

 

. (1992) and Brookfield
(1996) for each population at each locus (

 

r

 

c

 

 and 

 

r

 

b

 

,
respectively).

The population genetic structure was quantified using
an analysis of variance framework, which involves com-
puting correlations of a pair of alleles drawn from the same
subpopulation relative to that randomly drawn from a
group of subpopulations (Weir & Cockerham 1984). Fixa-
tion indices were also computed in an analysis of molecu-
lar variance framework (

 

amova

 

), using information on the
mutational differences among alleles, which was entered
as a matrix of Euclidean square distances (Michalakis &
Excoffier 1996). Comparing the extent of population struc-
ture indicated by allele frequency and mutational informa-
tion allows an assessment of the relative role of long-term
separation and contemporary genetic drift in populations
(Slatkin 1995; Goodman 1998). By this procedure, genetic
structure indices were computed at three hierarchical
levels: within individuals, among individuals within popula-
tions (

 

F

 

IS

 

), and among populations (

 

F

 

ST

 

) using the program

 

arlequin

 

 (Schneider 

 

et al

 

. 1997). The significance of vari-
ance components associated with the different levels of
genetic structure were tested using nonparametric permu-
tation procedures (1000 permutations). Pairwise estimates
among all population combinations were computed in the
same manner. Whenever pertinent, the significance of 

 

P

 

-
values was adjusted following Bonferroni sequential cor-
rections for multiple simultaneous statistical tests (Rice
1989), with an initial alpha value of 0.05/

 

k

 

, 

 

k

 

 being the
number of tests.
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Population relationships

 

Because of uncertainty regarding what constitutes the
most appropriate method for quantifying population
differences based on microsatellite polymorphism, three

measures were used to quantify pairwise genetic distances
among populations: Chakraborty & Jin’s distance (D

 

AS

 

),
which is the simplest estimation based on the proportion of
shared alleles (Chakraborty & Jin 1993); Nei’s DA distance
(Nei 

 

et al

 

. 1983) which assumes pure genetic drift; (

 

δµ

 

)

 

2

 

,

Fig. 1 Sampling localities of Astyanax
populations in Mexico.
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which takes into account size differences between alleles
and theoretically fits linearity with time better than
nonstepwise-mutation model-based distance measures
when microsatellites follow a strict stepwise mutation
model (SMM; Goldstein 

 

et al

 

. 1995). The strength of
support for each node in the tree was tested by 2000
bootstrap replications each over loci and individuals
using the program 

 

njbpop

 

 developed by J. M. Cornuet
(Laboratoire de Modélization et de Biologie Evolutive,
INRA-URLB, Montpellier, France).

We also estimated relationships among single indi-
viduals by calculating the pairwise shared allele distance
among individual multilocus genotypes as described by
Chakraborty & Jin (1993). The resulting matrix was used to
reconstruct an individual tree using the neighbour-joining
algorithm. These procedures were applied using a program
provided by J. M. Cornuet.

 

Mitochondrial DNA sequencing and analysis

 

We analysed a partial sequence of the cytochrome 

 

b

 

mitochondrial gene using three individuals per popula-
tion. An 

 

Astyanax

 

 sp. from Brazil was used as an out-
group. PCR were carried out in a 25-

 

µ

 

L reaction volume
containing 50–100 ng of template DNA, 0.5 units Phar-
macia 

 

Taq

 

 polymerase, 1

 

×

 

 

 

Taq

 

 polymerase buffer (50 m

 

m

 

KCL, 1.5 m

 

m

 

 MgCl

 

2

 

, 10 m

 

m

 

 Tris–HCL, pH 9.0), 0.2 m

 

m

 

of each dNTP, 1.25 

 

µ

 

g bovine serum albumin and 0.4

 

µ

 

m

 

 of each primer. Specific primers, AstCytB-L 5

 

′

 

-
CTGCCCCCTCAAACATTTCA-3

 

′

 

 and AstCytB-H 5

 

′

 

-
GGTTGGGGGAGAATAAGGCTAA-3

 

′

 

 were designed
from the whole cytochrome 

 

b

 

 sequence of 

 

Astyanax fasciatus

 

(EMBL/GenBank accession number AF045997; Zardoya &
Doadrio 1998). PCR profiles started with 1 min at 95 

 

°

 

C,
followed by 35 cycles of 95 

 

°

 

C denaturation for 15 s, 53 

 

°

 

C
annealing for 30 s and 72 

 

°

 

C extension for 30 s. PCR
products were cleaned using a High Pure PCR Product
Purification Kit (Roche). Double-stranded PCR products
were sequenced directly using the BigDye Terminator
kit (Applied Biosystems Inc.) on an automated DNA
sequencer (Applied Biosystems 377) following the
manufacturer’s instructions using the PCR primers.
Sequences determined here have been deposited in
GenBank under the accession numbers AY177205–
AY177221. They were aligned using 

