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Aylacostoma Spix, 1827, contains species that are the subject of focused conservation efforts under the auspices
of the ‘Aylacostoma Project’, the only ex situ conservation programme for freshwater gastropods in South America.
Two species from the High Paraná River (Argentina–Paraguay) are included in this programme (Aylacostoma chloroticum
Hylton Scott, 1954 and Aylacostoma brunneum Vogler & Peso, 2014), as their habitats have disappeared as a
consequence of the filling of the Yacyretá Reservoir in the 1990s. At present, A. chloroticum is restricted to only
one known wild population in a small and fragile habitat, and wild populations of A. brunneum are presumed to
have gone extinct. We used partial sequences of the cytochrome oxidase subunit I gene to provide the first
phylogeographical perspective on these species from a limited dataset containing representatives of several wild
populations that are successfully being bred in captivity. We found low genetic diversity and two haplotypes in
A. chloroticum, and absence of variation with one haplotype in A. brunneum. The reservoir’s entry zone was iden-
tified to be of great interest for conservation, and is where we suggest re-introductions and translocations should
be targeted, to preserve the future evolutionary potential of the extant diversity.
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INTRODUCTION

Non-marine molluscs represent an extremely diverse
group in terms of number of described species, com-
prising about 24 000 terrestrial and 4000 freshwater
recognized species (Strong et al., 2008). However, mol-

luscs have the highest number of documented extinc-
tions of any major taxonomic group (Lydeard et al., 2004;
Strong et al., 2008). To mitigate this biodiversity loss,
several conservation initiatives have been undertak-
en worldwide for highly imperilled molluscs such as
those of Pacific islands (e.g. Pearce-Kelly et al., 1997;
Holland & Hadfield, 2002; Hadfield, Holland & Olival,
2004).

South America is a diverse region that harbours a
rich and highly endemic molluscan fauna, with two
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hotspots of freshwater gastropod diversity (Quintana,
1982; Ramírez, Paredes & Arenas, 2003; Rumi et al.,
2006, 2008; Simone, 2006; Strong et al., 2008). None-
theless, many of these species face increasing threats
as the result of anthropogenic activities (Agudo-Padrón,
2011; Santos, Miyahira & Mansur, 2013). As for other
threatened South American invertebrates, conserva-
tion strategies are still virtually non-existent for almost
all imperilled molluscs in the region, which are un-
derrepresented on the IUCN Red List of Threatened
Species (Régnier, Fontaine & Bouchet, 2009).

To our knowledge, conservation strategies in South
America have been adopted only for the native par-
thenogenetic freshwater gastropod Aylacostoma
(Thiaridae) from the High Paraná River (Argentina–
Paraguay) in the context of a conservation breeding
programme, known as the ‘Aylacostoma Project’ (Vogler
et al., 2014). This ex situ programme was established
in the 1990s accompanying the initial filling stages of
the Yacyretá Reservoir (Argentina–Paraguay) which
flooded the area of the Yacyretá–Apipé rapids where
three Aylacostoma species had been recorded:
Aylacostoma guaraniticum (Hylton Scott, 1953),
Aylacostoma stigmaticum Hylton Scott, 1954
and Aylacostoma chloroticum Hylton Scott, 1954 (Peso,
Molina & Costigliolo Rojas, 2013a; Peso, Costigliolo Rojas
& Molina, 2013b; Vogler, 2012, 2013; Vogler et al., 2012,
2014). This conservation effort is being conducted by
the Universidad Nacional de Misiones (UNaM; Posadas,
Argentina), in conjunction with the Museo Argentino
de Ciencias Naturales (MACN; Buenos Aires, Argen-
tina), and is supported by the Entidad Binacional
Yacyretá (EBY; Argentina–Paraguay) (Vogler, 2013). At
present, only A. chloroticum and the recently de-
scribed Aylacostoma brunneum Vogler & Peso 2014 are
included in the programme (Fig. 1; Vogler et al., 2014).
The former species is restricted to only one known wild
population in a small and fragile habitat under
anthropogenic threat due to the construction of an ar-
tificial beach for human recreation (Fig. 2). Wild popu-
lations of A. brunneum are presumed to have gone
extinct after their habitats were flooded in 2011 during
the final filling stage of the reservoir (Vogler et al., 2014).
Re-introduction and translocation constitute two of the
priorities of the ‘Aylacostoma Project’ to preserve the
existing diversity and future evolutionary potential of
these species. However, the genetic composition and
past history of the captive populations included in the
programme remain unknown.

In the present study, we provide the first
phylogeographical perspective on A. chloroticum and
A. brunneum from a limited dataset containing rep-
resentatives of several wild populations that are suc-
cessfully being bred in captivity, to shed light on the
genetic composition of captive populations and their
past history. This information is crucial for making in-

formed management decisions regarding re-introduction
of captive-bred individuals and field translocations.

MATERIALS AND METHODS

The study was based on partial sequences of the
cytochrome c oxidase subunit I (COI) gene of
Aylacostoma specimens from the ongoing ex situ con-
servation programme at UNaM collected in the High
Paraná River between 1994 and 2011. This dataset was
made available by Vogler et al. (2014) when re-
describing A. chloroticum and describing A. brunneum
under the evolutionary genetic species concept. Ingroup
taxa included 37 A. chloroticum from six populations
spanning its known range in the High Paraná River,
and six A. brunneum from the only two known geo-
graphical records for the species. Outgroups included
Doryssa sp., Pachychilus laevissimus (Sowerby, 1825)
and Pachychilus nigratus (Poey, 1858). An overview of
the samples analysed is presented in Table 1.

