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The Neotropical region of northern South America is known by its high diversity of freshwater fish 
in the world (Beheregaray et al., 2004; Piggott et al., 2011; Reis et al., 2003; Junk et al., 2007). 
Despite the interest generated by this great diversity of fish, the ecological and biogeographic 
history of neotropical fishes, and their levels of biodiversity, is largely unknown (Beheregaray et 
al., 2004). Therefore, northern region of South America has been scenery of a large number of 
biogeographic studies on fishes (Frederico et al., 2012). Population analyses have been used to 
reconstruct phylogeographic distributions of several Amazonian fishes in the Amazon River 
including Arapaima gigas (Hrbek et al., 2005), Symphysodon (Farias and Hrbek 2008), 
Brachyplatystoma (Batista and Alves-Gomes, 2006; Carvajal Vallejos et al., 2014). Furthermore, in 
widespread South American species: Prochilodus (Sivasundar et al., 2001), Hypostomus (Montoya-
Burgos, 2003) and fishes of the order Characiformes (Hubert and Renno, 2006); Potamorraphis 
(Lovejoy and Araujo 2000) and Cichla (Willis et al., 2007). Additionally, studies have analysed 
populations of a species distributed along a single river in the Amazon basin: Paracheirodon 
axelrodi in Negro River (Cooke et al., 2009). These studies have evaluated different geological and 
ecological hypothesis in the distribution and population structure patterns in these fishes.  
 
The distribution and population structure patterns in Neotropical fishes could reflect geological 
and ecological events that have been occurring in northern South America (Cooke et al., 2009). As 
all diversity of fish is related to the geological history of the rivers, all current connections between 
basins and other events such as headwater capture from rivers, can promote vicariance events 
and therefore allopatric speciation among fishes (Frederico et al., 2012).  
 
Within the geological events that may be reflected in fishes distribution and population structure 
patterns is the Vaupés arch rising between the Sierra de la Macarena and the shield of Guayana 
(Winemiller et al., 2008) during the Late Miocene (8- 10 Ma) (Hoorn et al., 1995, Winemiller et al., 
2008). This tectonic uplift separated the Amazon and Orinoco basins, which were considered a 
single biogeographical area in the middle Miocene (Winemiller and Willis, 2011; Albert et al., 
2006). 
 
Although the Orinoco and Amazon basins were separated for a long time due to the Vaupés Arch 
lifting in the late Miocene, at present, there is only one permanent connection between the two 
basins. This connection is the Casiquiare channel, which is a corridor that originates as a 
headwater capture at the top of the Orinoco River and empties into the Negro river, the largest 
tributary of the Amazon River. Along its course, the river Casiquiare has a gradient of water types, 
that range from clear water near its source in the upper Orinoco (waters low in organic matter and 
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sediment) to black waters (waters rich in organic matter but low in sediments) near its mouth on 
the Negro River. This gradient of water types may influence the dispersion for some fish species 
between the Orinoco basins of the Amazon, but also it can be a barrier for other species 
(Winemiller et al., 2008).  
 
Because the dispersion of freshwater fauna depends on direct connections between drainage 
basins it is expected that its evolution and diversification will be directly related to the geological 
changes affecting the drainage patterns of rivers (Lovejoy and Araujo 2000, Lovejoy et al., 2010; 
Willis et al., 2007). However, the distribution and population structure patterns of fishes can also 
reflect ecological or environmental events in dynamic systems such as the Orinoco and Amazon 
basins. These ecological events may produce differences in the availability of environments 
depending on the life histories of fishes (Cooke et al., 2009).  
 
