Abstract


The goliath frog (Conraua goliath) is an Endangered species exclusively found in Cameroon and Equatorial Guinea. Climate change, deforestation and overhunting are principal causes driving this species to extinction. Therefore, a better understanding of the genetic diversity and population structure of this species is necessary to improve conservation efforts. Here we used two mitochondrial genes (Cytochrome Oxidase subunit 1 (COI) and 16S) extracted from 54 C. goliath individuals from 6 localities in Cameroon to examine their genetic diversity. The result show a low DNA substitutions between the sequences. There were four 16S and two COI haplotypes in total. Overall, genetic diversity was very low for all the genes with nucleotide diversity of 0.00106 and 0.00007 for 16S and COI respectively. The Tajima D and Fu Fs statistics were negative. The TCS haplotype network revealed a predominant and ancestral haplotype (H1) for these genes which is distributed in the 6 populations. Pairwise genetic differentiation (FST) generated between these populations using 16S revealed very high differentiation between populations from Nkam and Mungo Administrative Divisions in Cameroon. In contrast, we observed low differentiation among the geographically clustered Mungo and Nkam populations. Overall, human activities and perhaps climate change can appear to have depleted genetic diversity in the scattered populations that remain of this amphibian. To sustain the Goliath frog, we suggest to the Cameroonian government to implement more effective strategies to conserve and manage remnant populations of this iconic species through more effort against poaching which contribute to reduce the genetic diversity. 
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Introduction


Increase the human activities through urbanization, deforestation, and over-hunting has increased the threat of species and led some of them to extinction (Ryder et al. 2000). In addition, this action leads to the loss of the genetic diversity that leads to inbreeding depression, reduced adaptation and fitness and a decrease in the long-term species survival. Hence, the necessity to have more information on genetic diversity and structure of threatened species which is valuable tools required for management and conservation strategies to monitor species prone to overexploitation, habitat degradation and pollution (Hillis et al. 1996). Consequently, based on high genetic resolution from nucleotide substitution, the use of molecular markers and other genetic tools can effectively reveal genetic dynamics, and providing means of examining how target species, either wild or captive, react to environmental changes. Among the class of vertebrates, amphibians are considered the most imperilled (Stuart et al. 2004; Wake and Vredenburg 2008) and are commonly considered poor dispersers and characterized by strong site fidelity (Beebee 1996; Smith M A  and Green 2005) which helps to accelerate their extinction rate. To counteract the significant decline in amphibian populations, an understanding of their population genetic structure and the distribution of genetic diversity among these populations is needed for a better conservation management (Avise et al. 1987).

Among the amphibians, the goliath frogs (Conraua goliath) are the largest known frogs on Earth, weigh up to 3.3Kg and may live up to 15 years in captivity (Boulenger 1906). They are found in or near fast flowing rivers and waterfalls. Their geographical range is restricted to 50 km in the South of Mbini River in Equatorial Guinea and 200 km in North of the Sanaga basin in Cameroon (Sabater-Pi 1985). These frogs are classified as Endangered species by the International Union for Conservation Nature (IUCN) and as protected species of class ‘A’ (forbidden to hunting) by the Wildlife Law in Cameroon due to overhunting, deforestation and habitat pollution. However, little is currently known about their genetic diversity and the level of gene flow between populations of this species thus preventing designing of a suitable strategy for their conservation in Cameroon.


Due to their rapid substitution rate and maternal inheritance, mitochondrial DNAs are usually used for population genetic studies (Avise et al. 1987). We therefore sequenced 2 mitochondrial genes of DNA: 16S and COI in this study to assess the genetic diversity of goliath frogs with the aim of investigating the genetic diversity and structure of C. goliath distribution in Cameroon to support conservation efforts.
MATERIAL AND METHODS

Ethical statement


This study was approved by the Ministry of Forestry and Wildlife (MINFOF) through a research permit covering the entire study area. In order not to deplete the population of this endangered species, the frogs used in this study were all released back alive into their habitat after their blood was collected. 