Sequence alignment was performed with Clustal X
2.0.12 (Larkin et al., 2007) with manual corrections as

Figure 1. Living specimens of Aylacostoma born in cap-
tivity within the ex situ conservation programme. A,
Aylacostoma chloroticum (note the juvenile on the adult speci-
men). B, Aylacostoma brunneum.
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necessary. The sequences were translated into amino
acids to check for stop codons and frameshift muta-
tions in ORF Finder (http://www.ncbi.nlm.nih.gov/
projects/gorf/). Several methods were used to quantify
and understand the distribution of polymorphisms in
Aylacostoma species. The number of haplotypes (h),
number of segregating sites (S), as well as nucleotide
(π) and haplotype (Hd) diversities (Nei, 1987) were es-
timated using DnaSP 5.10 (Librado & Rozas, 2009).
Nucleotide composition of haplotypes was analysed in
BioEdit 7.0.9 (Hall, 1999). Genetic distances were ex-
plored in DAMBE 5.3.8 (Xia, 2013) by means of the
Jukes–Cantor (JC) and Kimura’s two-parameter (K2P)
substitution models. Tajima’s D (Tajima, 1989), Fu’s
FS (Fu, 1997) and R2 (Ramos-Onsins & Rozas, 2002)
tests were computed in DnaSP 5.10 to evaluate de-
viation of sequence variation from predictions of evo-
lutionary neutrality, and to explore possible demographic
forces that may have shaped existing genetic diver-
sity. Statistical significance of these tests was com-
puted through the number of segregating sites (S) and
5000 coalescent simulations. To assess the amount of
population genetic structure, an analysis of molecu-
lar variance (AMOVA) was carried out in Arlequin
3.5.1.3 (Excoffier & Lischer, 2010). Pairwise ΦST sta-
tistics were estimated to test for genetic differentia-
tion between populations. An AMOVA considering three
hierarchical levels (amongst regions ΦCT, amongst popu-
lations within regions ΦSC, and within populations ΦST)
was also performed using the main channel of the High
Paraná River as the regionalization criterion, pooling
the Argentinean and Paraguayan populations sepa-
rately. In all cases, significance of the obtained values
was evaluated using 16 000 random permutations (Guo
& Thompson, 1992). In addition, the null hypothesis
of no association between genetic and geographical dis-
tances was assessed by conducting a Mantel test
(Mantel, 1967) with 1000 random permutations in
Alleles in Space (Miller, 2005).

Maximum-likelihood (ML) was used for phylogenetic
inference in PhyML (Guindon & Gascuel, 2003) avail-
able via the Phylemon2 webserver (http://
phylemon.bioinfo.cipf.es; Sánchez et al., 2011). The
optimal model of nucleotide substitution (TIM3+I) was

Figure 2. Evolution of the old port of Candelaria city
(Misiones, Argentina; 27°26′50.96″S, 55°45′0.84″W). This is
the only location along the High Paraná River where a wild
population of Aylacostoma chloroticum is still known to occur
after completing the filling of the Yacyretá Reservoir in 2011.
Note the drastic modification of the environment between
2003 and November 2011, with the construction of an ar-
tificial beach for recreational use. The white arrow high-
lights the increase in water level between August and
December 2010.
◀
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evaluated with the likelihood-ratio test and selected
by means of the corrected Akaike information criteri-
on (AICc) in Jmodeltest 0.1.1 (Posada, 2008). Nodal
support values were calculated with 100 bootstrap rep-
licates (Felsenstein, 1985). A median joining network
was also constructed based on the number of nucleotide
substitutions between haplotypes using Network 4.6
(Bandelt, Forster & Röhl, 1999).

To estimate relative divergence times, molecular clock
analyses were conducted. The molecular clock hypoth-
esis was tested using Tajima’s non-parametric rela-
tive rate test (Tajima, 1993) in MEGA 5.05 (Tamura
et al., 2011), and by means of a likelihood-ratio test
on ML trees with and without enforcing a molecular
clock in PAUP*4.0b10 (Swofford, 2002), with the pa-
rameters from the best model for molecular evolu-
tion as identified by Jmodeltest 0.1.1. Divergence time
(T) between phylogeographical groups was estimated
following Brunhoff et al. (2003) and Vega et al. (2010)
as T = Da/2μ, where Da is the net nucleotide diver-
gence (Nei, 1987) and 2μ indicates the divergence rate.
Net divergence and standard errors (SE) were esti-
mated in MEGA 5.05 using the JC and K2P models
and 1000 bootstrap replicates. The 95% confidence in-
tervals (CI) for the divergence times were calculated

as ± 1.96 SE of the net distances (Brunhoff et al., 2003).
The mitochondrial invertebrate divergence rates of
1.22 ± 0.27% (JC) and 1.23 ± 0.26% (K2P) per Myr
(Wilke, Schultheiß & Albrecht, 2009) were used to obtain
age estimates. Additionally, estimates of divergence times
were carried out by means of Bayesian inference in
MrBayes 3.2 (Ronquist et al., 2012). Two runs were per-
formed simultaneously with four Markov chains for
2000 000 generations, with the first 20 000 genera-
tions discarded as burn-in, and assuming a diver-
gence rate of 1.76 ± 0.66% per Myr under the General
Time Reversible model with gamma-distributed rate
heterogeneity and invariant sites (GTR+I+G).

RESULTS

Partial COI sequences consisted of 658 bp for 43
Aylacostoma individuals from the High Paraná River
(A. chloroticum = 37; A. brunneum = 6). Two haplotypes
were identified in A. chloroticum (H1 and H2), which
differed from each other by one nucleotide. A single
haplotype was identified in A. brunneum (H3), differ-
ing in 28 and 29 nucleotides from H1 and H2, respec-
tively (Table 2). Base frequencies as well as AT and
GC content are shown in Table 3. Stop codons were

Table 1. Origin and year of sampling of Aylacostoma specimens included in the conservation programme taking place
at Universidad Nacional de Misiones from where the COI dataset studied was obtained; information on the three outgroup
species is also provided

Species Locality Coordinates Year N GenBank accession nos.

