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ABSTRACT. Species with a broad distribution rarely have the same 
genetic make-up throughout their entire range. In some cases, they 
may constitute a cryptic complex consisting of a few species, each 
with a narrow distribution, instead of a single-, widely distributed 
species. These differences can have profound impacts for biodiversity 
conservation planning. The genetic differentiation of four populations 
of Aegla longirostri, a freshwater crab found in two geographically 
isolated basins in Rio Grande do Sul State, Brazil, was investigated by 
analyzing pentanucleotide multi-loci microsatellites in a heteroduplex 
assay. Although no morphological differences were evident, we found 
significant genetic differentiation among the four populations, based 
on FST values and clustering analysis. This high level of differentiation 
may be indicative of cryptic species in these populations. If this 
hypothesis is correct, then the species occurring in the Ibicuí-Mirim 
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River, at the southern limit of the Atlantic Rain Forest, would be under 
threat, considering its very restricted distribution.

Key words: Population genetic structure; Heteroduplex assay; 
Anomuran crab; Conservation; Cryptic species

INTRODUCTION

Freshwater ecosystems hold an exceptional concentration of biodiversity. Species 
richness is greater than that of both marine and terrestrial ecosystems, when considering the 
habitat extent in freshwater ecosystems (Silk, 2005). On the other hand, the world’s freshwater 
biodiversity is among the most threatened and deserves urgent conservation care (Abell, 2002; 
Pérez-Losada et al., 2009).

Estimating the species richness and endemism is essential for the conservation of 
biological diversity, and prioritizing habitats for conservation often relies on these estimates 
(Bickford et al., 2007). A growing number of recent genetic studies have unveiled the hidden 
biological diversity in the form of cryptic species (Hebert et al., 2004; Leese and Held, 2008; 
Russello et al., 2010). In this sense, the identification of cryptic species is essential not only 
for more accurate estimates but also for conservation (Cook et al., 2008), since some of them 
may disappear without even being known. In addition, incorrect lumping of several distinct 
species into one recognized species might impair the protection, if any of the lumped species 
is endangered (Frankham et al., 2004).

Recently, several cryptic species have been detected within freshwater crustaceans 
(Mathews et al., 2008; Munoz et al., 2009; Jesse et al., 2010). Nevertheless, nothing is known 
about cryptic species in freshwater anomuran crabs of the family Aeglidae.

The family Aeglidae has attracted researchers since its first species, Aegla laevis, 
was described. Several features make this family evolutionarily and ecologically unique: it is 
the only anomuran family entirely restricted to continental waters; the group originated near 
75 Mya and diversified in only one extant and speciose genus (Pérez-Losada et al., 2004), 
Aegla, with near 70 species described and in process of description (Santos et al., 2009; 
Bond-Buckup et al., 2010; McLaughlin et al., 2010); although the extant species are present 
only in southern South America (Bond-Buckup and Buckup, 1994), there are fossil records 
of aeglids in marine strata from New Zealand (Feldmann, 1984) and Mexico (Feldmann et 
al., 1998); moreover, most Aegla species have a very narrow distributional range and there 
are several threatened species (Bond-Buckup et al., 2008; Pérez-Losada et al., 2004, 2009).

Little is known about the evolution of the species of this family. An intriguing feature 
of this group is its high diversity compared to crayfish of the family Parastacidae (Astacidea), 
also present in South America, with only 12 species described for this continent (Rudolph and 
Crandall, 2007). The known number of aeglids may be still underestimated given that more 
extensive sampling has led to the discovery of new species, and additional new species will be 
described (Santos et al., 2009; Bond-Buckup et al., 2010).

