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ABSTRACT. The aim of the present study was to investigate the
reproductive behavior of the giant Amazon River turtle (Podocnemis
expansa) in the Amazon. This was carried out by estimating the degree of
polymorphism in five DNA microsatellites in a sample of 359 hatchlings
from 12 nests in the Mamiraua Sustainable Development Reserve
in the municipality of Tefé, state of Amazonas, Brazil. An analysis of
allele frequency and variation in the five microsatellite loci allowed for
determination of multiple paternity in all nests sampled. Contributions of
at least four male turtles to one nest, three male turtles to six nests, and two
male turtles to five nests were identified. Knowledge on the reproductive
behavior of P. expansa can assist in the establishment of management
and conservation strategies for the population in the Mamiraua Reserve.
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INTRODUCTION

Multiple paternity stemming from polyandrous behavior has been described for
different species, such as the Galapagos hawk (Buteo galapagoensis) (Bollmer et al.,
1999), the guppy (Poecilia reticulata) (Evans and Magurran, 2000), and river turtles of the
genus Podocnemis (Valenzuela, 2000; Pearse et al., 2006; Fantin et al., 2010). According
to Alcock (2011), because more than one male turtle contributes sperm, this behavior offers
indirect benefits to female turtles, such as a reduction in the risk of some eggs not becoming
fertilized. Promiscuity also enables female turtles to aggregate genes of better quality, with
the greater genetic variability improving the viability of the offspring. Compared to single
paternity, multiple paternity in some species has important consequences for the increase
in the effective population size, which is especially important for endangered species
(Lotterhos, 2011).

Two genetic factors are fundamental to a population at risk of extinction. First, gene
flow within a population facilitates the dissemination of new alleles obtained through genetic
mutations. This enhances the genetic variability and consequently increases the viability in
the face of environmental adversity, with improved performance under the pressures of
natural selection (Frankham et al., 2010). Second, female turtle mating behavior affects the
variability of the offspring, especially when polyandry is combined with multiple paternity
(Davy et al., 2011). Together with the ability to store sperm, polyandry allows the genetic
variability of the descendants to be temporarily independent of the availability of male
turtles. Therefore, polyandrous behavior may be an important reproductive behavior to
maximize the genetic diversity of the offspring of long-lived organisms with relatively low
fecundity (Davy et al., 2011).

Studies on polyandrous behavior, as described for Podocnemis expansa, report genetic
benefits. Together with multiple paternity, this practice increases the genetic variability of
the offspring and diminishes the occurrence of inbreeding, which helps restore declining
populations (Valenzuela, 2000; Pearse and Avise, 2001). In addition to Podocnemis unifilis and
Podocnemis sextuberculata (Fachin-Teran et al., 2000), Podocnemis expansa is categorized
on the red list of the International Union for Conservation of Nature (IUCN, 2013) as low
risk/dependent on conservation. It is being used for its meat, viscera, and eggs as food sources
by local communities and can therefore benefit from the occurrence of multiple paternity in
populations with a declining number of individuals.

The population of Podocnemis expansa in the Mamiraua Sustainable Development
Reserve in the Brazilian Amazon has undergone a considerable reduction and is practically
extinct owing to the high rates of predation in past centuries (Fachin-Teran, 2005). To assist
in the conservation of chelonians, the reserve counts on the participation of the surrounding
community to protect nesting areas and impede predation by humans and other animals,
such as jaguars (Fachin-Teran, 2005; Camillo et al., 2012). However, the current number of
spawning female turtles is low, with only 4-12 female turtles laying eggs (Fachin-Teran, 2005).
An increase in this number will only be observable after decades of conservation methods
(Fachin-Teran, 2005). The Mamiraua Reserve currently has 14 Podocnemis expansa nests on
Horizonte Beach, with the hatching of an average of 105 eggs (Fachin-Teran, 2005; Camillo
et al., 2012). The aim of the present study was to detect polyandrous behavior in female
Podocnemis expansa found in the Mamiraua Reserve, where the species is practically extinct
owing to excessive predation by the local community.
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MATERIAL AND METHODS
Collection of material

The samples were collected in Mamiraud Sustainable Development Reserve is located
in the western Brazilian Amazon between the Japura, Solimdes, and Auti-Parana Rivers
near the municipality of Tefé in the state of Amazonas, Brasil. The reserve is approximately
1,124,000 ha and is entirely situated on floodplains (Fachin-Teran et al., 2003).