Aylacostoma chloroticum Apipé Rapids, AR 27°28′57.41″S
56°44′0.82″W

1994 5 JQ236687–JQ236690; JX244270

Posadas Port, AR 27°21′43.10″S
55°53′5.20″W

2006 3 JQ236698; JQ236699; JX203225

San José Lagoon, AR 27°22′11.40″S
55°52′49.64″W

2008 10 JQ236694–JQ236697;
JX203220–JX203224;
JX244272

San Juan St. (mouth), AR 27°25′0.95″S
55°42′46.88″W

2009 2 JQ236685–JQ236686

Candelaria, AR 27°26′50.96″S
55°45′0.84″W

2008 5 JF346878–JF346882

2011 5 JQ236681–JQ236684; JQ236691
Río Beach, PY 27°24′29.83″S

55°49′32.94″W
2007 7 JQ236692; JQ236693;

JX203217–JX203219;
JX203226; JX244271

Aylacostoma brunneum Ita Cuá, PY 27°24′42.13″S
55°48′45.69″W

2007 5 JQ236700–JQ236704

Río Beach, PY 27°24′29.83″S
55°49′32.94″W

2007 1 JQ236705

Doryssa sp.* Venezuela – 2010 1 JQ966087
Pachychilus laevissimus* Venezuela – 2010 1 JQ966088
Pachychilus nigratus* Cuba – 1997 1 JQ966089

COI, cytochrome oxidase subunit I; AR, Argentina; PY, Paraguay; N, number of specimens analysed from each locality.
*Outgroup species.
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absent, and an ORF = +2 was identified, represent-
ing 219 codons. The amino acid sequence was con-
served amongst haplotypes, indicating that the
polymorphic sites represent synonymous mutations;
third codon position substitutions were most common
(89.28%). Corrected sequence divergence amongst
haplotypes is presented in Table 4.

The results of the estimated molecular diversity and
neutrality tests are shown in Table 5. For A. chloroticum,
mean haplotype diversity (Hd) was 0.198 ± 0.08 and
mean nucleotide diversity (π) was 0.00030 ± 0.00012,
with most of the geographical populations lacking vari-
ation. No genetic diversity was detected in A. brunneum
(Hd = 0; π = 0). No statistically significant deviations
from neutrality were observed.

Owing to the absence of genetic variation in
A. brunneum, only A. chloroticum was considered further.
For this species, the metrics confirm what is intui-
tively clear given the low levels of genetic variability,
and the geographical distribution of the two haplotypes.
The ΦST value across all populations showed a
significant amount of genetic variation amongst the
six populations (ΦST = 0.49368, P < 0.01) indicating that
at least one of the populations presented significant
heterogeneity. The results of ΦST pairwise compari-
sons and hierarchical AMOVA are presented in
Tables 6 and 7, respectively. Genetic differentiation
amongst populations was not found to be correlated
with distance between populations (r = −0.1039,
P = 0.922).

The haplotype network illustrated that H1 was the
dominant haplotype in A. chloroticum, and that H2, ex-
clusive to Río Beach, is separated by a single muta-
tion from H1. The unique haplotype of A. brunneum
(H3) is separated by 28 mutations from H1 (Fig. 3). The
phylogenetic analysis confirmed the relationships ob-
tained in Vogler et al. (2014) and recovered
A. chloroticum and A. brunneum as sister groups; two
subgroups were recognized within A. chloroticum, one
containing individuals from all six geographical popu-
lations, and the other containing individuals exclu-
sively from Río Beach (Fig. 4).

Divergence between A. chloroticum and A. brunneum
is inferred to have occurred around 3.6 Mya (JC, K2P)
to 2 Mya (GTR+I + G), between the mid-Pliocene and
early Pleistocene. When taking into account the stand-
ard deviation of the substitution rates under the JC,
K2P and GTR+I+G models, the maximum time inter-
val for this divergence is estimated to be 6.34–0.61 Mya
(Fig. 5, Supporting Information, Tables S1 and S2).
Within A. chloroticum, haplotypes H1 and H2 are es-
timated to have split between 0.38 Mya (GTR+I+G) and
0.12 Mya (JC, K2P), during the late Pleistocene. The
maximum time interval inferred for this split is esti-
mated to be 0.84–0.0008 Mya (Fig. 5, Supporting In-
formation, Tables S1 and S3).T
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DISCUSSION
GENETIC DIVERSITY IN AYLACOSTOMA

The data obtained for the Aylacostoma species from
seven populations within their narrow ranges in the
High Paraná River demonstrated the existence of low
genetic diversity in A. chloroticum (Hd = 0.198,
π = 0.00003), and the absence of variation in
A. brunneum. As this is the first such study for the
genus Aylacostoma, comparisons with other conge-
ners are presently not possible. However, comparably
low levels of genetic diversity have been reported for
other members of three families of Caenogastropoda
where apomictic parthenogenesis is present as a re-
productive strategy: Hydrobiidae Troschel, 1857 [e.g.
Tryonia protea (Gould, 1855); Hershler, Liu & Mulvey,
1999], Thiaridae Gill, 1871 [e.g. Melanoides tuberculata
(Müller, 1774); Stoddart, 1983; Samadi et al., 1999] and
Viviparidae Gray, 1847 [e.g. Campeloma decisum (Say,
1817); Johnson, 1992].

The analysis of structure and spatial distribution of
genetic diversity in A. chloroticum showed uniform-
ity in the gene pools of five of the populations, with
the exclusive presence of H1. The exception was rep-
resented by the Paraguayan population of Río Beach,
with two haplotypes (H1, H2) and the greatest genetic
diversity (Hd = 0.571, π = 0.00087) among the sampled

populations. This pattern could be due to a range ex-
pansion of H1. Alternatively, the broad spatial distri-
bution of H1 could be the result of its parthenogenetic
reproductive strategy (Quintana & Mercado Laczkó,
1997). As stated by Wares & Turner (2003), mating
system has a profound effect on the distribution of
genetic diversity, and for parthenogenetic species is ex-
pected to result in genetic homogeneity resulting from
the persistence of a few clonal lineages. In the case
of A. brunneum, knowledge of the natural history is
even scarcer than in A. chloroticum, although parthe-
nogenesis is the most likely explanation.