 

sequencher

 

 3.1.1
(Gene Codes Corporation) and gaps were not necessary to
align the haplotypes. Pairwise distances between
populations were estimated following the Kimura two-
parameter model (Kimura 1980) with the 

 

mega

 

 program
version 1.02 (Kumar 

 

et al

 

. 2001). Phylogenetic analyses
were carried out using the maximum-parsimony (MP) and
neighbour-joining (NJ) approaches in 

 

paup

 

 4.0 (Swofford
2002). MP analysis was performed using a heuristic search
with 50 random stepwise additions of taxa. The NJ tree was

calculated based on the Kimura two-parameter model
(Kimura 1980) and robustness of tree topology was
assessed using 1000 bootstrap pseudoreplicates.

 

Results

 

Microsatellite overall diversity

 

The microsatellite primers successfully amplified all 

 

Astyanax

 

populations and their overall level of polymorphism
was generally high. The observed number of alleles per
locus was 11 in Ast9, 13 in Ast10, 20 in Ast1, 25 in Ast2, 27
in Ast13 and 29 in Ast4, with an overall gene diversity
(

 

H

 

E

 

) between 0.7895 in Ast1 and 0.8876 in Ast13, with that
for Ast9 (0.7308) being lower (mean 0.8187). Mean intra-
population diversity was similar among loci, both in
terms of mean number of alleles per locus (

 

A

 

m

 

) and mean
heterozygosity values (Table 1).

Most loci showed nearly continuous allelic size distribu-
tions (Appendix). In locus Ast4, however, a major gap of
approximately 100 base pairs (bp) separated the prevalent
allele size (range = 169–243 bp) from a larger allele group
(341, 343 and 345 bp). The latter was exclusively found in
the Chichancanab population, which lacked the shorter
alleles. A major gap was also observed at Ast2, for which
268 bases separated the 477 allele from the next smallest
one (209), with the large allele found only in a single indi-
vidual of the Majahual population. Two other large alleles
differing by 34 bp and 36 bp from Ast2–477 (511 and
513 bp) were found in two individuals of the surface-
dwelling Micos population. The large alleles of loci Ast2
and Ast4 were not included in the analyses based on SMM
assumptions.

Interpopulation diversity varied considerably (Table 1),
with both gene diversity estimates and number of alleles
per locus generally lower in the three cave populations
Tinaja, Sabinos and Pachon (means 0.2604, respectively,
3.0) compared to surface fish from the same area Micos-S
and Pachon-S (means 0.6936, respectively, 8.6). The Chica
cave population had intermediate values at most loci
compared to cave and surface populations. Populations
from the Yucatan had higher (Majahual) as well as lower
(Chichancanab) genetic diversity compared to the north-
ern populations.

 

Hardy–Weinberg disequilibria

 

Significant departure from Hardy–Weinberg equilib-
rium was detected in 19 out of 48 tests for loci within
populations (39.6%, Table 1), which is more than expected
by chance alone (two or three deviations predicted from
type I error at alpha = 0.05). Ten of those represented
statistically significant heterozygote deficiencies after
Bonferroni adjustments. These involved locus Ast2
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(Majahual, Micos-S, Pachon-S), Ast4 (Majahual, Micos-S,
Pachon-S, Sabinos), Ast10 (Chichancanab, Sabinos) and Ast13
(Micos-S).

It is possible that the presence of null alleles and/or
the mis-scoring of heterozygotes as homozygotes were
responsible for these deviations from Hardy–Weinberg
equilibrium. The estimate of the expected frequency of null

alleles based on the method of Chakraborty 

 

et al

 

. (1992)
gave values from negative or zero to a high of 1.00 for 

 

r

 

c

 

 for
Ast1 in the Sabinos cave population and 

 

r

 

b

 

 (Brookfield
1996) values from negative or zero to a high of 0.2034 for
Ast2 in the Micos surface population. Averaged values
across loci ranged from 0.036 to 0.206 for 

 

r

 

c

 

 and from 0.004
to 0.109 for 

 

r

 

b

 

. The highest values for both 

 

r

 

c

 

 and 

 

r

 

b

 

 were

Table 1 Variation of six microsatellite loci in eight Astyanax cave and surface populations. Number of different alleles (A), total number of
specimens scored for each sample and locus (N), expected (HE) and observed (HO) heterozygosity by locus and population and mean
number of alleles per population (Am) are listed
  

  

Surface populations Cave populations 

Chichancanab Majahual Micos-S Pachon-S Chica Pachon Sabinos Tinaja

Ast1
N 31 51 32 30 21 40 25 30
A 5 19 4 9 8 3 2 2
HE 0.3184 0.9142 0.3953 0.6785 0.7213 0.1845 0.0784 0.0655
HO 0.2581 0.8824 0.4375 0.7333 0.7619 0.2000 0.0000 0.0667
P * ns ns ns ns ns * ns