Clues for new species also come from molecular analysis. In a broad study, Pérez-
Losada et al. (2004) sought to clarify aspects of the origin, taxonomic position, biogeography 
and systematics of the genus Aegla, through a phylogenetic analysis using one nuclear (18 
rDNA) and four mitochondrial (12S e 16S rDNA, COI, and COII) genes, which involved 
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58 species. Pérez-Losada et al. (2004) reported that populations in some species, such as Ae-
gla cholchol, Aegla jarai, Aegla parana, Aegla platensis, Aegla franciscana and Aegla mar-
ginata form non-monophyletic groups. These authors have suggested, based on the concept 
that populations whose groups are not monophyletic qualify as different species, that some 
populations within these six “species” may represent distinct species. Another species, Aegla 
longirostri, has been demonstrated to be monophyletic through Maximum Likelihood analysis 
and paraphyletic through Maximum Parsimony methodology. The specimens of the latter spe-
cies were obtained from three distinct populations, but all from the same hydrographic basin 
(Taquari-Guaíba River, Brazil).

Some of these species, mainly those with a broader distribution, as A. longirostri, 
might represent cryptic species, which deserves special attention in relation to their real distri-
bution, endemicity and conservation status.

Bond-Buckup et al. (2008) recognized 23 species of 63 species evaluated as under 
threat or endangered. The authors have pointed out the main factors responsible for the ae-
glids being under threat as their narrow distribution combined with the rapid degradation of 
their freshwater habitats, the establishment of extensive plantations of pine and Eucalyptus, 
the exaggerated use of pesticides in apple tree and potatoes cultivation, in addition to hog 
raising activities.

Studies on the genetic structure of aeglid species can help to clarify the evolution-
ary nuances of these animals, helping to resolve taxonomic uncertainties, unveiling cryptic 
species, identifying populations of concern, and contributing to trace conservation strategies. 
The species mentioned as paraphyletic by Pérez-Losada et al. (2004), as A. longirostri, are of 
special interest once they might represent unrecognized species.

Microsatellite loci are molecular markers that have been widely used in population 
genetics due to their high levels of polymorphism and their power to solve biological ques-
tions (Oliveira et al., 2006). Nevertheless, despite all their advantages, microsatellites are of-
ten difficult to isolate and to amplify, mainly in certain taxa (Meglécz et al., 2004). One of the 
frequent drawbacks found when isolating microsatellite loci is the isolation of a multi-loci mi-
crosatellite (microsatellite repeat with flanking regions also repeated in genome), which give a 
complex pattern of multiple bands when amplified. Frequently, this kind of loci is considered 
useless and it is discarded. However, some studies have made use of multi-loci microsatellites 
with success (Roratto et al., 2006; Bart et al., 2006; Mailllard et al., 2009).

The present study aimed to investigate the genetic structure of A. longirostri popula-
tions sampled in two neighboring, but geographically isolated, drainage basins, using a multi-
loci microsatellite as a molecular marker and a heteroduplex assay.

MATERIAL AND METHODS

Specimen identification

Individuals of Aegla longirostri from the four populations were identified using the 
diagnostic characters described in Bond-Buckup and Buckup (1994): a very long rostrum, 
styliform, carinate along its entire length; palmar crest rectangular, excavated; inner margin 
of ventral surface of ischium of chelipod with two robust spines with tubercles between them; 
anterior angle of ventral margin of epimeron 2 projected in a robust spine.
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Sampling area

In the central region of the State of Rio Grande do Sul , Brazil, four sampling points 
were established (Figure 1), all of them in environmentally protected locations, with gallery 
forests, clean water and rocky ground, which are habitat requirements for A. longirostri (Bond-
Buckup, 2003). Descriptions of the sampling points are given in Table 1.

The individuals collected were transported to the laboratory in separate plastic bags 
and kept in aquariums until the DNA extraction procedure.

Figure 1. The sampling locations in the central part of the State of Rio Grande do Sul, Brazil.

Isolation of the sequence containing a pentameric microsatellite

Individuals were cryo-anesthetized before dissection. Total DNA was extracted from 
muscle tissue using the traditional phenol-chloroform protocol with some modifications, fol-
lowed by purification with 13% PEG 8,000/1.6 M NaCl (Bitencourt et al., 2006).

In order to assess the genetic variability among populations of A. longirostri from the 
two basins, a microsatellite was isolated using heterologous primers designed to amplify a 
nearly 260 bp segment, containing a pentameric repetitive region within the U1snRNA gene 
complex, which is tandemly repeated in the genomes of the tapeworms Echinococcus multi-
locularis and Echinococcus granulosus (Bretagne et al., 1996; Roratto et al., 2006).