By analysing the spatial distribution observed and
with support in differentiation values obtained in the
AMOVA, we suggest that the greatest genetic diver-
sity of the genus Aylacostoma in the High Paraná River
would fit to a longitudinal zonation model. Meichtry
de Zaburlín et al. (2010) recognize four zones for the
Yacyretá Reservoir, referred to as: 1, the entry zone,
river or lotic; 2, the transition zone, intermediate or
river–reservoir; 3, the reservoir zone or lacustrine; and
4, the subreservoirs or lateral arms. It was observed
that the greatest genetic diversity is allocated within
the entry zone, which also constitutes the eastern
boundary of the historical distribution of Aylacostoma
in the High Paraná River. This suggests that the genetic
diversity observed in this area is not accidental, but
as the area furthest from the Yacyretá dam, the entry
zone most resembles the natural conditions of the river
and has suffered only indirect changes resulting from
increases in water level (Peso, 2012). Several studies
on the spatial and temporal variation of planktonic and
benthic communities of the Yacyretá influence area
support this idea, and have shown that the attrib-
utes of the communities in the entry zone (e.g. species
richness, diversity, density) have remained more or less
stable since before the filling of the reservoir (Meichtry
de Zaburlín, 1999, 2012; Peso & Bechara, 1999; Meichtry
de Zaburlín et al., 2010; Peso, 2012).

PHYLOGEOGRAPHICAL PATTERNS AND HISTORY OF THE

HIGH PARANÁ RIVER

According to the divergence time estimates, the split
between A. chloroticum and A. brunneum probably

Table 3. Sequence composition for the COI haplotypes found in Aylacostoma specimens

A C G T AT content GC content

Aylacostoma chloroticum
H1 172 (26.14%) 119 (18.08%) 126 (19.15%) 241 (36.63%) 62.77% 37.23%
H2 173 (26.29%) 119 (18.08%) 125 (19%) 241 (36.63%) 62.92% 37.08%

Aylacostoma brunneum
H3 173 (26.29%) 124 (18.85%) 124 (18.85%) 237 (36.02%) 62.31% 37.69%

COI, cytochrome oxidase subunit I; H, haplotype.

Table 4. Corrected genetic distances amongst Aylacostoma
haplotypes under the Jukes–Cantor (below the diagonal)
and Kimura’s two-parameter (above the diagonal) substi-
tution models

Aylacostoma
chloroticum

Aylacostoma
brunneum

H1 H2 H3

Aylacostoma chloroticum
H1 – 0.001522 0.044278
H2 0.001521 – 0.045934

Aylacostoma brunneum
H3 0.043808 0.045421 –

H, haplotype.
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occurred roughly 3.6–2 Mya, placing the origin of the
divergence between the mid-Pliocene and early Pleis-
tocene. If we consider the maximum estimate for this
divergence, this origin would not be older than the late
Miocene. Similarly, the divergence between
A. chloroticum haplotypes H1 and H2 probably oc-
curred roughly 0.38–0.12 Mya in the late Pleisto-
cene, and not older than mid-Pleistocene, according to
the maximum estimate. Given that fossils of
Aylacostoma are known in South America since the
Palaeocene (Parodiz, 1969; Camacho & Del Río, 2008),
both species can be understood to be of relatively recent

origin. The mid-Pliocene to early Pleistocene diver-
gence between A. chloroticum and A. brunneum seems
consistent with the known geomorphological history
of the Paraná River during this time interval. The sedi-
ments of the Ituzaingó Formation, a unit that has been
dated as mid-Pliocene in age (Herbst, 2000; Popolizio,
2006), can be recognized from a few kilometres to the
east of the Argentinean city of Ituzaingó (27°36′S,
56°40′W), from where the Paraná River runs towards
the east and north encased in a basalt bed (known as
Alto Paraná Encajonado sensu Matteucci et al., 2004).
According to Herbst (2000), where the basalts are no

Table 5. Summary of genetic diversity and neutrality tests in Aylacostoma

N h Hd ± SD π ± SD S DT FS R2

Aylacostoma chloroticum 37 2 0.198 ± 0.08 0.00030 ± 0.00012 1 −0.25209* 0.2* 0.0991*
San Juan St., AR 2 1 0 0 0 NA NA NA
Candelaria, AR 10 1 0 0 0 NA NA NA
San José Lagoon, AR 10 1 0 0 0 NA NA NA
Posadas Port, AR 3 1 0 0 0 NA NA NA
Apipé Rapids, AR 5 1 0 0 0 NA NA NA
Río Beach, PY 7 2 0.571 ± 0.119 0.00087 ± 0.00018 1 1.34164* 0.856* 0.2857*

Aylacostoma brunneum 6 1 0 0 0 NA NA NA
Ita Cuá, PY 5 1 0 0 0 NA NA NA
Río Beach, PY 1 1 NA NA NA NA NA NA

AR, Argentina; PY, Paraguay; N, number of individuals; h, number of haplotypes; Hd, haplotype diversity; π, nucleotide
diversity; S, number of segregating sites; DT, Tajima’s D; FS, Fu’s FS; SD, standard deviation; NA, not applicable.
*Non-significant value.

Table 6. ΦST values amongst the six geographical populations of Aylacostoma chloroticum

San Juan St. Candelaria San José Lagoon Posadas Port Apipé Rapids

San Juan St., AR – – – – –
Candelaria, AR 0 – – – –
San José Lagoon, AR 0 0 – – –
Posadas Port, AR 0 0 0 – –
Apipé Rapids, AR 0 0 0 0 –
Río Beach, PY 0.25664 0.56656* 0.56656* 0.34375 0.43850

*P < 0.05; AR, Argentina; PY, Paraguay.