Ast2
N 31 50 30 30 21 40 25 30
A 4 12 11 10 5 2 2 2
HE 0.3411 0.9000 0.8046 0.8819 0.6585 0.0962 0.2457 0.4520
HO 0.3871 0.6471 0.4375 0.6000 0.6190 0.1000 0.2800 0.4667
P ns ** ** ** * ns ns ns

Ast4
N 31 50 32 29 21 40 25 30
A 3 20 11 13 6 4 4 1
HE 0.3342 0.9184 0.7892 0.9008 0.6585 0.4630 0.4318 —
HO 0.3226 0.6600 0.5000 0.5862 0.6667 0.2250 0.0800 —
P ns ** ** ** ns ** ** —

Ast9
N 31 51 32 30 21 40 25 30
A 3 9 4 2 1 3 1 1
HE 0.3559 0.8214 0.5551 0.3045 — 0.0737 — —
HO 0.3226 0.6471 0.4688 0.3667 — 0.0250 — —
P ns * ns ns — * — —

Ast10
N 31 51 32 30 21 40 25 30
A 4 10 8 9 5 5 3 6
HE 0.4209 0.7012 0.7108 0.6819 0.5714 0.3066 0.3984 0.4520
HO 0.1613 0.5686 0.6250 0.7667 0.6190 0.3500 0.1600 0.4333
P ** ** ** ns ns ns ** ns

Ast13
N 31 51 31 30 21 40 25 30
A 2 20 8 14 6 3 6 4
HE 0.0635 0.9334 0.7308 0.8893 0.7549 0.2434 0.6629 0.5328
HO 0.0645 0.8627 0.4516 0.8667 0.9048 0.2750 0.4800 0.5333
P ns ns ** ns ns ns ** ns

Am 3.5 15 7.67 9.5 5.17 3.33 3 2.67
Mean HE 0.3057 0.8648 0.6643 0.7228 0.5608 0.2279 0.3029 0.2504

ns = not significant; *P < 0.05; **P < 0.01.
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found for locus Ast4. We estimated that null alleles would
have an expected frequency of either 0.05 or 0.11, based on
the methods of Brookfield (1996) and Chakraborty et al.
(1992), respectively. These values would predict expected
frequencies of null homozygotes varying between 0.0025
and 0.0121. However, we did not observe any nonamplify-
ing (putative null homozygous) individuals. Therefore the
null alleles frequencies should be estimated from the
apparent heterozygote deficiency after Brookfield (1996)
which resulted in lower estimates.

These estimates suggest that if heterozygote defici-
encies are entirely a result of nonamplifying alleles, then
such alleles are present at relatively moderate frequencies
averaging approximately 5%. However, this method
assumes that all of the observed heterozygote deficiencies
are a result of null alleles (Brookfield 1996), which is un-
likely for the Astyanax populations. The obseerved devia-
tions from Hardy–Weinberg equilibrium were spread
among the six loci and were not concentrated at any parti-
cular locus, as would be expected if they resulted from
null alleles alone. Other explanations for Hardy–
Weinberg deficiencies include a Wahlund effect and/or
nonrandom mating or selection against heterozygotes. It is
not possible to clarify which combination of these potential
causes is responsible for the heterozygote deficiencies
observed.

Genetic differentiation among populations

Significant heterogeneity in genotypic frequency distribu-
tions was found in all pairwise comparisons among
populations, confirming their genetic divergence. Three of
the comparisons were not informative because of the pres-
ence of a monomorphic locus Ast9 in Chica, Sabinos and
Tinaja. Altogether, 146 out of 165 pairwise comparisons
(88.5%) showed significant heterogeneity in genotype fre-
quencies among populations (P < 0.000001). Nine com-
parisons had P-values < 0.001, three had P < 0.01, and two
had P < 0.05. Only five comparisons were not significant
(3%), for the locus Ast1 Sabinos vs. Tinaja, for Ast9 Chica
vs. Pachon, Pachon vs. Sabinos and Pachon vs. Tinaja, as
well as for Ast10 Chica vs. Micos-S.

Accordingly, gene diversity analysis revealed large
genetic variance among populations, based on both allelic
(mean FST = 0.3914, range = 0.0707–0.7242) and molecular
variance (mean RST = 0.3522, range = −0.0092–0.8055). FST
and RST estimated values were not always congruent.