PCR was carried out in a 25 mL reaction volume containing 100 ng A. longirostri total 
DNA, 1.25 U Taq DNA polymerase (Cenbiot), 100 mM of each dNTP (Invitrogen), 10 mM 
Tris-HCl, 50 mM KCl, 1.5 mM MgCl2 and 20 pmoles of each primer (Forward - 5'ATTGTC 
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GTTGCCATCTCTCC3' and Reverse - 5'GCTCTCCATCACCACACATC3'). The negative 
control consisted of a reaction without DNA.

The PCR cycle program consisted of an initial denaturation step at 94°C for 5 min fol-
lowed by 30 cycles of 1 min denaturation at 94°C, 45 s annealing at 55°C and 1 min extension 
at 72°C, and a final 5 min extension step at 72°C.

In order to confirm the presence of a pentanucleotide microsatellite in the PCR sam-
ples, amplified products were cloned into the pCR® 2.1 vector (TA Cloning kit, Invitrogen), 
according to manufacturer instructions. Clones were sequenced using the DYEnamic Dye Ter-
minator Cycle Sequencing kit for MegaBACE (Amersham-Pharmacia). Obtained sequences 
were submitted to BLAST (Basic Local Alignment Search Tool) to search for identity with 
sequences deposited in GenBank®.

Heteroduplex assay

Amplification of multi-loci microsatellite results in more than one fragment since the 
microsatellite loci is tandemly repeated in the genome, which makes it difficult to interpret 
the results.

An alternative approach to this problem is the use of a heteroduplex assay, which has 
been successfully employed previously (Roratto et al., 2006). This technique involves heat de-
naturation of PCR products, followed by slow cooling of the sample. During this step, double-
stranded homoduplexes will form if the DNA strands are complementary, and if the sequences 
are different in one or more base pairs (because they are paralogous, i.e., they were amplified 
from different repeated loci), heteroduplexes will form. The greater the heterogeneity among 
microsatellite sequences, the higher the number of expected heteroduplex bands. The patterns 
of heteroduplex DNA can easily be accessed by the differential mobility of these molecules 
during electrophoresis, because of the single-stranded loops within the heteroduplexes, and 
can be seen as additional bands beside the homoduplex fragments.

The advantage in using heteroduplex assay in complex multi-loci microsatellite is the 
detection of homoplasic alleles, i.e., alleles with the same molecular weight but with different 
sequences.

The conditions for amplification of the microsatellite region and the cycling were car-
ried out as described above, for the sequence isolation.

Prior to electrophoresis, amplified DNA samples were denatured at 95°C for 5 min 
and slowly cooled at room temperature for 1 h to allow heteroduplex formation. Products 
were analyzed by electrophoresis on 6% polyacrylamide gels and visualized by traditional 
AgNO3 staining.

Statistical methods

The presence or absence of each band in the gel was assigned 1 or 0, respectively, 
allowing the identification of patterns or haplotypes for each individual analyzed. A phenetic 
matrix was constructed using these data, which was used for the cluster analyses. The numeri-
cal analysis of heteroduplex results was performed using the NTSYSpc program, version 2.0 
(Rohlf, 1994). The Jaccard coefficient was used to obtain a similarity matrix, and UPGMA 
(Unweighted Pair Group Method Analysis) in module SAHN (Sequential, Agglomerative, 
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Hierarchical and Nested clustering methods) was applied to obtain the corresponding dendro-
gram. A cophenetic value matrix was produced by COPH option and used by the MXCOMP 
module to measure the goodness of fit of a cluster analysis to the similarity matrix produced by 
SAHN. One specimen of Aegla uruguayana was used for comparison in the cluster analysis.

Analysis of Molecular Variance (AMOVA), implemented in Arlequin 3.5.1.2 software 
(Excoffier and Lischer, 2010), was used to determine the genetic structure of the populations. 
This analysis is based on variance components obtained from a Euclidean distance matrix be-
tween all pairs of individuals. The significance of these calculations is assessed by permutation 
procedures, in which individuals are randomly placed into different populations and groups.