Blood samples were taken from 368 individuals: 359 hatchlings from 12 nests and 9
female turtles. Each female turtle pertained to one of nine P. expansa nests randomly distributed
along the banks of the Solimdes River in the Mamiraud Reserve. The nests contained an
average of 90 hatchlings, but blood samples were taken from 29 to 30 hatchlings per nest: N1
=30,N2=30,N3=30,N4=29,N5=30,N6=30,N7=30,N8=30,N9=30,N10=30,N11
=30, and N12 = 30. The femoral vein was punctured with a 1-mL syringe for the collection of
100 uL blood, which was placed in 2-mL microtubes containing 500 pL absolute ethanol and
stored at 4°C. The hatchlings were then released at the site of origin.

DNA extraction

Genomic DNA was extracted using cetyltrimethylammonium bromide (Doyle and Doyle,
1987), which is adequate for nucleated blood cells and the procedure comprises four steps: cell
breakage and removal of proteins/RNA, separation of nucleic acids, precipitation, and hydration of
the precipitate. Extraction efficacy and DNA concentration were verified using electrophoresis on
1% agarose gel. For the gel electrophoresis, 2 puL extracted DNA were used with 2 pL. GelRed™
stain. After the run, the gel was viewed using an ultraviolet light video data system.

In vitro amplification

Following extraction, the DNA was subjected to polymerase chain reaction (PCR) by
using the cost-effective protocol described by Schuelke (2000). Three primers were used: a
specific forward primer sequence with the M 13 tail (-21) at the 5’ extremity, a specific reverse
primer, and a universal M13 sequence (-21) that contained a fluorescent tag (TET or FAM).

The thermal cycling was divided into two steps. First, the forward primer with the M13
(-21) sequence was incorporated into the PCR product. Next, when the forward primer was
completely used, the annealing temperature was reduced to allow the annealing of the universal
M13 primer (-21) to complement the M13 tail of the forward primer in order to be incorporated
into the PCR product with fluorescence. Thus, the amount of forward primer was less than the
amount of reverse primer. PCR was performed in a 0.2-mL tube adjusted for a final reaction
volume of 13.5 pL containing 4.6 uL. Milli-Q water, 1.5 uL. MgCl, (25 mM), 1.5 pL ANTP mix
(2.5 mM), 1.5 pL Tris-HCI (2 mM), 0.75 pL M13 forward primer (2 pM/uL), 0.75 pL M13
primer, 1.5 pL reverse primer (2 pM/uL), 0.4 uL Taq polymerase (1 U/uL), and 1.0 pL DNA.

The following were the thermal cycling conditions: an initial denaturing temperature
0f 94°C for 2 min; followed by 25 cycles at 94°C for 50 s, 50°-64°C (depending on the specific
annealing temperature of each primer) for 50 s, and 72°C for 1 min; followed by 20 cycles
at 94°C for 40 s, 53°C for 35 s, and 72°C for 40 s for annealing of the M 13 primer; and final
extension at 72°C for 20 min.
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Five microsatellite loci were used for DNA amplification: one described by Sites et
al. (1999), two described by Valenzuela (2000) developed for Podocnemis expansa, as well as
two described by Fantin et al. (2007) developed for Podocnemis unifilis (Table 1).

Table 1. Microsatellite loci used for used for analyses of Podocnemis expansa.