According to Hoorn et al. (1995) and Diaz de Gamero (1996), during the Miocene, through a series 
of geological changes, the ancient drainages that had persisted for millions of years changed the 
drainage patterns seen today. Therefore, an important factor affecting the distribution and 
population structure patterns is the geological history of connections between river basins. In 
consequence, it is expected that the evolution of fishes may be related to the geological events 
that have influenced the formation of river drainages (Lovejoy and Araujo 2000). To define the 
degree to which geology and changes in river drainage patterns have affected the fish distribution 
and population structure patterns, it is necessary to consider unrelated species with similar 
distributions (Lovejoy and Araujo 2000). Similarly, unrelated groups with contrasting life histories 
with similar distributions could provide a holistic approach to identify shared signals of historical 
events in species with different life histories.  
 
Phylogeography studies and identifies the processes that influence the distribution of genetic 
variation in species, and determines how these processes have caused their distribution patterns 
(Frederico et al., 2012). Phylogeographic analysis can show that particular populations that may 
have been isolated from other populations of the same species for enough time may allow an 
independent evolutionary trajectory. Therefore, phylogeography can determine populations with 
a maximum evolutionary potential and thus implement strategies of conservation and 
management (Cooke et al., 2009). In order to develop conservation and management strategies, 
incorporating biological data with socio-economic and fishery information will ensure the 
sustainability of fishing activities (Santos et al., 2007; Moritz, 1994). In a world where human 
populations are growing so quickly, preserving fish biodiversity requires not only an accurate 
assessment of species and their habitats but also an understanding of events and factors which 
create the patterns of fish diversity seen today (Winemiller et al., 2008).  
 
To determine the factors influencing distribution and population structure patterns, we assessed 
two hypotheses in species with contrasting life histories but with similar distribution: 
 
1) Historical or geological events: distribution patterns are coincident with ancient vicariant events 
such as the rise of Vaupés Arch. In this case, we expect to see a high genetic differentiation with 
allopatric distribution between basins and reciprocal monophyly between basins. If this is the case, 
then we should find common phylogeographic patterns in all species, because geological events 
should be reflected uniformly in all fishes regardless their history of life.  
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2) Ecological or environmental events: distribution patters are coincident with water types or 
barriers along rivers, or environmental events such as flooding during high water season. In this 
case, we expect to see dispersion between basins; also, population structure may be given by 
water types or barriers along the rivers; and finally, no reciprocal monophyly between basins will 
be found. In this case, we should find unique phylogeographic patterns given by fish history of life.  
 
The aim of this study is to determine the genetic diversity and its distribution in two freshwater 
species shared between the Orinoco and Amazon basins: Dourada (Brachyplatystoma rousseauxii) 
and Cardinal tetra (Paracheirodon axelrodi), which are overexploited for ornamental and 
consumer use, by analyses of mtDNA and microsatellite markers. Results from this study will 
provide scientific knowledge useful for fisheries management and conservation. 
 
This study will contribute to the understanding of factors and events involved in structuring the 
populations and distribution patterns in fish species with high commercial value for the Amazon 
and Orinoco region. Furthermore, this study will provide the first phylogeographic and population 
structure information of P. axelrodi and B. rousseauxii in the Orinoco basin, since studies of both 
species have been done only in the Amazon basin. Additionally, this study will provide support 
regarding other possible routes of connectivity between basins and information about possible 
protected areas that could be defined as well as identify fish populations that may require actions 
for their conservation and sustainable usage. 
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CHAPTER 1 

 

POPULATION STRUCTURE OF THE ORNAMENTAL FISH Paracheirodon axelrodi IN ORINOCO AND 
AMAZON BASINS: IMPLICATIONS FOR ITS MANAGEMENT. 

 

 
Much of the neotropical fish diversity is represented by small species that inhabit flooded forests 
and streams, such as those found in the floodplain of black water rivers in the Orinoco and 
Amazon basins (Beheregaray et al., 2004; Piggott et al., 2011). 
 

One of the most representative rivers in neotropics where small fish inhabits its Negro river, one 
of the largest tributaries of the Amazon. The level of this river annually ranges up to 16 m, flooding 
a vast plain of primary forest largely unchanged (Latrubesse and Franzinelli, 2005; Beheregaraty et 
al., 2004; Piggott et al., 2011). 
 