By AMOVA, the Arlequin software calculates a FST value for each population pair, 
which ranges from 0 (indicating no differentiation between populations) to a theoretical maxi-
mum of 1 (although in practice this index is much less than 1 even in highly differentiated 
populations), and its significance is determined based on 1000 permutations. FST values were 
used for an indirect estimate of the effective number of migrants (Nm) among populations 
through the equation: Nm = 0.25(1/FST - 1).

A model-based clustering method using multi-loci microsatellite genotype data to 
infer population structure and assign individuals to populations was done using a Bayesian 
approach performed in STRUCTURE (Pritchard et al., 2000). A non-admixture model with 
independent allele frequencies was used because studied populations are isolated from one 
another. No information about the population of origin for each individual was given. A series 
of three independent runs for K (number of populations) from 1 to 6 was performed. The re-
sults are based on 106 iterations, following a burn-in period of 500,000 iterations. Individuals 
were assigned probabilistically to populations or jointly to two or more populations if their 
genotypes indicate that they are admixed using the multi-loci microsatellite data.

RESULTS

Morphological aspects of the animals

No morphological differences were found among the individuals examined, indepen-
dently of the population of origin, based on the diagnostic characters of Aegla longirostri. 

Microsatellite isolation

A 245 bp-sequence was isolated, which showed no identity with other sequences in 
GenBank. However, an imperfect pentanucleotide microsatellite was found, showing the motif 
(GTGGT)3(GCTGT)(GTGGT)2(GCTGT)(GTGGT)4 (Genbank® access number DQ536525).

Heteroduplex analysis of the pentameric microsatellite in A. longirostri individuals

Analysis of the A. longirostri PCR products by polyacrylamide gel electrophoresis af-
ter renaturation showed several bands of different mobilities from 140 to 410 bp, correspond-
ing to heteroduplex DNA. The specimen of A. uruguayana showed bands from 130 to 375 
bp. Forty-five different patterns (considered as haplotypes) were found for the 55 individuals 
analyzed, indicating a considerable intrapopulational variation (Table 2). Although some hap-
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lotypes were present in more than one individual in a population, no shared haplotype was 
found to occur among populations, suggesting a high interpopulational variation.

DNA fragments amplified in independent experiments by PCR, using the same DNA 
sample and conditions, showed the same heteroduplex patterns, indicating that the patterns are 
reproducible for each individual (data not shown).

Statistical analysis

The cluster analysis revealed the grouping of individuals collected in the same local-
ity, except for the individuals from the Vacacaí-Mirim tributary and from the Divisa Creek, 
which are grouped together (Figure 2). The dendrogram showed two large clusters, one com-
posed by the population from the Ibicuí-Mirim River (group I) and the other (group II) sub-
divided into two clusters, II.1, grouping the individuals from Vacacaí-Mirim’s tributary and 
Divisa Creek, and II.2, composed by the Michelon River population.

The cophenetic correlation between the cophenetic (ultrametric) value matrix and the 
similarity matrix using the Jaccard index (upon which the clustering was based) was 0.93, 
indicating a very good fit of the clusters to the data.

Figure 2. Dendrogram of the genetic relationships among populations of Aegla longirostri, constructed using 
Jaccard’s coefficient and UPGMA clustering. UR = Aegla uruguayana; IM = Ibicuí-Mirim River; VM = Vacacaí-
Mirim Tributary; MR = Michelon River; DC = Divisa Creek.
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The hierarchy used in AMOVA was based on the populations included in each one of 
the two basins (Ibicui-Uruguay: Ibicuí-Mirim River population - IM; Jacuí-Guaíba: Michelon 
River - MR, Vacacaí-Mirim tributary - VM and Divisa Creek - DC populations). Moreover, 
these groups agree with the clusters formed in the dendrogram (Figure 2). AMOVA revealed 
that most of the haplotype diversity was found within populations (43.99%) than between the 
two groups (28.03%) or among populations within groups (27.98%) (P < 0.001) (Table 3). 
FCT value revealed that there was no significant structure between A. longirostri populations 
in Uruguay and Jacuí-Guaíba basins, although a considerable percentage of variation (28.0%) 
could be observed between the two groups. On the other hand, FSC and FST were highly sig-
nificant showing that the main source of variation is in the lower hierarchical levels, predomi-
nantly within populations.