Study area


Sampling sites were selected according to a previous study confirming the distribution of goliath frogs along the Sanaga River (Hardouin 2008). Frogs were collected at the following six rivers of the Littoral Region: NKebe (04°41’58.7’’N, 010°08’22.4’’E), Bantoum (04°42’56.3’’N, 010°12’01.9’’E), Bipelhe (04°43’08,6’’N, 009°50’42,8’’E), Gounja (04°42’03’’N, 009°46’14,8’’E), Mbete (04°41’07,4’’N, 009°44’55,9’’E) and Mpoula (04°38’38,1’’N, 009°43’03,3’’E) (Figure 1). 

Figure 1. Map of sampling site of Conraua goliath in Littoral Region of Cameroon

Sampling and DNA extraction


Frogs were collected from the 6 rivers between October and November 2016 with hands or with fishing net at night. Blood was collected through thoracic vein from individual frogs and stored in EDTA sample tubes. Genomic DNA was extracted from blood samples following the Livak protocol (Livak 1984).

Gene, Polymerase chain reaction (PCR), and sequencing


We used two genes (COI and 16S) belonging to three mitochondrial fragments (CO1, Amph and 16S) to survey C. goliath population (Table 1). Only 16S and Amph were taken into account with lengths of 609 bp and 512 bp respectively. Moreover, the sequences of 16S and COI were concatenated with a total length of 1121 bp. We detected in total 4 variable sites in the 16S gene and 1 variable site in the COI gene. We used two primer pairs (COI and 16S) for the amplification of the target mitochondrial DNA markers based on previous studies on genetic diversity of other amphibians 
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(Chambers and Hebert 2016; Che et al. 2012; Kurabayashi and Sumida 2009)
 (Table1). 

Table1. List of primers used


The PCR amplifications were performed in a final reaction volume of 15 µl consisting of 1.5 µl PCR buffer A, 0.75 µl 25mM MgCl2, 0.12 µl of 2.5mM dNTPs, 0.51 µl each of 10 mM forward and reverse primers (Amph), 0.12 µl Kapa Taq polymerase, 10.49 µl ddH2O and 1 µl genomic DNA. The thermocycler program for all the amplification of the genes was set as follows: 5 min initial denaturation at 95 °C,  35 cycles of 30 s of denaturation at 94 °C, 30 s of annealing at 47 °C, and 45 s for extension at 72 °C. The amplification cycle was followed with final extension step at 72 °C for 10 min. To confirm amplification of the desired bands, 3 ul of the PCR products were loaded on 1.5% agarose gel, stained with Midori green and ran at 150 volt for 35 min. The expected bands were visualized under UV light. The PCR products with expected bands were purified using Exo SAP and sequenced. Sequences obtained for this study were deposited in GenBank with accession numbers assigned: MG968855-MG968861.

Data analysis

Genetic parameters of polymorphism including number of haplotypes (h), haplotype diversity (Hd), number of polymorphic sites (S) and nucleotide diversity (π) were computed using DnaSP 5.10.01 [38]. In addition, a haplotype network was built using the TCS program (http://darwin.uvigo.es/software/tcs.html).


Sequences were visualized and corrected using BioEdit software. Haplotypes were generated using Phase option implemented in DnaSP 5.0 (Librado and Rozas 2009). Estimation of genetic diversity, including polymorphic sites and nucleotide diversity (π), number of haplotypes (h), haplotype diversity (Hd), Fu’s Fs statistics and Tajima’s D value, genetic differentiation among populations (FST), and gene flow (Nm) were estimated for gene 16S, COI as well as concatenated matrix using DnaSP 5.0. To determine the genealogical relationships among haplotypes, a network among the defined haplotypes was constructed using Median-Joining (MJ) network algorithm using TCS software (Clement et al. 2000). Maximum likelihood phylogenetic trees were generated for 16S and COI (Jukes-Cantor best model) using MEGA 6.06, with 1000 bootstrap replicates (Tamura et al. 2011). 

Results


Genetic variation


The rate of allelic diversity was low in COI, 16S, and the concatenated matrix analysed from the C. goliath populations (Table 2). Three allelic variations were recorded on the 16S gene and one on the COI gene.