A large proportion of the fish fauna inhabiting black water rivers comprises small fish that live in 
large floodplains (Cooke et al., 2009). This area of fish diversity is home to a thriving ornamental 
fishery, which provides about 60% of the income of local people in the Amazon (Piggott et al., 
2011). One of the ornamental species used in this type of fishing is Paracheirodon axelrodi 
(Schultz, 1956), commonly known as Cardinal tetra (Schultz, 1956), is a luminous neon up to 2.5 
cm long (Cooke et al., 2009). The cardinal tetra is native of black water habitats extending along 
the middle to the upper watersheds of Negro river in Amazonas and the Orinoco river in South 
America (Cooke et al, 2009; Tovar et al., 2009). 
 

In the Orinoco basin, Cardinal tetra is the most representative species in the Colombian Orinoco 
with 15.69% of ornamental species of commercial interest (Mancera-Rodriguez and Alvarez-Leon 
2008; Tovar et al., 2009). Capture records and marketing of ornamental fish in Puerto Carreño and 
Inírida determined that P. axelrodi is one of the species most commercialized in the Orinoco, 
ranking first between 1998 and 2004; Tovar et al., 2009). 
 

In the Amazon basin, Cardinal tetra is one of the most abundant (21%) species (Chao et al., 2001; 
Oliveira et al., 2008). It is also one of the ornamental fish most requested in the global market 
(Oliveira et al., 2008) being the most important in the trade of ornamental fish in Negro river basin 
(Cooke et al., 2009). In fact, the ornamental fish trade has been the main source of income for the 
communities of Negro river (Terencio et al., 2012). 
 

One genetic study by Cooke and Beheregaray (2007), found extremely high levels of genetic 
variability in a nuclear intron for Cardinal tetras sampled along the tributaries of Negro River. In 
another study, Cooke et al. (2009) used a nuclear gene to evaluate population structure, history of 
colonization and genealogic relationships of tetras sampled along Negro River. This study found 
that populations in headwaters showed higher genetic diversity than downstream populations. 
 

In addition to cardinal tetra, there have been studies in different species of sedentary fish, mainly 
in the Amazon, for example, Ferreira et al. (2015) did a population analysis of Geophagus 
brasiliensis commonly known as Castañeta along its distribution using microsatellite, AFLP and 
mtDNA (D-loop). Results showed low levels of genetic diversity and showed partial restriction of 
gene flow between populations even through short distances, finding a pattern of genetic 
structure consisting of three groups in the samples examined (Ferreira et al., 2015). 
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On the other hand, Piggott et al. (2011) used multiple DNA markers for quantifying population 
differentiation of black-wing hatchet fish Carnegiella marthae in the Amazon. This study revealed 
three cryptic species in Negro river. Two of these clusters produce occasional hybrids and third 
species, although it is in sympatry with other species, this appears reproductively isolated differing 
to other species. 
 

Terencio et al. (2012) studied the genetic variability of the brown pencilfish Nannostomus eques 
using mitochondrial DNA sequences along Negro river and its tributaries. The results of this study 
showed two evolutionary units with high haplotype diversity in each evolutionary unit (Terencio et 
al., 2012). They concluded this species cannot be treated as a single population in Negro river 
(Terencio et al., 2012). 
 

The aim of this chapter is to evaluate population structure and current and historical connectivity 
between the Orinoco and Amazon. Thus, to define the distribution of genetic diversity and 
conservation units, such as Evolutionary Significant Units (ESUs) and Management Units (MUs) in 
this little species recognized because of this use in ornamental fisheries. 
 

This study provides additional information on the genetic diversity distribution of this fish in the 
Orinoco Basin since most genetic studies of this fish have been in the Amazon basin, mainly in the 
Negro River basin. 
 