Variation source Variance components Percentage of variation F

Among groups (Uruguay Basin versus Jacuí-Guaíba Basin) 2.70976 28.03 FCT = 0.28031
Among populations within groups 2.70508 27.98   FSC = 0.38881*
Within populations 4.25233 43.99   FST = 0.56013*
Total 9.66717 100

*P < 0.01.

Table 3. Analysis of Molecular Variance (AMOVA) for four populations of Aegla longirostri assessed by 
heteroduplex DNA.

Values for FST between population pairs were highly significant (P < 0.001) and ex-
tremely high, ranging from 0.14789 to 0.66379 (Table 4). The IM population was the most di-
vergent (FST ranging from 0.45784 to 0.66379). The populations VM and DC were genetically 
more closely related, although a moderate differentiation was found (FST = 0.14789).

This genetic variability among populations reflects the gene flow estimate (Nm) 
among them (Table 4). Nm values ranged from very low (0.12662 between IM and MR) to 
moderate (1.44045 between VM and DC), but only the latter was higher than 0.42, indicating 
very low gene flow among populations (Table 4).

Population VM MR DC IM

VM - 0.27841 1.44045 0.19105
MR 0.47312 - 0.41649 0.12662
DC 0.14789 0.37510 - 0.29604
IM 0.56683 0.66379 0.45784 -

Table 4. The effective number of migrants (Nm) between Aegla longirostri populations (above diagonal) 
calculated from pairwise FST (below diagonal).

The Bayesian method, implemented by STRUCTURE, revealed from the posterior 
probabilities L(K) and the second-order difference in Ln(P) D(K), that the most likely number 
of clusters to explain our data is K = 3 (Table 5), indicating sub-structuring in our sample. The 
Bayesian approach showed a high genetic subdivision revealing one cluster for the population 
from the Ibicuí-Uruguay Basin (IM), one cluster for the population MR (Jacuí-Guaíba Basin) 
and one cluster which joined the populations DC and VM, both from the Jacuí-Guaíba Basin 
(Table 6, Figure 3).
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DISCUSSION

Although no significant identity was found between the isolated sequence and the U1 
snRNA gene sequences (except for the primer region), a pentanucleotide microsatellite was 
present in the Aegla longirostri amplified sequence, and the amplification pattern of several 
bands indicates that this repeat is possibly within a longer repeated region, as for U1 snRNA 
genes. In fact, in some organisms, microsatellites are associated with other repeats (Tero et 
al., 2006).

U1 snRNA genes are conserved genes present in eukaryotes and involved in the pro-
cessing of the primary transcripts in the nucleus. They have been reported to be a complex con-
sisting of tandemly repeated units, as in sea urchins (Brown et al., 1985) and taenids (Bretagne 
et al., 1991) or consisting of linked but not tandemly repeated units, as in mice (Marzluff et al., 
1983) and humans (Bernstein et al., 1985). Possibly, the isolated sequence corresponds to a 
sequence that degenerated from an ancient U1 snRNA gene or pseudogene in the A. longirostri 
genome. In the human genome, pseudogenes of the small nuclear RNA genes are abundant 
(Denison et al., 1981).

K K Ln P(D)

1 -1.620.2
2 -1.280.3
3 -1.140.2
4 -1.184.4
5 -1.180.1
6 -1.152.6

Table 5. Posterior probabilities of different cluster numbers (K) calculated in STRUCTURE.

Population Number of individuals  Inferred cluster

  1 2 3

IM 18 0.947 0.049 0.004
VM 14 0.000 1.000 0.000
MR 16 0.000 0.000 1.000
DC   7 0.000 0.872 0.128

Table 6. Bayesian assignment test for K = 3 without using any prior population information.