Based on FST values, the lowest level of divergence was
observed between the Sabinos and Tinaja cave popula-
tions, and the Micos and Pachon surface populations were
also only moderately differentiated. Divergence between
the Micos and Pachon surface populations and the geo-
graphically remote surface population Majahual from the
Yucatan were lower than those from the geographically

much closer cave populations Pachon, Sabinos and Tinaja
(Fig. 2). Divergence between the cave populations, e.g.
Pachon vs. Sabinos/Tinaja, was as high as that between
the cave populations and the Micos and Pachon surface
samples. In contrast, divergence between cave and surface
populations from the same locality (Pachon) was greater
than that between the Micos and Pachon surface popula-
tions vs. Majahual from Yucatan, suggesting more recent
genetic exchange between remote geographical localities
(about 1000 km distance) than between cave and surface
forms from the same geographical area. In contrast to the
other cave populations, the Chica cave population was less
divergent from the surface populations (Micos and
Pachon). This suggests recent genetic exchange between
Chica and surface populations.

RST values had an incongruent pattern of population
structuring relative to that using FST. It seems very
unlikely, for example, that the Chica cave population
groups with Majahual (0.0829) and that divergence values
between Majahual and Micos and Pachon surface popula-
tions were dissimilar (0.3500 and 0.1596, respectively).
Such inconsistencies suggest that the FST-estimates of
population divergence, based on the microsatellite loci used
here, are more accurate than the SMM-based RST values.

A hierarchical analysis of gene diversity based on vari-
ance of allele frequency resulted in significant levels of
genetic variance when comparing the surface with the cave
populations, excluding the Chica population (Table 2a). The
amova revealed that nearly 11% of the total microsatellite
DNA diversity was explained by variance among the
surface and cave population groups. A higher proportion of
the variance (16.49%) was attributable to interpopulation

Fig. 2 Neighbour-joining tree illustrating the relationships
among eight cave and surface Astyanax populations based on
Nei’s DA genetic distance measure based on six microsatellite
loci. Values along branches indicate bootstrap values (as a percent
of bootstrap pseudoreplicates) either based on locus (above line)
or individual (below line).
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differences (within groups) whereas the largest proportion
of the variance (72.29%) was found within populations.
When adding Chica to the cave group, the genetic variance
between the cave and surface groups was not significant
(P = 0.0997) (Table 2b), whereas this component of genetic
variance remained significant when including Chica with
the surface group (P = 0.000001) (Table 2c). The Chica
population was subjected to this procedure because of its
ambiguous grouping with cave or surface populations.

Population relationships

The topology of the (δµ)2 population tree (not shown) was
poorly supported by bootstrap replications and showed
little correspondence with geographical locations. For
instance, the Pachon cave population clustered with the
surface population, and the Chica cave population
clustered close to Yucatan populations. In contrast, the
topology of the population tree reconstructed from the DA
distance matrix revealed population assemblages that
were supported by considerably higher bootstrap values
(Fig. 2). One cluster was composed of the two Yucatan
populations Majahual and Chichancanab. Populations
from the cave area clustered in two groups corresponding
to cave and surface populations, with the exception that
the Chica cave population grouped closer to the two
surface populations. The tree topology obtained from the
net shared allele distance matrix was largely congruent
with the DA tree, except that the Chica population grouped
with the other cave populations. It appears from the DA
and the DAS trees that the Chica population cannot clearly

be associated with either surface populations or other cave
populations.

This unclear gouping of the Chica population was also
reflected in the analysis of relationships based on individ-
ual DAS among all fish from the cave area. Fish from the
surface populations (Micos and Pachon) all clustered dis-
tinctively from those in cave populations, with the excep-
tion of Chica fish. Within the cave and surface groups, fish
generally tended to group by population with little mixing
except between Sabinos and Tinaja. Fish from Chica gener-
ally clustered together. However, five individuals from the
Pachon surface population clustered with those from
Chica and three Chica individuals clustered closer to the
cave group, supporting the intermediate nature of this
population.

The intermediate position of Chica was also supported
by its allele composition. Surface and cave populations
from the cave area were generally characterized by strong
differences in allele frequencies and sometimes the pres-
ence of diagnostic alleles between both groups (Appendix).
For instance, allele Ast1–140 was found at a relatively high
frequency in the Micos and Pachon (surface) populations
but was completely absent from the Pachon, Sabinos and
Tinaja cave populations. Similarly, the three cave popula-
tions were characterized by a high frequency of the Ast1–
150 allele which was absent from surface populations from
the cave area. In contrast, the Chica population possessed
both alleles at intermediate frequencies. Allele Ast2–163
was found at a greater frequency in the Chica population
than in the surface populations whereas −177 was found at
high frequencies in all cave populations and was at a low

  

  

Source of variation d.f.
Variance 
components

Percentage 
variation P value

(a) cave fish without Chica population vs. epigean forms
Among groups 1 9.83945 11.22 < 0.000001
Among populations 4 14.45562 16.49 < 0.000001
within groups
Within 410 63.36895 72.29 < 0.000001
populations