Table 7. Hierarchical analysis of molecular variance in Aylacostoma chloroticum using the main channel of the High
Paraná River as regionalization criterion

Source of variation % of variation Φ statistics P

Amongst regions 78.44 ΦCT = 0.7844 0.166
Amongst populations within regions −4.77* ΦSC = −0.2214* 1.000
Within populations 26.33 ΦST = 0.78441 0.006

Regions defined: Argentina (grouping together the San Juan St., Candelaria, San José Lagoon, Posadas Port and Apipé
Rapids populations), and Paraguay (Río Beach population).
*Negative values should be interpreted as zero (Tzeng, Yeh & Hui, 2004).
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longer exposed at surface, in the area of the now flooded
Yacyretá–Apipé rapids, the old Paraná River
(Paleoparaná) opened into numerous arms in a large
alluvial fan. Its waters would have been more or less
clear with a sandy bottom, and with emergent sand-
banks during drought, and with a diversity of envi-
ronments in the area (Herbst, 2000). In this scenario,
and bearing in mind that five Aylacostoma species have
been recorded from the Yacyretá–Apipé rapids (Hylton
Scott, 1953, 1954; Quintana & Mercado Laczkó, 1997),
two of which have never been formally described, it
is possible to hypothesize that speciation of the common
ancestor of A. chloroticum and A. brunneum may have
occurred through the colonization of transitional en-
vironments, as predicated by the model described above.
Additionally, a recent panbiogeographical analysis by
Arzamendia & Giraudo (2012) highlights that the con-
vergence of the High Paraná River and the Alto Paraná
Encajonado is located along a transition zone between
two biogeographical provinces (the Atlantic Forest and
Chaco), characterized by high species richness and taxo-
nomic elements of different origins. Thus, this area rep-
resents a biogeographical crossroads that reflects the
spatial and temporal interrelationships of different biotic
and geological components (Arzamendia & Giraudo,
2012). However, further palaeontological studies are
required to investigate the geological context of the di-
versification of Aylacostoma in this region.

The recent Pleistocene divergence between the
haplotypes of A. chloroticum would have occurred in
an ecological context very similar to that prior to the
damming of the Yacyretá Reservoir, characterized by

broad meanders enclosing several islands on a broad
floodplain (Neiff, 1986; Álvarez et al., 1995; Neiff et al.,
2000; Arzamendia & Giraudo, 2012).

A CONTRIBUTION TO THE CONSERVATION OF THE

AYLACOSTOMA SNAILS

One of the primary goals of conservation biology is to
ensure the maintenance of biodiversity, of which genetic
diversity is a fundamental component (DeSalle & Amato,
2004). An efficient conservation programme should
include unequivocal identification of management units
representing different evolutionary lineages, for which
genetic information provides an objective means to de-
termine conservation priorities (King & Burke, 1999;
DeSalle & Amato, 2004). In the present study we have
identified three evolutionary lineages among Aylacostoma
representatives from the High Paraná River. While
A. brunneum was only recently described (Vogler et al.,
2014), we suggest the two haplotypes found in
A. chloroticum deserve special attention as independ-
ent lineages. Although the geographical populations
where these haplotypes occur do not qualify under the
strictest definition of evolutionarily significant units
(ESUs; Ryder, 1986; Moritz, 1994; Ladle & Whittaker,
2011), we suggest that the two haplotypes of
A. chloroticum (H1 and H2) should be recognized as ESUs
in a broad sense. This proposition is based on the fact
that captive populations derived from single individ-
uals containing these haplotypes represent independ-
ent evolutionary histories reflecting the apomictic
parthenogenetic reproductive mode of the species. Al-

Figure 3. Median-joining network depicting all haplotypes found for the Aylacostoma specimens from the High Paraná
River included in the ex situ conservation programme. The size of circles is proportional to haplotype frequency. Muta-
tional steps separating haplotypes are indicated. For localities, see Table 1.
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though no morphological differentiation among the
haplotype lineages has been observed (Vogler et al.,
2014), the apparent persistence of these lineages since
the Pleistocene may be indicative of an incipient spe-
ciation event.

In this context, understanding the geographical dis-
tribution of genetic diversity in the High Paraná River
is vital for identifying and prioritizing areas for pro-
tection, so that the genetic representation of Aylacostoma
in nature can be maximized. Our analysis clearly shows
that the entry zone of the Yacyretá Reservoir, and par-
ticularly Río Beach, is an area of great interest in terms
of conservation. This is where A. brunneum was found,
and is where the two haplotypes of A. chloroticum con-
verge. Thus, this area deserves to be highlighted as
a key genetic resource for the ex situ conservation of
the group. It is important to emphasize that the filling
of the Yacyretá Reservoir was completed in 2011. Al-
though the entry zone was less impacted by the new
water levels, what little genetic variation has been de-

termined here for this area may have already been
lost. This highlights the urgent need to survey the area
and fully justifies the ex situ efforts to preserve the
available diversity of A. chloroticum and A. brunneum,
both of which deserve the highest priorities for
conservation.

Finally, by considering our results and taking into
account the ongoing efforts of the ‘Aylacostoma Project’
in which re-introduction of captive-bred individuals and
field translocations are being attempted, we suggest
that such actions should be made, whenever pos-
sible, in available areas of the entry zone, to pre-
serve as much as possible the future evolutionary
potential of the extant diversity.

ACKNOWLEDGEMENTS

We thank Conservation, Research and Education Op-
portunities International (CREOI) for partially funding

Figure 4. Maximum-likelihood tree of Aylacostoma specimens based on 658 nucleotides of the partial cytochrome oxidase
subunit I gene and the spatial distribution of geographical populations in the High Paraná River. Bootstrap values are
shown above and below the branches. Numbers within clades are GenBank accession numbers. References to localities
are given in Table 1.

