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Geographical isolation and restricted gene flow drive
speciation of Aegla singularis (Decapoda: Anomura:
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Geographical isolation is a key element in allopatric speciation. If gene flow is interrupted for long enough by
geographical barriers, populations can evolve independently and eventually form distinct species. Aegla singularis
provides an ideal model to study this process due to the characteristics of the geographical area that it occupies and its
limited dispersal ability. Aegla singularis inhabits streams of the Uruguay and Parana River basins in the Neotropical
region of South America. The basins are separated by the Sierra Central Mountains. Here we studied the speciation
of A. singularis resulting from geographical isolation by using molecular and morphometric data. Individuals of
A. singularis were analysed using geometric morphometrics and genetic data (COII and EFal1). We found significant
differences in shape and genetics between A. singularis populations from the two basins. These differences suggest
ongoing divergence due to restricted gene flow caused by the geographical barrier of the Sierra Central Mountains,
indicating that the populations of the Parana and Uruguay River slopes are undergoing divergence.

ADDITIONAL KEYWORDS: Aeglidae — allopatry — geometric morphometrics — molecular evidence —
phylogeography — speciation.

INTRODUCTION strong evidence supporting the role of geographical
isolation in the process of speciation in crustacea (Barr
and Holsinger, 1985; Mashiko, 2000; Stevens and Hogg,
2004; Marchiori et al., 2014; Worsham et al., 2017).
From a biological point of view, molecular and
phenotypic evidence can be studied to assess
differentiation of populations that seem isolated.
Phenotypic expression has an important evolutionary

Little or no gene flow among populations is a
key element in speciation (Dobzhansky, 1937).
Geographical isolation affects gene flow among
individuals in different ways, potentially leading to
allopatric speciation. Morphological diversification
and population structuring due to a cessation or
reduction in gene flow could be the first steps towards

speciation (Wiens, 2004; Dutech et al., 2005). There is history componen.t (D'utech etal., 2005} Barria et al.,
2011) and quantitative shape analysis can help to

define intraspecific and interspecific variation (Giri &
*Correspondence: E-mail: fedegiri@gmail.com Collins, 2004; Marchiori et al., 2014; Karanovic et al.,
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2018). On the other hand, knowledge of intraspecific
molecular genealogies allows us to infer how
palaeoclimatic processes have affected the dynamics
of populations and to determine current genetic
structure (Avise, 2009). Additionally, molecular
markers are very useful in identifying cryptic species
(Xiao et al., 2010).

Geographical barriers have played a very important
role in the diversification of South American
freshwater fauna (Darwin, 1859). Despite the limited
ability of aeglids to move and migrate (Lépez, 1965;
Xu et al., 2009), their radiation and speciation
throughout the Cenozoic up to the present day are
evidence of successful adaptation and colonization
of freshwater habitats (Bueno et al., 2016). This has
resulted in a huge diversity of species (Moraes et al.,
2016); 82 species have been identified and many
others are under study (Santos et al., 2017). Aeglidae
freshwater crabs have characteristics that make
them of particular interest for evolutionary studies:
it is the only anomuran family entirely restricted to
freshwater environments, their taxonomic position
is disputed and many of their species are threatened
(Pérez-Losada et al., 2004; Tumini et al. 2019).

The genus Aegla provides a good model to apply
morphometric analysis because it has a well-
preserved morphology and the carapace can vary
both within and between species (Martin & Abele,
1988; Giri & Loy, 2008; Hepp et al., 2012). Several
studies have described the size and shape of these
organisms. Hepp et al. (2012) studied different
populations of A. plana and found that morphological
variation was related to environmental variables.
Fernandes & Bichuette (2013) found morphological
differences between A. schmitii individuals
inhabiting epigean streams and caves. Marchiori
et al. (2014) analysed populations of A. longirostri in
six rivers from southern Brazil and found significant
differences in carapace shape among all populations,
which could indicate the existence of cryptic species
or an incomplete process of speciation. Furthermore,
Giri & Loy (2008) studied A. neuquensis
and A. riolimayana populations and found sex and
interspecific differences, especially among lake
and river populations. Giri & Collins (2014) observed
a clinal pattern throughout the distribution of
A. uruguayana, which could be attributed to genetic
drift and geographical isolation of the basins in
which it is found, differences in environmental
characteristics, and the low dispersal ability of these
organisms. Phenotypic plasticity could also explain
the size and shape differences (Valladares et al.,
2006).