(b) cave fish including Chica population vs. epigean forms
Among groups 1 6.05765 6.94  0.09971
Among populations 5 17.48796 20.03 < 0.000001
within groups
Within 451 63.75992 73.03 < 0.000001
populations

(c) cave fish vs. epigean forms and Chica population
Among groups 1 9.36102 10.54 < 0.000001
Among populations 5 15.69485 17.67 < 0.000001
within groups
Within 451 63.75992 71.79 < 0.000001
populations

Table 2 amova analyses of genetic variation
between cave and surface Astyanax pop-
ulations (Chichancanab excluded) with
significance levels
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frequency in the Chica population. For the locus Ast13, the
allele −137 was found at high frequencies in the Sabinos
and Tinaja cave populations and occurred at a low fre-
quency only in Chica. The Chica population also shared
several other low-frequency alleles with either the cave or
surface groups, with three shared exclusively with the
other cave populations and 10 with the surface popula-
tions. The Pachon cave population shared these most
frequent alleles at the Ast1, Ast2 and Ast9 loci with Sabinos
and Tinaja, and differed at three loci. In comparison to
Sabinos and Tinaja, the Pachon population was slightly
more variable and shared five alleles exclusively with the
Micos and Pachon surface populations.

Mitochondrial data

We found 13 mtDNA haplotypes in 24 individuals and 42
polymorphic sites. Only four of them were in the first
codon position resulting in two amino acid changes,
whereas all others were found at the third position. Five
transversions were detected and the ratio of transitions to
transversion was 7.4. Three of the eight populations
(Chichancanab, Mahajual and Pachon) contained a single
haplotype. Two of the haplotypes were found in more than
one population, in Sabinos and Tinaja as well as in Chica
and Pachon-S. The lowest haplotype pairwise distances
(0.11%) occurred between the Sabinos and Tinaja
populations, and the greatest were between the two cave
populations Sabinos/Tinaja vs. Pachon, Chica, Pachon-S
and Micos-S (4.38–4.49%).

The MP analysis was performed with equally weighted
characters as well as with weighting of transversions and
first codon positions by a factor of two and three, respect-
ively. These trees had identical topologies with 124 steps
(CI 0.863) and 176 steps (CI 0.886) for the unweighted
and weighted analyses, respectively (Fig. 3). Both the NJ
and MP trees were largely congruent with three clusters
formed by the Yucatan populations, the Tinaja and Sabinos
cave populations, and the Micos and Pachon surface fish
together with the Chica and Pachon cave populations.

Discussion

Microsatellite variability

The overall microsatellite diversity of the populations
studied was comparable to that found in other freshwater
fish (Tessier et al. 1997; Angers & Bernatchez 1998; Brunner
et al. 1998; Largiadèr et al. 1999). However, the diversity
was highly variable among populations, and was signif-
icantly lower in all cave populations except Chica
compared to surface populations from the cave area. The
low variability found in the Tinaja, Sabinos and Pachon
cave populations is congruent with results obtained using

allozymes (Avise & Selander 1972) as well as mtDNA
sequences (Dowling et al. 2002). Low genetic variability
is also typical of other aquatic cave animals, including
the amphipod Gammarus minus (Culver 1982), the isopod
Typhlocirolana species (Caccone et al. 1986) and in am-
blyopsid cave fish (Swofford et al. 1980). However,
relatively high genetic diversity was found for the cave
bivalve Congeria kusceri (Stepien et al. 2001).

Lower diversity in Astyanax cave populations may be
the result of founder effects. However, given the rapid
mutation rate of microsatellites, one might expect higher
diversity. The current cave population sizes are estimated
to be in the order of several to many thousands of individ-
uals (Mitchell et al. 1977). Small contemporary population
size is therefore an unlikely explanation for the lower
genetic diversity observed in cave populations (except
Chica). The most likely explanation for reduced diversity
in Astyanax cave populations is the occurrence of periodic
population bottlenecks, possibly related to changes in
environmental conditions such as food supply and/or

Fig. 3 Neighbour-joining tree based on mtDNA sequence data.
The numbers above branches represent the bootstrap values
obtained for 1000 replicates for the neighbour-joining and below
for the maximum parsimony analysis. The dash indicates a branch
not recovered by one of the methods. Numbers in brackets after
the population name refer to the number of individuals with that
particular sequence.
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water level fluctuations. Bottlenecking is also assumed to
be the reason for the low genetic diversity found in some
other cave animals (Laing et al. 1976; Kane et al. 1992; Culver
et al. 1995).