PHYLOGEOGRAPHY OF AYLACOSTOMA SNAILS 495

© 2015 The Linnean Society of London, Zoological Journal of the Linnean Society, 2015, 174, 487–499

D
ow

nloaded from
 https://academ

ic.oup.com
/zoolinnean/article-abstract/174/3/487/2453126 by guest on 04 Septem

ber 2019



this study. We are especially grateful to María José
Molina for providing the pictures of living Aylacostoma
specimens.

REFERENCES

Agudo-Padrón AI. 2011. Threatened freshwater and terres-
trial molluscs (Mollusca, Gastropoda et Bivalvia) of Santa
Catarina State, Southern Brazil: check list and evaluation
of regional threats. Biodiversity Journal 2: 59–66.

Álvarez BB, Lions ML, Aguirre R, Céspedez J, Hernando
A. 1995. Herpetofauna del área de influencia del embalse
de la represa Yacyretá (Argentina-Paraguay). Facena 11: 57–
73.

Arzamendia V, Giraudo AR. 2012. A panbiogeographical model
to prioritize areas for conservation along large rivers. Di-
versity and Distributions 18: 168–179.

Bandelt HJ, Forster P, Röhl A. 1999. Median-joining net-
works for inferring intraspecific phylogenies. Molecular Biology
and Evolution 16: 37–48.

Brunhoff C, Galbreath KE, Fedorov VB, Cook JA, Jaarola
M. 2003. Holarctic phylogeography of the root vole (Microtus
oeconomus): implications for late Quaternary biogeography
of high latitudes. Molecular Ecology 12: 957–968.

Camacho HH, Del Río CJ. 2008. Gastropoda. In: Camacho
HH, Longobuco ML, eds. Los invertebrados fósiles. Tomo I.
Buenos Aires: Fundación de Historia Natural Félix de Azara,
Universidad Maimónides, Vazquez Mazzini Editores, 323–
376.

Figure 5. Divergence times for Aylacostoma from the High Paraná River. The nodes in the phylogram are presented
according to the mean value of oldest estimated age, assuming different divergence rates and substitution models. Di-
vergence between A. chloroticum and A. brunneum = 3.60 Mya (K2P); divergence within A. chloroticum = 0.38 Mya (GTR+I+G).
The bars around each node represent the minimum and maximum estimated age. Time scale adapted from the Inter-
national Chronostratigraphic Chart (International Commission on Stratigraphy, 2014).

496 R. E. VOGLER ET AL.

© 2015 The Linnean Society of London, Zoological Journal of the Linnean Society, 2015, 174, 487–499

D
ow

nloaded from
 https://academ

ic.oup.com
/zoolinnean/article-abstract/174/3/487/2453126 by guest on 04 Septem

ber 2019



DeSalle R, Amato G. 2004. The expansion of conservation
genetics. Nature Reviews Genetics 5: 702–712.

Excoffier L, Lischer HEL. 2010. Arlequin suite ver 3.5:
a new series of programs to perform population genetics
analyses under Linux and Windows. Molecular Ecology
Resources 10: 564–567.

Felsenstein J. 1985. Confidence limits on phylogenies: an ap-
proach using the bootstrap. Evolution 39: 783–791.

Fu YX. 1997. Statistical tests of neutrality of mutations against
population growth, hitchhiking and background selection. Ge-
netics 147: 915–925.

Guindon S, Gascuel O. 2003. A simple, fast, and accurate
algorithm to estimate large phylogenies by maximum like-
lihood. Systematic Biology 52: 696–704.

Guo SW, Thompson EA. 1992. Performing the exact test of
Hardy–Weinberg proportion for multiple alleles. Biometrics
48: 361–372.

Hadfield MG, Holland BS, Olival KJ. 2004. Contributions
of ex situ propagation and molecular genetics to conserva-
tion of Hawaiian tree snails. In: Gordon MS, Bartol SM, eds.
Experimental approaches to conservation biology. Berkeley:
University of California Press, 16–34.

Hall TA. 1999. BioEdit: a user-friendly biological sequence align-
ment editor and analysis program for Windows 95/98/NT.
Nucleic Acids Symposium Series 41: 95–98.

Herbst R. 2000. La Formación Ituzaingó (Plioceno). Estratigrafía
y distribución. Instituto Superior de Correlación Geológica,
Serie Correlación Geológica 14: 181–190.

Hershler R, Liu HP, Mulvey M. 1999. Phylogenetic rela-
tionships within the aquatic snail genus Tryonia: implica-
tions for biogeography of the North American Southwest.
Molecular Phylogenetics and Evolution 13: 377–391.

Holland BS, Hadfield MG. 2002. Islands within an island:
phylogeography and conservation genetics of the endan-
gered Hawaiian tree snail Achatinella mustelina. Molecu-
lar Ecology 11: 365–375.

Hylton Scott MI. 1953. El género Hemisinus (Melaniidae) en
la costa fluvial argentina (Mol. Prosobr.). Physis 20: 438–
443.

Hylton Scott MI. 1954. Dos nuevos melánidos del Alto Paraná
(Mol. Prosobr.). Neotropica 1: 45–48.

International Commission on Stratigraphy. 2014. Inter-
national chronostratigraphic chart v 2014/02. Available at:
http://www.stratigraphy.org/index.php/ics-chart-timescale (ac-
cessed October 2014).

Johnson SG. 1992. Spontaneous and hybrid origins of par-
thenogenesis in Campeloma decisum (freshwater prosobranch
snail). Heredity 68: 253–261.

King TL, Burke T. 1999. Special issue on gene conserva-
tion: identification and management of genetic diversity. Mo-
lecular Ecology 8: S1–S3.

Ladle RJ, Whittaker RJ. 2011. Conservation biogeography.
Chichester: John Wiley & Sons.