Locus Repetition Size (bp) Annealing temperature (°C) | Reference

Pod 91 Go(GT)17(GA)s 197-247 55 Sites et al. (1999)
PE 344 (AG)13 248-298 50 Valenzuela (2000)
PE 519 (CT)7(CA)18(CG)A(CA)s 371-455 56 Valenzuela (2000)
Puni_1D12 (GA)1o 238-292 55 Fantin et al. (2007)
Puni_IE1 (CT)ott(CT)7 261-301 64 Fantin et al. (2007)

The amplified product was subjected to electrophoresis on 1% agarose gel in order to
determine efficiency of the product. In this procedure, 2 pL PCR product were used, to which
2 uL GelRed™ and a molecular marker of known weight (100 bp) were added for subsequent
comparison and the estimation of the concentration of DNA. At the end of the run, the gel was
viewed with the aid of an ultraviolet light video data system.

Genotype analysis

The PCR products were diluted at a proportion of 1:100 and the ROX pUC-19 size
marker (90, 105, 131, 151, 182, 201, 254, 306, 337, 362, 425, 486, 509, and 560), which
was modified from that described by DeWoody et al. (2004), was added. Genotyping was
performed in an ABI 3130xI automatic DNA sequencer.

The analysis of alleles for each locus was performed using the GeneMarker v. 2.2.0
program, to identify the genotype of each locus for all individuals sampled. A matrix was then
created with information on the genotypes for the statistical analysis of the individuals.

Data analysis

Probabilities of identity (PI) and exclusion (PE) were calculated for each nest using the
GenAlEx 6.501 program (Peakall and Smouse, 2012). For this, an analysis of the frequency of
each locus was required, which was determined using the Arlequin 3.5.1.3 program (Excoffier
and Lischer, 2010). PI and PE range from 0 to 1 and indicate the extent to which a locus is
informative. PI values closer to 0 and PE values closer to 1 indicate a more informative locus.

The simple allele count method (Myers and Zamudio, 2004) was used for the paternity
analysis, which presupposes Mendelian distribution of the alleles in a brood. In this method,
the presence of five alleles per locus among the hatchlings in each nest is considered indicative
of multiple paternity when no maternal allele is known (two maternal alleles, two alleles from
one male turtle, and one from another male turtle). The analysis of paternity was also based
on the inference of maternal genotypes, which were identified by the presence of hatchlings
per nest that were homozygous for one or more loci. A maternal allele can be inferred when
a hatchling is homozygous for a given locus (AA) and the complete maternal genotype can
be inferred when the hatchling is homozygous for two different alleles (AA and BB; maternal
genotype: AB). When a maternal allele can be inferred, multiple paternity is estimated for a
nest if the analysis of a locus indicates four alleles. If two maternal alleles can be detected, the
presence of three alleles in the locus analyzed indicates multiple paternity in the nest.
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Other genotype analyses were also used. The Kinalyzer program (Berger-Wolf et al.,
2007; Ashley et al., 2009) was used to estimate relationships between true and half siblings in
the same brood, as well as to attribute paternity and infer the mating system (polygamous or
monogamous) with no knowledge of the maternal genotype. This program uses combinatory
optimization based on the rules of Mendelian inheritance to find the smallest number of sibling
groups that contain all individuals. The GERUD 2.0 program (Jones, 2005) was used to confirm
the maternal genotype of the nests. This program reconstructs the parental genotypes and
allows the identification of the minimum number of male contributors based on the genotypes
of the offspring.

Excess homozygotes lead to a deviation of the population from the Hardy-Weinberg
equilibrium. However, homozygosity may be apparent when an allele is not detected for some
reason. This apparent homozygosis may occur owing to null alleles or non-amplified alleles.
For microsatellites, null alleles are the result of degradation, low DNA concentrations, or a
mutation in the flanking regions, which impede the recognition and annealing of the primers.
The analysis of the occurrence of null alleles was performed with the aid of the Micro-Checker
2.2.3 program (Oosterhout et al., 2004), which consists of an application developed to seek
null alleles, stutter bands, and drop-out alleles that occur during the PCR process and can
affect the microsatellite analysis.