Figure 3. Likely ancestry of each Aegla longirostri individual, estimated using STRUCTURE. Each individual is 
represented by a line partitioned into segments corresponding to its membership coefficients in the three inferred 
clusters, and each color represents a different cluster. IM = Ibicuí-Mirim River; VM = Vacacaí-Mirim Tributary; 
MR = Michelon River; DC = Divisa Creek.
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Multi-locus microsatellites, when found in a genome, are often considered as unsuit-
able for population studies. Counteracting this, the chosen molecular marker proved to be very 
sensitive, since high levels of genetic polymorphism was assessed with reproducibility in A. 
longirostri genome. Some studies were successfully carried out with this kind of molecular 
marker, using a heteroduplex assay (Roratto et al., 2006) or using automated genetic analysis 
for genotyping (Bart et al., 2006; Maillard et al., 2009; Knapp et al., 2010).

The usefulness of the heteroduplex assay was highlighted by the high number of hap-
lotypes found in each population, which was reflected in a high proportion of haplotype di-
versity in the AMOVA analysis within populations (43.99%) (Table 3). Despite this diversity, 
haplotypes from each population grouped separately from the other populations in the cluster 
analysis, except for individuals from Vacacaí-Mirim tributary and Divisa Creek, which formed 
one group (Figure 2). In accordance with these results, these two populations also showed the 
lowest differentiation, as reflected by the FST value (0.14789) and the higher estimate of mi-
grants per generation (1.44045) between them, compared with the other analyzed populations.

For the other populations, a substantial differentiation was found, with a low estimate 
of migrants per generation (Table 4). The differentiation among populations from the Jacui-
Guaíba Basin (east side) may be related to the distance separating them and to a possible low 
distance dispersion of A. longirostri in each generation. However, further analyses should be 
done to test this hypothesis. Aeglids have direct development and the juveniles remain with 
the mother for some time (Bueno and Bond-Buckup, 1996); this lack of a larval phase may 
restrict their dispersion.

Despite the short distance between the collecting points in Ibicuí-Mirim River and 
Michelon River (about 5 km), these populations, which are separated by the Pinhal Range, 
showed the greatest differentiation (FST = 0.66379). Moreover, the population from the Ibicuí-
Mirim River, the only one situated in the Ibicuí-Uruguay Basin (west side) showed the highest 
pairwise FST values. In the cluster analysis, the IM population was in one large cluster (I), 
separated from the other (II), which grouped the populations from the Jacuí-Guaíba Basin 
(east side) (Figure 2). On the other hand, analysis of molecular variance showed no significant 
structure between populations of the two basins, despite the considerable amount of variation 
found (28.03%).

The Bayesian analysis was congruent with the results above, showing a cluster joining 
the two populations with the lowest FST and a clear differentiation among the other popula-
tions. Gene flow possibly occurred between individuals from VM and DC in a not so distant 
past. It is noteworthy that in Figure 3 one individual from IM presented ancestry from the VM 
+ DC cluster. As the software STRUCTURE also calculates the fractional membership (in-
ferred ancestry - Q) of each individual in each cluster (data not shown), this animal was identi-
fied as IM-17, which appears in the dendrogram (Figure 2) as the most differentiated sample, 
yet grouping in cluster I, which encompassed all animals from IM. It can also be observed in 
Figure 3 that one individual from DC (DC-14, data not shown) presented ancestry from MR 
population. These findings possibly reflect the common ancestry of the studied populations.

Such high level of genetic differentiation summed up to the lack of differences in the 
diagnostic morphological characters for the four A. longirostri populations might be indica-
tive that some of these populations constitute cryptic species. Further studies involving other 
populations of this species and even other molecular markers would help to test this hypoth-
esis. Several species of aeglids are threatened (Bond-Buckup et al., 2008; Pérez-Losada et al., 
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2009) and cryptic species probably have a very narrow distribution, like most Aegla species, 
making them of significant conservation concern. This may be the case of the population oc-
curring in Ibicuí-Mirim River, the southern limit of Atlantic Forest, which would be under 
threat considering its very restricted distribution range, among other factors. The identification 
and description of cryptic species have important implications for conservation and natural 
resource management (Bickford et al., 2007).
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