 

 

2. MATERIALS AND METHODS 

 

2.1. Sample collection and DNA extraction 

 

A total of 163 muscle samples were collected for this study. was sampled from four locations along 
Orinoco Basin: San José del Guaviare, Puerto Carreño, Puerto Gaitan and Puerto Inirida; and four 
locations from Negro river in Amazonas Basin: Cucui, Barcelos, Santa Isabel and São Gabriel da 
Cachoeira (Figure 1). All tissue samples were preserved in ethanol at 95% and stored at 4°C. 
Genomic DNA was extracted using Mo Bio UltraClean® Tissue and Cells DNA Isolation Kit and the 
extraction protocol using CTAB 2% (Doyle and Doyle, 1987). 
 

A portion of about 650 pb of the mitochondrial cytochrome oxidase I (COI) gene was amplified by 
PCR using primers used in Ivannova et al. (2007). PCR amplification conditions were as follows: 
94°C for 1 min, 35 cycles of 94°C for 1 min, 50°C for 35 s and 68°C for 1 min, with a final extension 
period of 68°C for 7 min. Eight polymorphic microsatellite loci developed for P. axelrodi by 
Beheregaray et al. (2004) were amplified for all samples (Pa7, Pa13, Pa19, Pa26, Pa27, Pa32, Pa33, 
Pa37). Amplification conditions were as follows: 94°C for 1 min, 25 cycles of 94°C for 30 s, 60°C for 
30 s and 68°C for 40 s, 30 cycles of 94°C for 20 s, 52°C for 30 s and 72°C for 1 min, with a final 
extension of 72°C for 30 min. All loci microsatellites were visualized on an Applied Biosystems ABI 
3100 Genetic Analyzer (Universidade Federal do Amazonas – UFAM) 
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2.3. Data Analysis 

 

2.3.1. Mitochondrial gene COI sequence Analysis 

 

All sequences were edited and aligned manually using the software Geneious v 4.7 (Drummond et 
al., 2009). Haplotypes were defined using MacClade (Maddison and Maddison, 2000) and for 
phylogenetic comparison, a consensus region of 437 bp was compiled. The number of haplotypes 
(h), nucleotide (π), and haplotype (Hd) diversity indices for each population, were estimated in 
version 3.5 (Excoffier and Lischer, 2010) Haplotype networks were constructed using the software 
TCS version 1.21 (Clement et al. 2000). Population structure analyses were performed in the 
software Arlequin version 3.5 (Excoffier and Lischer, 2010) and restricted to 437 bp of COI. 
Phylogenetic relationships among the mtDNA samples were inferred under maximum likelihood 
(ML) criteria in PAUP* 4b10 (Swofford, 2000) and the appropriate model of evolution was chosen 
under the corrected Akaike Information Criterion (AICc) (Hurvich and Tsai, 1989), using the 
program jModelTest 2.1.6 (Darriba et al., 2012). Heuristic searches for ML included 1000 random 
addition replicates with unlimited tree bisection and reconnection branch swapping (TBR). This 
analysis was run with a single partition that included all data. Statistical support for nodes was 
determined via 1000 nonparametric bootstrap replicates with 10 random-addition sequences per 
replicate, saving a maximum of 1000 trees per replicate, and nearest neighbor interchange (NNI) 
branch swapping. 
 

 

 

2.3.2. Microsatellite Analysis 

 

Null allele frequencies were estimated in FreeNa (Chapuis and Estoup, 2007). Arlequin version 3.5 
(Excoffier and Lischer, 2010) was used to estimate the number of alleles per locus (NA), the 
observed (Ho) and the expected Heterozygosity (HE) for every locus. Deviations from Hardy-
Weinberg equilibrium (HWE) (permutations 10000) were calculated for each locus for each 
geographic location. P values were adjusted using Bonferroni correction for multiple comparisons. 
Pairwise Fst and Rst were computed for each pair of populations to estimate population 
differentiation. To estimate the number of genetic clusters and to determinate the degree of 
admixture among the cluster a Bayesian approach was implemented with the software Structure 
version 2.3.3 (Pritchard et al., 2000). To quantify the differences between the Orinoco and Amazon 
populations, we performed an analysis of molecular variance (AMOVA) to compare variation 
within groups and between groups. 
 