RESULTS

Atotal of 359 hatchlings and 9 female turtles from 12 Podocnemis expansa nests were
genotyped based on five microsatellite loci. The number of alleles per locus ranged from 21 to
37. Observed heterozygosis ranged from 0.3152 (Pod 91) to 0.9599 (Puni_1D12) (Table 2).
Observed heterozygosis in the combination of all loci was 99.99%, indicating a high degree
of sensitivity of the five loci analyzed regarding the detection of multiple paternity in this
species. PI and PE values ranged from 0.0291 (Pe 344) to 0.0773 (Pod_91) and from 0.9445
(Puni_1E1) to 0.9731 (Pod_91), respectively (Table 2).

Table 2. Number of alleles (V,), observed heterozygosis (H,,), expected heterozygosis (H,), probability of
identification (PI), and probability of exclusion of paternity (PE) for five microsatellite loci used in an analysis
of multiple paternity in Podocnemis expansa.

Locus Na Ho He PI PE Reference

Pod 91 26 0.3152 0.9399 0.0773 0.9731 Sites et al. (1999)
Pe 344 25 0.7951 0.9304 0.0291 0.9654 Valenzuela (2000)
Pe 519 37 0.3921 0.9340 0.0469 0.9699 Valenzuela (2000)
Puni_1D12 25 0.9599 0.9194 0.0376 0.9524 Fantin et al. (2007)
Puni_IE1 21 0.5274 0.9068 0.0413 0.9445 Fantin et al. (2007)
Mean 26.8 0.5979 0.9261 *1.09E-07 *0.9999

*Probability of identity and exclusion of paternity of combined loci.

The simple allele counts per locus indicated multiple paternity in all nests except N1,
in which locus Pod 91 only had four alleles (Table 3). Known maternal genotypes in nests
from which samples from female turtles were taken and inferred maternal genotypes based on
homozygous hatchlings showed multiple paternity, with the contribution of at least two male
turtles to each brood.
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Table 3. Number of alleles per locus in 12 analyzed nests; minimum inference of fathers based on number
of alleles per locus; minimum number of sibling groups estimated using Kinalyzer; and minimum number of
fathers inferred using GERUD 2.0.

Nest Locus Minimum inference of fathers Kinalyzer GERUD 2.0
Pod 91 Pe 344 Pe 519 Puni_1D12 | Puni_lEI
NI* 4 13 16 15 10 1 15 2
N2* 8 16 13 16 7 3 13 3
N3* 12 10 13 17 9 4 14 3
N4* 9 17 11 15 13 4 14 2
N5* 9 18 10 12 13 4 14 3
N6* 10 9 7 10 12 3 13 3
N7* 10 12 11 11 12 4 14 2
Ng* 8 12 23 8 6 2 14 4
N9* 13 14 8 8 14 3 13 2
NI10 15 13 8 9 8 3 12 2
Ni11 8 6 14 5 11 2 12 3
Ni12 10 13 10 10 13 4 13 3

*Nest with known maternal genotype.

The formation of sibling groups through optimization performed using Kinalyzer
indicated the occurrence of 12 (N10 and NI11), 13 (N2, N6, N9, and N12), 14 (N3, N4,
N5, N7, and N8), and 15 (N1) groups, based on the combined analysis of all loci (Table 3).
Moreover, GERUD 2.0 enables the simulation of maternal and paternal genotypes for each
brood. A comparison between the simulated maternal genotypes and the genotypes of the
analyzed female turtles showed the same pattern for all loci except two female turtles that
were homozygous for some loci. The simulation of paternal genotypes enabled estimating the
minimum number of male contributors to each brood, indicating a minimum of two (N1, N4,
N7, N9, and N10), three (N2, N3, N5, N6, N11, and N12), and four (N8) fathers (Table 3).