The analysis of the 16S gene revealed a total of 4 haplotypes among the 54 individuals (Table 2). Out of the 4 haplotypes, H1 was the dominant haplotype and present in the 6 locations and the haplotypes H3 and H4 were singletons. The overall haplotype diversity (Hd) was 0.512 ranging from 0.123 (Bantoum) to 0.533 (Nkebe). The overall nucleotide diversity (π) was 0.00106 ranging from 0.00104 (Nkebe) to 0.00049 (Bipelhe) (Table 2). 

Table 2. Values of genetic diversity of 16S, COI and concatenated gene (COI+16S) of Conraua goliath from six localities

On other hand, analysis of COI gene revealed only two haplotypes among the 50 individuals. The overall haplotype diversity was 0.042 with 0.04 for Nkebe and average nucleotide diversity (π) was 0.00007 with 0.0006 for Nkebe (Table 2).

For the concatenated sequence, the results of genetic diversity were also low with the overall nucleotide diversity (π) of 0.0004 ranged from 0.0000 to 0.00045 (Table 2).

 Test of neutrality and population genetic structure 

Neutrality test of Tajima’s D test (1989) and Fu’Fs (Fu 1997) were performed. The D statistic was negative and the same value per site except in the Nkebe River. Fu Fs test was also negative and not statistically significant in all the sites except in the Nkebe River where Fu Fs were positive and not statistically significant with values of 0.533 and 0.090 for 16S and COI genes respectively (Table 2). Genetic structure of goliath frog populations was analysed using pairwise FST values among six populations (with more than 4 individuals) using only the 16S gene because this gene had an allelic variation in all the sites. Very high genetic differentiation levels were observed between populations from Nkam (Bantoum and Nkebe) and Mungo (Bipelhe, Gounja, Mbete and Mpoula) Administrative Division with FST of 0.786 for the 16S gene and 0.818 for the concatenated genes. In contrast, FST estimates, close to zero, were observed between the populations from the Mungo Administrative Divisions (Table 3). Moreover, the Neighbor-Joining tree based on FST among these 6 population samples show the populations from Mpoula, Mbete, and Gounja belonging to the same hydrographic network (Figure 2). 

Table 3. Fixation index (FST) between localities.

Figure 2. Neighbor-Joining tree based on pairwise FST among six population samples

2.3. Genetic relationship among haplotypes


Phylogenetic analysis revealed two 16S haplotypes: H1 and H2 clustered into one clade in the ML tree whereas H3 and H4 were separated (Figure 3A). For the COI gene, H2 haplotype was alone on the ML tree (Figure 3B). Interestingly, two of the singleton haplotypes (H3 and H4) for 16S genes, were found in Bipelhe. 

Figure 3. Maximum Likelihood tree constructed based on A) 16S gene; B) COI gene


To further detect signature of past demographic events for C. goliath, a haplotype network was constructed to assess the genetic relationship among the 4 haplotypes of 16S (Fig 4) and 2 haplotypes of COI gene (Fig 5). H2 and H1 appear to be the ancestral haplotype for the 16S and COI genes respectively with all the others haplotypes connected to them. An evaluation of the relationship among the 4 haplotypes found in 16S gene and 2 haplotypes found in COI gene of C. goliath showed a high predominance of H2 haplotype with 61.1% (33 out 54 individuals) for 16S and H1 haplotype with  98% for (49 out of 50 individuals) for COI.

Figure 4. Haplotype networks for Conraua goliath with 16S gene. The area of each circle is proportional to the frequency of each haplotype.  The colours represent the sampling sites.

Figure 5. Haplotype networks for Conraua goliath with COI gene. The area of each circle is proportional to the frequency of each haplotype. The colours represent the sampling sites

Discussion


This study has characterized the genetic pattern of Goliath’s frog populations in Cameroon revealing a very limited genetic diversity which is likely to impact conservation efforts of this endangered species.