 

3. RESULTS 

 

 

3.1 Mitochondrial COI gene analysis results 

 

A total of 43 sequences were successfully obtained from P. axelrodi. A total 437 bp of the COI gene 
were analyzed. Twenty-two (22) haplotypes were defined by twenty-eight (28) variable sites. Only 
one haplotype (PA07) was shared among Puerto Carreño, Puerto Inírida and Puerto Gaitán. All 
other haplotypes were unique for each locality. In P. axelrodi haplotype network (Figure 2), the 
haplotype PA07 in the central position and connected with a high number of other haplotypes is 
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probably the most ancestral. There were 17 unknown or missing haplotypes, which could be 
ancestral or haplotypes that were not sampled. One haplotype from Puerto Inirida PA17 was not 
included in the network because it was highly differentiated. There were not haplotypes shared 
between Orinoco and Amazon basins. 
 

In Phylogenetic reconstruction by maximum likelihood (using the model HKY + I from Modeltest) 
was performed and combined with the haplotype frequency for each sampled location (Figure 3). 
Only one haplotype was shared between Puerto Gaitan, Puerto Carreño and Puerto Gaitan. 
Remaining populations have unique haplotypes. In addition, the basal haplotypes belong to 
Orinoco basin, suggesting that Orinoco lineages could be the most ancestral. No reciprocal 
monophyly was found for this species. 
 

It was found relatively high haplotype and nucleotide diversity in most P. axelrodi populations 
considered in this analysis. The highest haplotype and nucleotide diversities were found in Puerto 
Carreño and the lowest haplotype and nucleotide diversity were found in Santa Isabel locality 
(Puerto Carreño h = 1.000, π = 1.533% ; Santa Isabel h = 0.00, π = 0.00% )(Table 2). 
 

According to pairwise differentiation analysis, inside the Orinoco basin, we found no 
differentiation between Puerto Gaitan and Puerto Inirida (ΦST: -0.017; P>0.05). Additionally, 
Guaviare and Puerto Carreño have a significant genetic differentiation from the other populations 
(Table1). Inside Amazon basin, all populations are highly differentiated (ΦST: from 0.50 to 0.97 
P<0.05) (Table1). On the other hand, there was a genetic differentiation between Orinoco and 
Amazon basins which was reflected in FST and ΦST values obtained in the AMOVA (FST = 0.45, 
ΦST = 0.71, P< 0.05). 
 

 

3.2 Microsatellites analysis results 

 

FreeNA results showed that no null alleles were present in any of the loci analyzed. Genetic 
diversity values such as expected (HE) and observed Heterozygosity (Ho), number of alleles per 
population (n) was obtained for eight loci in the two population units in P. axelrodi along with 
deviations from HW equilibrium. Microsatellite loci had between 2 and 22 alleles per locus. 
Heterozygosity values were very similar for Puerto Carreño and Puerto Gaitán while HE was 
highest in Cucui and lowest in Barcelos (Table 2), after Bonferroni correction (P-value = 0.0007812) 
deviation from HWE was observed at the majority of loci in Orinoco basin populations except 
(Pa7). In Amazon basin populations, deviation from HWE was observed at the majority of loci 
except (Pa7, Pa13 and Pa26) (Table 2). 
 

The assignment test analysis conducted in Structure showed the highest posterior probability of 
population structure at K = 2 (Mean Ln.(K) -5063.080), which was confirmed using the method of 
Evanno et al. (2005). The two populations units detected by Structure were: (1) Orinoco 
populations (Guaviare, Puerto Carreño, Puerto Gaitan and Puerto Inirida) + Cucui (n = 103); and (2) 
rest of the Amazon populations (Barcelos, Santa Isabel and São Gabriel da Cachoeira) (n = 60) 
(Figure 4). 
 