The analysis of null alleles in the genotypes, performed using Micro-Checker 2.2.3,
showed significant frequencies in all loci. However, only Pod 91 showed significant null
allele frequencies in all nests, whereas Pe 519 and Puni_1E1 showed significant null allele
frequencies in all but one nest each (N2 and N4, respectively). Pe 344 exhibited significant
null frequencies in three nests (N1, N7, and N11) and Puni_1D12 exhibited a significant null
frequency in only one nest (N2) (Table 4). The presence of null alleles stemming from a
mutation in the annealing region of the primers impedes the amplification of the allele. Thus,
a homozygote result represents the amplification of only one allele.

Table 4. Frequency of null alleles in nest analysis of loci Pod 91, Pe 344, Pe 519, Puni 1El, and Puni_1D12,
generated using Micro-Checker program; (-) = absence of significant frequency of null alleles.

Nest Locus

Pod 91 Pe 344 Pe 519 Puni_ID12 Puni_IEL
N1 0.3459 0.2743 0.1618 - 0.2282
N2 0.4703 - - 0.0988 0.1567
N3 0.3568 - 0.2091 - 0.0936
N4 0.4492 - 0.2355 - -
NS5 0.2934 - 0.2040 - 0.1008
N6 0.3755 - 0.4760 - 0.3787
N7 0.1808 0.1255 0.2132 - 0.0888
N8 0.1391 - 0.0957 - 0.3734
N9 0.3091 - 0.4290 - 0.3146
N10 0.1660 - 0.4514 - 0.0978
N11 0.2039 0.1795 0.2019 - 0.2526
N12 0.2041 - 0.4729 - 0.1039
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DISCUSSION

The five loci used for the paternity analysis of Podocnemis expansa showed satisfactory
polymorphic patterns in the loci specifically developed for this species (Pod 91, Pe 344,
and Pe 519), as well as in those initially developed for Podocnemis unifilis (Puni_1D12 and
Puni_1E1). The high degree of polymorphism in these loci is of extreme importance, as the
information contained in each locus, which directly depends on the number of alleles and
distribution of allelic frequencies, potentiates the sensitivity of the paternity assessment (Wenk
et al., 2005).

The efficacy of the paternity analysis does not depend on the number of loci used, but
rather on their informative power, which is evidenced by the PI and PE of paternity (Curi and
Lopes, 2001). In the present study, the five analyzed loci had satisfactory PI (0.0073 to 0.0158)
and PE (0.9445 to 0.9731) indices. A low PI and a high PE of paternity indicate considerable
informative value of these loci. Pearse et al. (2006) also analyzed multiple paternity in
Podocnemis expansa and found good PE indices using the primers developed by Sites et al.
(1999) and Valenzuela (2000) (Pod 91 and Pe 519). These primers were confirmed as being
sufficiently sensitive for the detection of multiple paternity in the present investigation.

The simple allele count method presupposes a Mendelian distribution of the alleles
in the brood, as each hatchling should inherit two maternal alleles and one paternal allele.
With this method, all alleles in the hatchlings that are not inherited from the female turtle
are necessarily acquired through the genotype of the fathers (Myers and Zamudio, 2004).
Thus, the occurrence of more than two alleles beyond the maternal alleles indicates multiple
paternity in the offspring. Although informative, this method does not enable estimating the
minimum number of male contributors to each nest. Such information can obtained using
GERUD 2.0 (Jones, 2005), which allows for simulating the parental genotypes and estimating
the minimum number of male contributors to each brood with the five loci combined. A 100%
rate of multiple paternity was found in the nests analyzed in this study, based on simple allele
counts. This rate was confirmed by the analysis using GERUD 2.0, which indicated two to
four male contributors to each brood.

Valenzuela (2000) found multiple paternity in two nests analyzed from a Podocnemis
expansa population in the Caquetd River in Colombia, using eight microsatellite loci. The
analyses revealed the contribution of at least two male turtles in one nest and three in the
other. In contrast, Pearse et al. (2006) found multiple paternity in only 10.3% of the broods of
32 nests in a population on the Orinoco River in Venezuela, using seven microsatellite loci.
This divergence between the two studies demonstrates that populations in different locations
may exhibit different paternity patterns. It also indicates that the sample size is relevant when
determining whether polyandrous reproductive behavior is predominant in a population.