Larkin MA, Blackshields G, Brown NP, Chenna R,
McGettigan PA, McWilliam H, Valentin F, Wallace IM,
Wilm A, Lopez R, Thompson JD, Gibson TJ, Higgins
DG. 2007. Clustal W and Clustal X version 2.0. Bioinformatics
23: 2947–2948.

Librado P, Rozas J. 2009. DnaSP v5: a software for com-
prehensive analysis of DNA polymorphism data. Bioinformatics
25: 1451–1452.

Lydeard C, Cowie RH, Ponder WF, Bogan AE, Bouchet
P, Clark SA, Cummings KS, Frest TJ, Gargominy O,
Herbert DG, Hershler R, Perez KE, Roth B, Seddon M,
Strong EE, Thompson FG. 2004. The global decline of
nonmarine mollusks. BioScience 54: 321–330.

Mantel N. 1967. The detection of disease clustering and a gen-
eralized regression approach. Cancer Research 27: 209–
220.

Matteucci SD, Morello J, Rodríguez AF, Mendoza NE.
2004. El Alto Paraná Encajonado argentino-paraguayo:
mosaicos de paisaje y conservación regional. Buenos Aires:
Ediciones FADU-UNESCO.

Meichtry de Zaburlín N. 1999. La comunidad fitoplanctónica
durante las primeras etapas del llenado del embalse de
Yacyretá, Argentina. Revista de Ictiología 7: 15–26.

Meichtry de Zaburlín N, Peso JG, Garrido GG, Vogler
RE. 2010. Sucesión espacio–temporal del plancton y bentos
en periodos posteriores al llenado del Embalse Yacyretá (Río
Paraná, Argentina–Paraguay). Interciencia 35: 897–904.

Meichtry de Zaburlín NR. 2012. Estructura de la comunidad
fitoplanctónica. Embalse Yacyretá (Argentina – Paraguay).
Madrid: Editorial Académica Española.

Miller MP. 2005. Alleles in space (AIS): computer software
for the joint analysis of interindividual spatial and genetic
information. Journal of Heredity 96: 722–724.

Moritz C. 1994. Defining ‘evolutionarily significant units’ for
conservation. Trends in Ecology and Evolution 9: 373–375.

Nei M. 1987. Molecular evolutionary genetics. New York: Co-
lumbia University Press.

Neiff JJ. 1986. Las grandes unidades de vegetación y ambiente
insular del río Paraná en el tramo Candelaria – Itá Ibaté.
Revista de la Asociación de Ciencias Naturales del Litoral
17: 7–30.

Neiff JJ, Poi de Neiff ASG, Patiño CAE, Basterra de
Chiozzi I. 2000. Prediction of colonization by macrophytes
in the Yaciretá Reservoir of the Paraná River (Argentina and
Paraguay). Revista Brasileira de Biología 60: 615–626.

Parodiz JJ. 1969. The Tertiary non-marine Mollusca of South
America. Annals of Carnegie Museum 40: 1–242.

Pearce-Kelly P, Clarke D, Walker C, Atkin P. 1997. A con-
servation programme for the partulid tree snails of the Pacific
region. Memoirs of the Museum of Victoria 56: 431–433.

Peso J, Bechara JA. 1999. Estructura del zoobentos del
embalse de Yacyretá, Argentina en dos estaciones de muestreo
antes y después del llenado a cota 76 m.s.n.m. Revista de
Ictiología 7: 37–47.

Peso JG. 2012. Distribución espacio temporal del zoobentos
en el embalse de Yacyretá. Madrid: Editorial Académica
Española.

Peso JG, Costigliolo Rojas C, Molina MJ. 2013b. Aylacostoma
stigmaticum Hylton Scott, 1954: antecedentes de la especie.
Amici Molluscarum 21: 43–46.

Peso JG, Molina MJ, Costigliolo Rojas C. 2013a. Aylacostoma
guaraniticum (Hylton Scott, 1953): antecedentes de la especie.
Amici Molluscarum 21: 39–42.

PHYLOGEOGRAPHY OF AYLACOSTOMA SNAILS 497

© 2015 The Linnean Society of London, Zoological Journal of the Linnean Society, 2015, 174, 487–499

D
ow

nloaded from
 https://academ

ic.oup.com
/zoolinnean/article-abstract/174/3/487/2453126 by guest on 04 Septem

ber 2019

http://www.stratigraphy.org/index.php/ics-chart-timescale


Popolizio E. 2006. El Paraná, un río y su historia
geomorfológica. Revista Geográfica 140: 79–90.

Posada D. 2008. jModelTest: phylogenetic model averaging.
Molecular Biology and Evolution 25: 1253–1256.

Quintana MG. 1982. Catálogo preliminar de la malacofauna
del Paraguay. Revista del Museo Argentino de Ciencias
Naturales Bernardino Rivadavia 11: 61–158.

Quintana MG, Mercado Laczkó AC. 1997. Caracoles de los
rápidos en Yacyretá. Ciencia Hoy 7: 22–31.

Ramírez R, Paredes C, Arenas J. 2003. Moluscos del Perú.
Revista de Biología Tropical 51 (Suppl 3): 225–284.

Ramos-Onsins SE, Rozas J. 2002. Statistical properties of
new neutrality tests against population growth. Molecular
Biology and Evolution 19: 2092–2100.

Régnier C, Fontaine B, Bouchet P. 2009. Not knowing, not
recording, not listing: numerous unnoticed mollusk extinc-
tions. Conservation Biology 23: 1214–1221.

Ronquist F, Teslenko M, van der Mark P, Ayres DL,
Darling A, Höhna S, Larget B, Liu L, Suchard MA,
Huelsenbeck JP. 2012. MrBayes 3.2: efficient bayesian
phylogenetic inference and model choice across a large model
space. Systematic Biology 61: 539–542.