Molecular studies have also been carried out in
Aeglidaetobetterunderstand theirevolution.Pérez-
Losada et al. (2004) used multiple genes to study

the biogeography and phylogenetic relationships
within Aegla. Giri et al. (2014) also used molecular
markers (inter simple sequence repeats) to analyse
the genetic structure of A. uruguayana and found
that different populations, inhabiting different
sub-basins, have independent histories. The
eastern population presents a different genetic
structure from the western populations. Thus, the
geomorphological history of the La Plata Basin
provides evidence for the isolation or reduced gene
flow among these populations. Pérez-Losada et al.
(2011) compared phylogeographical patterns in
A. alacalufi and A. neuquensis from Patagonia and
found that their populations diverged differently
due to different isolation processes. Crivellaro
et al. (2018) carried out a molecular study to test
the monophyly of A. longirostri and observed the
presence of two major clades (North and South),
which, although geographically close, were
genetically very distinct from each other. However,
Zimmermann et al. (2018) did not find cryptic
species in A. platensis, a broadly distributed aeglid
with low genetic diversity.

Aegla singularis inhabits the streams of the
Uruguay and Parand River basins (Del Plata
River system) in Parana province, a Neotropical
region of South America. In the area of the species
distribution, the Paranda and Uruguay Rivers are
separated by a mountain chain, the Sierra Central
(Amsler, 2000), and the two rivers converge more
than 100 km downstream from the study site. The
populations ofthe two basins are thus geographically
isolated, given that there is little or no gene flow
among them. In this scenario, mechanisms such as
genetic drift and directional selection are expected
to be more pronounced, because populations are
subject to independent evolutionary mechanisms
that could increase phenotypic variation (Hoffmann
& Shirriffs, 2002; Wiens, 2004) due to the absence
or very low gene flow. Although A. singularis shows
a restricted distribution, its phylogeography and
evolution have not yet been studied. The presence
of a continuous mountain chain and the lack of
connectivity between the Uruguay and Parana
basins are potential barriers to gene flow and
could induce speciation. The aim of this work
was to evaluate the process of speciation driven
by geographical isolation as a main factor using
molecular and morphmetric data. The evidence
presented here could help to understand the
evolutionary processes in other aeglid species and
generally provide scenarios that explain the great
diversity seen within the genus the Aegla. It could also
provide a model to answer questions regarding other
freshwater decapods in which evolutionary processes
have not been sufficiently studied.
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SPECIATION IN AEGLA SINGULARIS 3

MATERIAL AND METHODS
SAMPLE COLLECTION

We collected 165 specimens of A. singularis (Parana:
58 females and 62 males; Uruguay: 19 females and
26 males) from 11 tributaries of the Parana and
Uruguay River basins located in Misiones province,
Argentina (Figure 1; Table 1). At the time of sampling,
the tributaries were shallow, with different degrees
of transparency and water velocity, and had little
submerged vegetation. The bed of the streams was
composed mainly of clay, rocks and sand. Specimens
were sampled in 2009, 2011 and 2016 and are now
housed in the collection of Macrocrustacean Laboratory
(INALI-CONICET-UNL). Before DNA extraction and
photography, the specimens were cryo-anaesthetized
(the temperature of the specimens were reduced in cold
water of 0 °C) until they no longer responded to stimuli.

GENETIC ANALYSES

Genomic DNA was extracted from gill and muscle
tissue of A. singularis specimens using an AccuPrep
Genomic DNA Extraction Kit. The extracted DNA
was used to amplify fragments of 500 bp of the
mitochondrial cytochrome oxidase subunit IT gene
(COII; Pérez-Losada et al., 2002) and a single-copy
nuclear intron (EFal; Xu et al., 2009). A total of 99
specimens of A. singularis were amplified, 54 for COII
and 41 for EFal. A sequence of the mitochondrial gene
COII from GenBank of a Brazilian specimen (Pérez-
Losada et al., 2004; accession code: AY595739.1 GI:
46989080) was also added to the analysis. PCRs were
performed using 1 U of Taq polymerase (Promega),
dNTPs (0.25 mM each), MgCl, (2.5 mM), 1x Taq buffer
(Promega), primers (0.48 mM each) and 1 pL of DNA
(50 ng) in a final volume of 25 puL. The amplification
conditions included an initial denaturation step
at 94 °C for 3 min, followed by 35 cycles of 1 min at
45 °C (COID)/49 °C (EFal) for annealing, and a final
extension step at 72 °C for 10 min. The amplicons
were sequenced by Macrogen Inc. (www.macrogen.
com) using Sanger sequencing and the same primers
as those used in the amplification reactions.