Multiple paternity has been reported in other species of the genus Podocnemis.
Fantin et al. (2008) found multiple paternity in six nests of a Podocnemis unifilis population
on the Amazon River (municipality of Barreirinha, state of Amazonas, Brazil) using eight
microsatellite loci, demonstrating the contribution of at least two male turtles to each brood.
Freda et al. (2016) also found multiple paternity in seven Podocnemis sextuberculata nests
on the Amazon River by using six microsatellite loci, demonstrating at least two male
contributors to each brood. In another study, Fantin et al. (2010) analyzed six Podocnemis
erythrocephala nests by using four microsatellite loci and found the participation of more
than two male turtles.
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The multiple paternity rate in the present study is, thus, in agreement with data
reported in previous studies, in which Podocnemis expansa was found to be a species with
polyandrous reproductive behavior (Valenzuela, 2000; Pearse et al., 2006). This behavior
has also been reported as predominant in other reptiles, such as crocodilians (Oliveira et al.,
2010), lizards (Oppliger et al., 2007), snakes (Madsen et al., 2005), and chelonians (Pearse
et al., 2002; Roques et al., 2006; Fantin et al., 2008; Fantin et al., 2010; Freda et al., 2016).
Although polyandry occurs in a large part of the reptile group, it is intriguing that the female
turtles do not derive direct benefits from this behavior. The advantages are suggested to be
indirect, in the form of genetic contribution and fertilization of the eggs, even though there is
not sufficient evidence to prove these advantages (Pearse and Avise, 2001; Uller and Olsson,
2008). The most obvious indirect benefit to the female turtle is the fertilization of her eggs,
which is of extreme importance to the giant Amazon River turtle, as an average of more than
100 eggs are produced per female turtle during the reproductive season (Pearse and Avise,
2001; Vogt, 2008).

According to Jennions and Petrie (2000), genetic benefits favor the genetic diversity
of the offspring, by reducing genetic incompatibility between male and female turtles in a
population. The occurrence of inbreeding is thereby diminished, whereas the viability of the
offspring increases in the face of environmental diversity, by improving performance under
natural selection pressures (Jennions and Petrie, 2000). In populations that have declined due
to environmental pressure, genetic variability is necessary to avoid local extinction (Frankham
et al., 2010).

Studies on the effective population size are important to understand the evolutionary
pressures that affect populations. The main aspect of the discussion is whether polygamous
behavior on the part of female turtles results in a larger effective population size in comparison
to monogamy (Karl, 2008; Lotterhos, 2011). According to Karl (2008), reproductive
behavior is not sufficient to benefit the effective size of a population and other factors of the
reproductive system have greater importance. However, analyzing groups with monogamous
and polygamous behavior, Lotterhos (2011) found that polyandrous female turtles had greater
reproductive success than monogamous female turtles.

Populations at risk of extinction could be favored by polyandrous behavior, which
allows an increase in genetic variability and a consequent increase in the effective size of the
population. The giant Amazon River turtle has been considered ecologically extinct from the
Mamiraua Reserve, due both to considerable predation in past centuries and the low current
number of spawning female turtles (only four to 12 laying eggs) (Fachin-Teran, 2005). In the
1990s, nesting areas began to be protected on different beaches of the reserve by the local
community, thereby allowing an increase in the successful hatching of turtles. However, an
increase in the number of Podocnemis expansa female turtles spawning on protected beaches
will only be detectable after decades of conservation measures directed at the species (Fachin-
Teran, 2005).

In the present study, multiple paternity was found in 100% of the nests analyzed. This
is a sign of the recovery of the giant Amazon River turtle population in the Mamiraua Reserve,
as polyandrous reproductive behavior exerts a direct influence on the genetic variability of the
offspring and an increase in the number of fertilized eggs. Understanding the reproductive
behavior of a given species is of extreme importance, as this behavior affects the genetic
profile of the population. Such knowledge can contribute to the establishment of management
and conservation strategies directed at Podocnemis expansa.
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