The intermediate variability (including three mtDNA
haplotypes) found in the Chica population is comparable
with that based on allozymes (Avise & Selander 1972). In
contrast, Dowling et al. (2002) found no variability in the
mtDNA ND2 gene which is more highly conserved than
cytochrome b. The greater amount of genetic variability in
the Chica population than other cave populations indicates
that the Chica population has remained more constant in
size and may not have experienced appreciable bottleneck-
ing. Because of a large bat roost, the Chica cave has the
most abundant food recources known in the area, which
may have circumvented bottlenecks.

Epigean ancestry

In accordance with the assumption that cave populations
originated from the local surface form, one should expect
populations to cluster by localities rather than by form
(cave vs. surface populations). This hypothesis was not
supported by our microsatellite data because the Pachon
cave fish grouped with the Sabinos and Tinaja cave
populations rather than with the surface fish from the same
area (Fig. 2). This grouping is not, however, because of
current gene flow among these cave populations as shown
by the high FST estimates.

Exept for the Pachon cave fish the genetic differentiation
based on microsatellites is generally concordant with the
genetic distances provided by mtDNA data despite the
expected level of homoplasy of microsatellite alleles, espe-
cially in longer separated populations. For example, the
level of genetic differentiation between cave and surface
populations from the cave area is higher than that between
the surface populations (cave area and Yucatan) for both
microsatellite and mtDNA data (Figs 2, 3). This is sugges-
tive of a relatively long period of separation between
cave and surface populations which is also supported
by mtDNA ND2 data (Dowling et al. 2002). Therefore,
we propose that cave populations originated from an
ancestral group different from the contemporary surface
populations.

Origins of cave populations and introgression

Since the beginning of research on Astyanax cave fish the
occurrence of morphologically variable populations has
led to speculation on the extent of introgression of sur-
face genes into the cave gene pool (Breder 1942). Our
cytochrome b mtDNA data showed that the Chica cave
fish group with the surface populations from the cave
area to the exclusion of the other cave populations

(Fig. 3). However, according to the microsatellite data
introgression into the Chica population cannot clearly be
attributed to either the cave or surface populations from
the cave area (Fig. 2). The Chica population shares alleles
which are unique to either cave or surface populations
from the cave area (Appendix). Our findings may be
explained by two hypotheses. First, Chica is a phylog-
enetically old cave fish population, similar to Sabinos,
Tinaja, or Pachon, that may have hybridized with a recent
surface population. This hypothesis was proposed by
Avise & Selander (1972) from allozyme studies, who also
inferred that surface gene flow into the Chica cave
population continues today. However, our microsatellite
data show that although Chica has diverged from the
surface populations, it contains surface alleles at a high
frequency and is lacking the high-frequency cave alleles
(Appendix). In addition, Chica has an FST of only about 0.17
with surface populations but 0.40 with cave populations. In
the tree of individual fish only three of the 21 Chica fish
clustered with the cave fish. The mtDNA sequences and
the hierarchical analysis of gene diversity indicate a closer
relationship of Chica to the surface fish (Fig. 3, Table 2a–c).
On the basis of our data we favour a second hypothesis that
the Chica population has, in contrast to Sabinos, Tinaja and
Pachon, diverged from the recent surface population and is
a phylogenetically young cave population which has
subsequently been partly introgressed with microsatellite
alleles from a phylogenetically old cave population.

For the Pachon population the microsatellite and
mtDNA data are in contradistinction. Based on the
mtDNA analysis, the Pachon cave population clusters with
the surface fish from the cave area (Fig. 3). This grouping
was also found by Dowling et al. (2002). In contrast, our
microsatellite data revealed that the Pachon population
groups with the phylogenetically older cave populations
Sabinos and Tinaja (Fig. 2). This latter finding is concord-
ant with the high degree of morphological and behavioural
adaptation of Pachon fish to the cave environment, in eye
and pigment reduction as well as in feeding behaviour
(Wilkens 1988). This contradistinction could be explained
by an introgressive hybridization event, as hypothesized
by Dowling et al. (2002), whereby the original mtDNA
haplotype was partially or totally replaced. Such an event
has been proposed for other fish species (Gerber et al. 2001;
Lu et al. 2001).

In 1986, individuals with variable eye sizes and melanin
pigmentation were observed in the former albinotic and
eye-reduced Pachon population (Langecker et al. 1991). In
1996, only traces of this introgression were found (U.S. and
H.W., unpublished data). The assumption presented by
Dowling et al. (2002) that selective collecting of hybrids
could explain the alleged absence of hybrid phenotypes
seems very unlikely in a population that, according to
Mitchell et al. (1977), consists of 5000–12 000 individuals. It
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is much more probable that the introgressed genes were
distributed through and diluted within the larger Pachon
gene pool leading to a rapid decrease in the number of
hybrid phenotypes. However, our microsatellite data
suggest that gene flow between surface and cave Pachon
populations is unlikely. Laboratory crosses between Pachon
and other cave populations revealed hybrid specimens
with externally visible eyes, which surpass the size of
parental eyes (Wilkens & Strecker, accepted). Therefore, we
hypothesize that the Pachon population may not have been
introgressed from the surface population, but by another
yet undiscovered phylogenetically young cave population
already better adapted to the troglobitic environment and
favoured by a low level of selection. This would better
explain the replacement of the mtDNA haplotypes. How-
ever, we cannot yet determine whether this replacement
was because of an earlier hybridization event.