The DNA sequences were aligned using the
ClustalW algorithm (Li, 2003) implemented in the
MEGAT7 software (Kumar et al., 2016). The alignment
was performed using default settings and adjusted
by manual optimization when necessary. Genetic
diversity was assessed using the nucleotide diversity
() and haplotype diversity (k) estimators in DNASP
(Rozas et al., 2017). These estimators provide evidence
of demographic changes that have occurred within
populations (Avise, 2000). Analysis of molecular
variance (AMOVA) was carried out in Arlequin 3.5
(Excoffier, 2006).

PHYLOGEOGRAPHICAL ANALYSES

Evolutionary relationships among Aegla haplotype
variants were estimated using Bayesian phylogenetic
inference via the Network software (http:/www.
fluxus-engineering.com/), and haplotype networks
were calculated. Phylogenetic trees were then
constructed. The best-fit model of nucleotide
substitution was estimated using MrModelTest 2.2
(Nylander, 2004). The HKY+I model was chosen
for posterior phylogenetic inference in MrBayes
(Ronquist et al., 2003). We ran two analyses with four
chains, 1 000 000 initial generations of the Markov
chain Monte Carlo (MCMC) and 5 000 000 posterior
generations. A cluster analysis was constructed
using the ‘Bayesian approach to phylogeographic
clustering’ (BPEC) package (Manolopoulou et al.,
2016) implemented in the R package (R Development
Core Team, 2012) to test gene flow between
current populations and the most likely ancestral
geographical locations (parameters, ds = 0, maximum
number of migrations = 5 and 200 million iterations).

GEOMETRIC MORPHOMETRIC ANALYSES

The images used for geometric morphometric
analyses belong to the photograph database of the
Macrocrustacean Laboratory (INALI) and were
captured with a Sony Cyber-Shot DSC-W210 12.1-
Mp camera. Photographs were taken from the dorsal
part of the carapace at a distance of 30 cm from the
specimen. We only photographed adult specimens
(according to Viau et al., 2006) of A. singularis
(Table 1).

We identified 19 landmarks on the dorsal carapace
to use as a baseline configuration (Fig. 2). The
photographing and digitization of landmarks were
made via the software tpsDig2 v.2.30 (Rohlf, 2017).
The coordinates of the landmarks in the specimens
were superimposed on a common coordinate system
using Generalized Procrustes Analysis (GPA) to
remove translation, rotation and scale effects (Rohlf
& Slice, 1990). Errors in photographing and landmark
digitization were estimated through Procrustes
ANOVA with Morphod (Klingenberg, 2011). We also
evaluated sexual dimorphism using a leave-one-out
cross-validated method [based on linear discriminant
analysis (LDA)], to evaluate within-group differences
between males and females. Allometry, using lineal
regression between the two groups (Parana vs.
Uruguay basin populations), was performed to
evaluate the relationship among size and shape.
A multivariate analysis of covariance (MANCOVA)
was then used to test the slopes among groups using
TPSReg (v.1.45; Rohlf, 2017); if the interaction did
not show any statistically significant differences, we
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Figure 1. Sites sampled for Aegla singularis in the province of Misiones, Argentina. Stream references are shown in Table
1. ‘Brazil’ indicates the location of the Brazilian specimen available in GenBank.
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Landmark location Landmark number
Tip of the rostrum 1
Orbital sine 2and 19
Anterolateral spinal ends 3and 18
Union between the first and 4 and 17
second hepatic lobe
Union between the third and fourth 5and 16
hepatic lobe
Union between the epibranchial 6and 15
tooth and the linea aeglica lateralis
Posterior extreme of the 7 and 14
longitudinal dorsal line
Posterior and anterior extremes of 8and 13
the bar line
Cervical groove (gastric area) 9and 12
Areola center 10
Centre-posterior extremes of the 1
cephalothorax

Figure 2. Carapace in dorsal view. Landmarks configuration and description.

use the residuals of the regression, whereas if the
interaction was statistically significant the original
data were used. To evaluate size among specimens
of the two groups, ANOVAs were used. Principal
components analysis (PCA) was used to evaluate the
presence of patterns within groups fromn the two river
basins. A leave-one-out cross-validated methods (based
on LDA) with permutation test (10 000 permutations)
was performed in Morphod (Klingenberg, 2011).