The nucleotide diversity (π) is a sensitive index for population genetic diversity analysis (Nei and Li 1979).  Genetic diversity is a key factor of evolution, providing the basic material for adaptation and speciation. In C. goliath, nucleotide diversity was extremely low in all populations with an average of 0.00106 and 0.00007 for 16S and COI genes respectively compared to other anuran frogs like Litoria raniformis (COI diversity: 0.006) and Pseudopaludicola falcipes (16S diversity: 0.2119) which are also the endangered species (Keely et al. 2015; Langone et al. 2016). This low genetic diversity shows lower diversity compared to published papers concerning other amphibians and endangered species (Chen et al. 2012). High level of gene diversity is considered healthy for species conservation since it confers the ability to respond to threats such as disease, parasites, predators and environmental change. In contrast, low level of gene diversity limits species ability to respond to these threats (Amos and Harwood 1998). 


Population of Goliath frogs have declined drastically during the past decade (Amiet 2004) caused by deforestation, overhunting (mostly for human consumption), and environmental pollution. These factors, particularly deforestation, have led to habitat fragmentation leading to a reduction in population size to 8.48 individuals per kilometre (Koumbo 2016) and increasing the rate at which genetic variability may be lost through genetic drift. Consequently, the low levels of genetic diversity suggest that this population faces an increased risk of extinction (Markert et al. 2010); Furthermore, the species is challenged by environmental stress and/or parasites and disease. If this pattern continues, Goliath frog may become extinct in their natural habitat in the near future. Using other genetic markers such as microsatellite DNA would provide further insights into the genetic diversity of populations of this species.

Pairwise FST statistics among different localities were high between the populations of Bantoum, Nkebe and Bipelhe, Mpoula/Mbete/Gounja however, very low between the populations of same Administrative Division (Table 3). This shows that a long-term interruption of gene flow exists between these populations particularly those from Nkam Division and Mungo populations (Fig 2). This may be explained by the distance separating the sites (around 120 km between the sample sites of Nkam and Mungo Administrative Division) and the feeding habits of goliath frogs. These frogs feed mainly on insects, crustaceans, fishes, small frogs, turtles, small rodents and snakes found in their habitat (Amiet 2004). The population with the most variation (Bipelhe) is the population that is geographically closer to the Mungo and Nkam Administrative Division. This could suggest that the landscape connectivity and meta-population viability are very important for this species if it is to retain genetic diversity and adaptability. Moreover, compared to other vertebrate groups, amphibians are commonly considered poor dispersers and are characterized by strong site fidelity and fragmented breeding habitat (Beebee 2005; Stuart et al. 2004).


The results did not give us a clear evidence of bottleneck in the different populations based on COI, 16S, and concatenated genes (Table 3). In fact, the negative and non-significant Tajima’s D and Fu Fs indicated that the tests reflect a pattern for a species that lack significant range expansion or selective sweep 
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(Aris-Brosou and Excoffier 1996; Tajima 1989; 1996)
. This may also be explained by the low power of the statistic test due to the low sample size.
Conclusion


The goliath frog populations have declined drastically during the last decade, and this sharp decline clearly has some impact on genetic diversity and population structure. In summary, our results, obtained from COI, 16S genes and combined gene data revealed an extremely low genetic diversity in all populations investigated. There is a very low level of gene flow between goliath frogs from Nkam and Mungo Administrative Divisions of Cameroon. The low genetic diversity coupled with fragmented habitats, overhunting and the isolation of the populations of goliath frogs has driven the reduction of their genetic diversity. Moreover, more data on ecology of this species, increase in the number of individuals per population as well as the use of other genetic genes such as SNP, microsatellite loci are urgently required to delineate specific conservation measures. The low genetic diversity of goliath frogs may be deleterious in case of emergent diseases such as chytridiomycosis previously implicated in decreasing the genetic diversity level of Litoria raniformis (Keely et al. 2015). It will be useful to investigate the presence of this fungus in goliath frog populations for a better disease management strategy.

Furthermore, given the significant decline of the species due to the factors previously listed and the low level of genetic diversity found in the remaining populations, we recommend that: 1. Conraua goliath IUCN status of as an Endangered species would be raise to Critically Endangered, and 2. that captive breeding programs need to be initiated to prevent the permanent loss of this unique amphibian lineage.
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