It has long been disputed whether the phenotypically
alike cave populations of Astyanax, showing extreme
reduction of eyes and pigmentation, have evolved indep-
endently after multiple colonization events or if they
resulted from a single invasion with subsequent dispersal
in the underground water system secondarily (Avise &
Selander 1972; Mitchell et al. 1977). Our data indicate at
least two independent invasions into the cave environ-
ment, namely Chica and the phylogenetically old cave
populations Sabinos, Tinaja and Pachon. Also, Dowling
et al. (2002) found ‘… two genetically distinctive cave fish
lineages with similar eyeless phenotypes’. The high FST
values between Pachon and the other cave populations
suggest an extended period in which gene flow has been
absent. The Pachon cave is situated about 60 km away from
the Sabinos and Tinaja caves and is isolated above ground-
water level (Mitchell et al. 1977). This may indicate its
longer existence perhaps in separate troglobitic evolution.

The Astyanax system offers an extraordinary tool for the
study of genetic and developmental mechanisms underly-
ing the evolution of surface fish into cave fish. Here we
present data on its population genetic and phylogenetic
background. Furthermore it is shown that microsatellite
data not only provide insight into relationships between
closely related populations but may be more reliable for
interpreting patterns of gene flow (e.g. introgression)
between populations than mtDNA data.
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Appendix
Frequencies of the six microsatellite loci in the Astyanax popula-
tions studied. N refers to the number of specimens scored for each
population and locus.
Locus Ast1
Chichancanab, N = 31: 146: 0.081, 150: 0.032, 158: 0.823, 160: 0.016,
162: 0.048.
Majahual, N = 51: 130: 0.029, 132: 0.029, 134: 0.049, 136: 0.069, 138:
0.108, 140: 0.049, 142: 0.059, 144: 0.098, 146: 0.196, 148: 0.02, 150:
0.059, 152: 0.118, 156: 0.01, 158: 0.01, 160: 0.039, 162: 0.02, 164: 0.02,
170: 0.01, 172: 0.01.
Micos-S, N = 32: 134: 0.016, 136: 0.016, 138: 0.219, 140: 0.75.
Pachon-S, N = 30: 134: 0.183, 136: 0.033, 138: 0.083, 140: 0.533, 142:
0.017, 144: 0.05, 146: 0.033, 148: 0.05, 154: 0.017.
Chica, N = 21: 134: 0.119, 140: 0.214, 142: 0.024, 146: 0.048, 148:
0.024, 150: 0.476, 152: 0.071, 154: 0.024.
Pachon, N = 40: 134: 0.087, 142: 0.013, 150: 0.9.
Sabinos, N = 25: 150: 0.96, 154: 0.04.
Tinaja, N = 30: 150: 0.967, 152: 0.033.
Locus Ast2
Chichancanab, N = 31: 169: 0.806, 171: 0.032, 177: 0.081, 179: 0.081.
Majahual, N = 50: 161: 0.01, 165: 0.069, 167: 0.108, 169: 0.137, 171:
0.176, 173: 0.059, 175: 0.108, 177: 0.069, 179: 0.098, 181: 0.108, 183:
0.029, 189: 0.01, 477: 0.02.
Micos-S, N = 30: 163: 0.406, 165: 0.031, 167: 0.141, 169: 0.078, 171:
0.016, 181: 0.063, 183: 0.016, 187: 0.047, 203: 0.047, 207: 0.063, 209:
0.031, 511: 0.047, 513: 0.016.
Pachon-S, N = 30: 163: 0.15, 165: 0.033, 169: 0.183, 171: 0.117, 173:
0.183, 181: 0.033, 185: 0.05, 195: 0.133, 197: 0.067, 199: 0.05.
Chica, N = 21: 163: 0.548, 169: 0.119, 173: 0.143, 177: 0.143, 191: 0.048.
Pachon, N = 40: 171: 0.05, 177: 0.95.
Sabinos, N = 25: 171: 0.05, 177: 0.95.
Tinaja, N = 30: 177: 0.667, 179: 0.333.
Locus Ast4
Chichancanab, N = 31: 341: 0.129, 343: 0.806, 345: 0.065.
Majahual, N = 50: 169: 0.02, 171: 0.01, 181: 0.01, 183: 0.07, 185: 0.2,
187: 0.05, 189: 0.07, 191: 0.09, 193: 0.02, 195: 0.05, 199: 0.01, 201: 0.03,
203: 0.11, 205: 0.05, 207: 0.07, 209: 0.07, 211: 0.03, 213: 0.01, 227: 0.02,
243: 0.01.
Micos-S, N = 32: 169: 0.047, 181: 0.078, 183: 0.031, 185: 0.047, 189:
0.047, 191: 0.031, 195: 0.297, 197: 0.344, 199: 0.031, 205: 0.031, 223:
0.016.
Pachon-S, N = 29: 177: 0.069, 181: 0.086, 183: 0.052, 189: 0.017, 191:
0.121, 193: 0.034, 195: 0.172, 197: 0.121, 205: 0.155, 209: 0.017, 219:
0.017, 221: 0.017, 223: 0.121.