RESULTS

GENETICS

A 493-bp fragment of the mitochondrial COII gene
was sequenced for 55 individuals. A total of 53
polymorphic sites were identified and 19 haplotypes
were defined based on these polymorphic sites. The
analysis of genetic diversity for all samples showed
high nucleotide diversity (s: 0.04109) and high
haplotype diversity (h: 0.834). A 250-bp fragment

of the EFal gene was sequenced for 45 individuals.
A total of 109 polymorphic sites were identified and 18
haplotypes were defined based on these polymorphic
sites. The analysis of genetic diversity for all samples
showed high nucleotide diversity (;t: 0.11684) and high
haplotype diversity (h: 0.820). F, values revealed
differences among river basins, both for EFal
(0.3251, P = 0.0001 + 0.0001) and for COII (0.9325,
P < 0.0001 + <0.0001).

PHYLOGEOGRAPHY

The COII phylogenetic tree separated individuals
from the two river basins into two distinct
haplogroups connected by a long tree branch. The
EFal tree depicted the same two haplogroups found
in the COII tree, but divergence between them was
lower and two individuals were not segregated
according to their river of origin. Haplotype networks
and phylogenetic trees are shown in Figure 3 for
COII and Figure 4 for EFoal.
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Figure 3. Bayesian phylogenetic analysis of COII haplotypes. Parana River (grey box) and Uruguay River specimens
(black box). Scale 0.005 changes.
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Figure 4. Bayesian phylogenetic analysis of EFal haplotypes. Parana River (grey box) and Uruguay River (black box)
specimens. The Uruguay Mar27 haplotype is depicted in the Parana basin, while the Parana haplotype Sha5 is depicted in

the Uruguay basin. Scale 0.04 changes.

Three more well-defined clusters were observed in
the BPEC analysis: one for the Parana River basin and
two for the Uruguay River basin. These three clusters
overlapped and fell in the middle of the two river
basins, indicating possible past gene flow between
them (Fig. 5).

GEOMETRIC MORPHOMETRICS

Photographing and digitization errors were
negligible. The discriminant analysis test for sexual
dimorphism did not reveal statistical differences
among individuals of either group (P > 0.05). Instead,
allometry was detected (predicted = 2.3861%,
P = 0.0001), but MANCOVA revealed that the
interaction was statistically significant, after which
we ran all analyses using non-corrected data. In this
way, regression evidence showed that Uruguay River
crabs were larger than the Parana River crabs (Fig. 6).
ANOVA on centroide size corroborated this (F = 83.67,

d.f. =1, P < 0.0001). The Parana basin populations
(predicted = 3.0586%, P = 0.0006) and Uruguay
basin populations (predicted = 4.0808%, P = 0.0586)
revealed, as shown above, different patterns of
allometry that indicate group divergence. Thereafter,
we performed analysis without allometry correction.
Shape differences were also found in the PCA (PC1,
PC2 and PC3 explained 23.11, 15.56 and 10.07% of
the variation in shape, respectively) among Parana
and Uruguay groups (Fig. 7). Different PCs revealed
patterns of shape variation supporting the separation
among groups; in PC1, specimens belonging to the
Parana and Uruguay populations showed virtually no
overlap (Fig. 7A). PC2 revealed that shape variance
observed in Parana specimens was larger than for
Uruguay specimens (Fig. 7B). PC3 showed differences
among the two groups, similar to those observed in
PC1, but with more overlap. Discriminant analysis of
the two river basin populations revealed statistically
significant differences (leave-one-out cross-validation:
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Figure 5. Cluster analysis map built by BPEC software using the COII gene region. Colours represent different clusters
and landmarks represent sampling sites. Stream references are given in Table 1.
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Figure 6. Allometry, and shape changes related to centroid size. Parana River (grey dots) and Uruguay River (black dots).
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Figure 7. Principal component analysis of shape
coordinates from dorsal carapace shape. A, PC1 and PC2; B,
PC1 and PC3. Parana River (grey dots) and Uruguay River
(black dots).

P < 0.0001, in both Procrustes = 0.0237 and
Mahalanobis distances = 4.009), based on LDA (Fig.
8). Classification/misclassification among two basins
groups was found: 114 (97.5%) in the Parana group
and six (2.5%) in the Uruguay group; 45 (100%)
specimens belonging to the Uruguay basin were well
classified. Aeglids from the Paran4 basin had a thinner
carapace and their abdomen and cephalothorax had
similar width. Rostrum spines were short and wide.
In the consensus of the aeglids from the Uruguay
River, the cephalothorax was wider than the rostrum
and abdomen. Rostrum spines were also longer, more
elongated and thinner (Fig. 9).