Rumi A, Gutiérrez Gregoric DE, Núñez V, César II, Roche
MA, Tassara MP, Martín SM, López Armengol MF. 2006.
Freshwater Gastropoda from Argentina: species richness, dis-
tribution patterns, and an evaluation of endangered species.
Malacologia 49: 189–208.

Rumi A, Gutiérrez Gregoric DE, Núñez V, Darrigran GA.
2008. Malacología Latinoamericana. Moluscos de agua dulce
de Argentina. Revista de Biología Tropical 56: 77–111.

Ryder OA. 1986. Species conservation and systematics: the
dilemma of subspecies. Trends in Ecology and Evolution 1:
9–10.

Samadi S, Mavárez J, Pointier JP, Delay B, Jarne P. 1999.
Microsatellite and morphological analysis of population struc-
ture in the parthenogenetic freshwater snail Melanoides
tuberculata: insights into the creation of clonal variability.
Molecular Ecology 8: 1141–1153.

Sánchez R, Serra F, Tárraga J, Medina I, Carbonell J,
Pulido L, De María A, Capella-Gutíerrez S, Huerta-
Cepas J, Gabaldón T, Dopazo J, Dopazo H. 2011.
Phylemon 2.0: a suite of web-tools for molecular evolution,
phylogenetics, phylogenomics and hypotheses testing. Nucleic
Acids Research 39: W470–W474.

Santos SB, Miyahira IG, Mansur MCD. 2013. Freshwater
and terrestrial molluscs in Brasil: current status of knowl-
edge and conservation. Tentacle 21: 40–42.

Simone LRL. 2006. Land and freshwater molluscs of Brazil.
São Paulo: EGB, Fapesp.

Stoddart JA. 1983. The accumulation of genetic variation in
a parthenogenetic snail. Evolution 37: 546–554.

Strong EE, Gargominy O, Ponder WF, Bouchet P. 2008.
Global diversity of gastropods (Gastropoda; Mollusca) in fresh-
water. Hydrobiologia 595: 149–166.

Swofford DL. 2002. PAUP* phylogenetic analysis using par-
simony (*and other methods). Version 4. Sunderland, MA:
Sinauer Associates.

Tajima F. 1989. Statistical method for testing the neutral mu-
tation hypothesis by DNA polymorphism. Genetics 123: 585–
595.

Tajima F. 1993. Simple methods for testing the molecular evo-
lutionary clock hypothesis. Genetics 135: 599–607.

Tamura K, Peterson D, Peterson N, Stecher G, Nei M,
Kumar S. 2011. MEGA5: molecular evolutionary genetics
analysis using maximum likelihood, evolutionary distance,
and maximum parsimony methods. Molecular Biology and
Evolution 28: 2731–2739.

Tzeng TD, Yeh SY, Hui CF. 2004. Population genetic struc-
ture of the kuruma prawn (Penaeus japonicus) in East Asia
inferred from mitochondrial DNA sequences. ICES Journal
of Marine Science 61: 913–920.

Vega R, Amori G, Aloise G, Cellini S, Loy A, Searle JB.
2010. Genetic and morphological variation in a Mediterra-
nean glacial refugium: evidence from Italian pygmy shrews,
Sorex minutus (Mammalia: Soricomorpha). Biological Journal
of the Linnean Society 100: 774–787.

Vogler RE. 2012. Aylacostoma chloroticum Hylton Scott, 1954:
antecedentes de la especie. Amici Molluscarum 20: 43–46.

Vogler RE. 2013. The radula of the extinct freshwater snail
Aylacostoma stigmaticum (Caenogastropoda: Thiaridae) from
Argentina and Paraguay. Malacologia 56: 329–332.

Vogler RE, Beltramino AA, Gutiérrez Gregoric DE, Peso
JG, Griffin M, Rumi A. 2012. Threatened Neotropical
mollusks: analysis of shape differences in three endemic snails
from High Paraná River by geometric morphometrics. Revista
Mexicana de Biodiversidad 83: 1045–1052.

Vogler RE, Beltramino AA, Peso JG, Rumi A. 2014. Threat-
ened gastropods under the evolutionary genetic species concept:
redescription and new species of the genus Aylacostoma
(Gastropoda: Thiaridae) from High Paraná River (Argentina-
Paraguay). Zoological Journal of the Linnean Society 172:
501–520.

Wares JP, Turner TF. 2003. Phylogeography and diversifi-
cation in aquatic mollusks. In: Lydeard C, Lindberg DR, eds.
Molecular systematics and phylogeography of mollusks. Wash-
ington: Smithsonian Books, 229–269.

Wilke T, Schultheiß R, Albrecht C. 2009. As time goes by:
a simple fool’s guide to molecular clock approaches in in-
vertebrates. American Malacological Bulletin 27: 25–45.

Xia X. 2013. DAMBE5: a comprehensive software package for
data analysis in molecular biology and evolution. Molecu-
lar Biology and Evolution 30: 1720–1728.

498 R. E. VOGLER ET AL.

© 2015 The Linnean Society of London, Zoological Journal of the Linnean Society, 2015, 174, 487–499

D
ow

nloaded from
 https://academ

ic.oup.com
/zoolinnean/article-abstract/174/3/487/2453126 by guest on 04 Septem

ber 2019



SUPPORTING INFORMATION

Additional Supporting Information may be found in the online version of this article at the publisher’s web-site:

Table S1. Bayesian estimation of divergence times between A. chloroticum and A. brunneum, and between
A. chloroticum lineages by applying the mitochondrial invertebrate clock from Wilke et al. (2009) of 1.76 ± 0.66
Myr under the GTR+I+G evolution model.
Table S2. Estimation of divergence times between A. chloroticum and A. brunneum, by applying the mitochondrial
invertebrate clock from Wilke et al. (2009) under the JC and K2P evolution models.
Table S3. Estimation of divergence times between A. chloroticum lineages by applying the mitochondrial in-
vertebrate clock from Wilke et al. (2009) under the JC and K2P evolution models.
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