Chica, N = 21: 177: 0.31, 179: 0.071, 183: 0.024, 185: 0.071, 195: 0.5,
197: 0.024.
Pachon, N = 40: 191: 0.125, 193: 0.712, 195: 0.138, 197: 0.025.
Sabinos, N = 25: 183: 0.02, 195: 0.72, 197: 0.24, 209: 0.02.
Tinaja, N = 30: 195: 1.
Locus Ast9
Chichancanab, N = 31: 175: 0.065, 181: 0.79, 183: 0.145.
Majahual, N = 51: 165: 0.029, 171: 0.02, 173: 0.029, 175: 0.029, 177:
0.176, 179: 0.275, 181: 0.147, 183: 0.225, 185: 0.069.
Micos-S, N = 32: 167: 0.547, 175: 0.391, 177: 0.031, 189: 0.031.
Pachon-S, N = 30: 167: 0.183, 175: 0.817.
Chica, N = 21: 175: 1.
Pachon, N = 40: 167: 0.013, 173: 0.025, 175: 0.962.
Sabinos, N = 25: 175: 1.
Tinaja, N = 30: 175: 1.
Locus Ast10
Chichancanab, N = 31: 238: 0.726, 240: 0.242, 242: 0.016, 244: 0.016.
Majahual, N = 51: 234: 0.01, 236: 0.088, 238: 0.412, 240: 0.353, 242:
0.029, 244: 0.029, 248: 0.01, 252: 0.029, 254: 0.029, 256: 0.01.
Micos-S, N = 32: 222: 0.031, 238: 0.281, 242: 0.016, 244: 0.453, 248:
0.078, 250: 0.078, 252: 0.047, 254: 0.016.
Pachon-S, N = 30: 222: 0.017, 238: 0.533, 244: 0.167, 246: 0.017, 248:
0.05, 250: 0.017, 252: 0.083, 254: 0.05, 256: 0.067.
Chica, N = 21: 238: 0.286, 242: 0.071, 244: 0.595, 248: 0.024, 254: 0.024.
Pachon, N = 40: 222: 0.025, 238: 0.125, 240: 0.013, 252: 0.013, 254:
0.825.
Sabinos, N = 250: 236: 0.16, 248: 0.76, 254: 0.08.
Tinaja, N = 30: 238: 0.083, 240: 0.05, 244: 0.017, 248: 0.733, 250: 0.033,
252: 0.083.
Locus Ast13
Chichancanab, N = 31: 133: 0.032, 137: 0.968.
Majahual, N = 51: 119: 0.059, 127: 0.01, 129: 0.01, 131: 0.049, 133:
0.127, 135: 0.069, 137: 0.088, 139: 0.098, 141: 0.108, 143: 0.088, 145:
0.01, 147: 0.01, 149: 0.039, 151: 0.069, 153: 0.02, 155: 0.049, 157: 0.029,
159: 0.029, 161: 0.029, 163: 0.01.
Micos-S, N = 31: 101: 0.145, 103: 0.032, 119: 0.016, 125: 0.452, 127:
0.129, 143: 0.194, 145: 0.016, 149: 0.016.
Pachon-S, N = 30: 113: 0.033, 115: 0.2, 125: 0.2, 127: 0.117, 141: 0.067,
143: 0.067, 145: 0.117, 147: 0.017, 149: 0.017, 153: 0.067, 155: 0.017,
159: 0.017, 161: 0.05, 169: 0.017.
Chica, N = 21: 121: 0.095, 127: 0.167, 137: 0.024, 141: 0.119, 143:
0.167, 149: 0.429.
Pachon, N = 40: 129: 0.863, 141: 0.013, 153: 0.125.
Sabinos, N = 25: 137: 0.54, 139: 0.12, 141: 0.18, 143: 0.1, 145: 0.04,
149: 0.02.
Tinaja, N = 30: 137: 0.583, 141: 0.367, 145: 0.033, 149: 0.017.