DISCUSSION

According to our assumptions (Wiens, 2004; Dutech
et al., 2005) and all the evidence presented in this
research, we conclude that the two group of aeglids
studied are in the process of speciation. Genetic,

phylogeographical and morphological evidence show
that the Uruguay and Parana basin groups present
different characteristics, but also that the pattern
of variations is different (e.g. nucleotide diversity,
haplotype diversity, phylogeographical clustering,
allometry and shape variation).

We have studied the speciation of A. singularis
in southern South America using molecular and
morphometric data. Our results indicate that
A. singularis populations from the Uruguay and Parana
River basins are diversifying due to geographical
isolation and consequent gene flow interruption.
Both mitochondrial (COII) and nuclear (EFal) genes
indicate that the Aegla populations can be subdivided
into two haplogroups, consistent with the study river
basins. We also found that body size and carapace
shape of A. singularis individuals differ significantly
(P < 0.05) between the Parana and Uruguay
populations. This suggests ongoing speciation between
populations of the two river basins due to geographical
isolation caused by the Sierra Central Mountains,
which pose a barrier to migration. The most likely
ancestral locations for A. singularis were the Coaty,
Isabel and Liso streams, all within the Parana River
basin. This is consistent with the fact that the Parana
was the first of the two rivers to originate in the La
Plata system (Soldano, 1947).

Previous work in other Aegla species found differences
in the morphology and genetic structure of populations.
Giri & Loy (2008) compared individuals of A. neuquensis
from lakes and rivers and discovered the presence
of two ecotypes associated with each environment.
Fernandes & Bichuette (2013) studied specimens of
A. schmitii from underground caves and surface rivers
and found morphological variations associated with
environmental conditions. Marchiori et al. (2014)
revealed morphometric differences in A. longirostri
populations correlated with geographical distance, thus
demonstrating the possible existence of cryptic species
and ongoing speciation. Subsequently, Crivellaro et al.
(2018) corroborated this result using mitochondrial and
nuclear molecular markers and showed that this species
has a polyphyletic origin. Giri et al. (2014) and Giri &
Collins (2014) found that in A. uruguayana, a broadly
distributed aeglid, morphological and genetic divergence
were related to geographical distance and that geo-
climatic processes (Gondwana separation, Andes uplift,
marine transgressions, and glaciations) occurring in
South Americn river basins could have led to population
isolation. Another study (Crivellaroet al.,2018) of a widely
distributed species, A. longirostri, from southern Brazil
using multiple loci showed high genetic differentiation
between populations across two geographically isolated
river basins and suggested the presence of cryptic species.
Xu et al. (2009) examined Pleistocene glacial impacts on
the phylogeographical pattern of A. alacalufi in Chilean
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Figure 8. Leave-one-out cross-validation (based on linear discriminant analysis) between the Parana River (grey bars) and

Uruguay River (black bars).

Figure 9. Shape differences between Parana River
(grey) and Uruguay River (black) specimens indicated by
discriminant function analysis.

Patagonia and found a deep phylogenetic structure in
populations on islands thtat were free of ice or at the edge
of ice but a shallow one in populations on the glaciated
continent as a consequence of glacial cycles. They also
suggested vicariance from drainage isolation as an
important mechanism for producing the differentiation
among the non-glaciated and glaciated populations. In
a study of the phylogeography of A. neuquensis (Barber
et al., 2012), samples from two rivers (Vaca and Telsen)
were morphologically similar to A. neuquensis although
molecular data indicated that they were more closely

related to other Aegla taxa. Interestingly, these rivers
are geographically isolated from other systems and
have not been connected to rivers that contain another
A. neuquensis. A recent study (Zimmermann et al.,
2018), however, found low genetic diversity in a widely
distributed species, A. platensis. They found evidence for
only two potentially unrecognized new species from 18
populations under study, although A. platensis seemed
to be polyphyletic. Similarly, Barria et al. (2011) found
no morphological differences between A. araucaniensis
populations from the rivers of the hydrographic system
of the Valdivia River, as these rivers are connected to
the main basin, thus facilitating gene flow between
populations. These results donot fit the phylogeographical
pattern seen in most other aeglids, suggesting that the
habitat, historical climatic and geological changes and
low dispersion capacity of these crabs may impact Aegla
differentiation and speciation differently.

In summary, our genetic, phylogeographical and
geometric morphometric analyses provide evidence
of the ongoing divergence of A. singularis populations
from the Uruguay and Parana Rivers due to restricted
gene flow, probably caused by the Sierra Central
Mountains barrier. Geographical isolation, which
restricted gene flow, is probably a recurrent starting
point for the speciation process in Aegla and the main
driver of its species diversity.
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