The pairwise population differentiation analysis showed inside Orinoco basin there is no 
differentiation between Puerto Gaitan and Puerto Inirida (FST: 0.010; P>0.05), while there is a 
differentiation among the rest of populations with values ranging from 0.10 to 0.24; P<0.05) (Table 
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3). Additionally, inside Amazon basin all populations are differentiated (FST values from 0.03 to 
0.17; P<0.05) (Table 3). 
 

According to AMOVA population structure resulted in the inference of little genetic differentiation 
between the population unit 1 (Orinoco basin + Cucui) and population unit 2 (rest of Amazon 
basin) (FCT= 0.06372 P < 0.05) and moderate differentiation among localities within each 
population unit. (FSC = 0.10340 P >0.05). 
 

 

 

4. DISCUSSION  
 

 
4.1 Population Structure and factors affecting it  

 

With mtDNA marker it was found that within the Orinoco basin there is only one shared haplotype 
between Puerto Carreño, Puerto Inirida and Puerto Gaitan populations, suggesting restricted gene 
flow. On the other hand, no shared haplotypes were found within the Amazon basin. There is a 
clear absence of haplotype sharing between the two basins, suggesting an absence of gene flow 
for this species. This same pattern was reported by Martinez (2015) showing no shared haplotypes 
between basins with COI and d-loop mitochondrial genes. The phylogenetic tree showed that 
haplotypes found in Cucui were more related to Orinoco populations than Amazon basin. 
 

On the other hand, in the Orinoco basin, we found panmixia between Puerto Inirida and Puerto 
Gaitan, suggesting some level of gene flow between these populations. On the contrary, we saw 
that there was some isolation between Guaviare and Puerto Carreño in comparison with other 
Orinoco populations. This same pattern of isolation of the population of Guaviare and Inirida and 
panmixia between Gaitan was found in Martinez (2015). Inside the Amazon, we found there is a 
high degree of structure among all populations along the Negro River. At the same time, we found 
structuring between basins, suggesting a restriction on the gene flow between Orinoco basin and 
Negro River (Amazon basin) with mtDNA. This pattern is also confirmed by Martinez (2015), who 
found high levels of structuring between basins. 
 

According to Structure, there are two biological groups (Orinoco + Cucui vs rest of Amazon) (Figure 
4), where it is clear that Cucui is more closely related to the Orinoco populations that to the 
Amazon basin populations, suggesting some type of connection between basins near to the Upper 
Negro river. On the contrary, Martinez (2015), using nuclear genes, found three biological groups 
and found shared alleles between Cucui and Santa Isabel with all populations of the Orinoco. 
 

Using microsatellites, we found no structuring among Orinoco basin populations, suggesting there 
is no restriction to gene flow. Contrary to the results from the mtDNA marker, we found panmixia 
between Puerto Gaitan and Puerto Inirida. Within Negro river (Amazon basin), we found 
structuring among populations, suggesting gene flow restriction among them. Additionally, we 
found some differentiation between basins, indicating gene flow restriction between Negro river 
and Orinoco basin. 
 

The restriction to gene flow shown by mitochondrial and microsatellite markers may be due to the 
Cardinal life history aspects. Since it is a sedentary fish is not expected to present reproductive 
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migration over long distances (Cooke et al., 2009; Lovejoy and Araujo, 2000). However, we found 
that in nearby populations such as Puerto Inirida and Puerto Gaitan there is gene flow because 
there is no differentiation between these populations. This pattern of connection between nearby 
populations are found in other sedentary species such as Nannostomus eques (Terencio et al., 
2012), Carnegiella Marthe (Piggott et al., 2011) and Carnegiella strigata (Schneider et al., 2012). 
This pattern may be due to these species make laterally displacements from small streams to 
flooded forests in flooding season. Thus, these flooded forests provide dispersal routes for these 
small species (Marshall et al., 2008; Cooke et al., 2009; Martinez, 2015). 
 

At the same time, we found that Negro river populations have more structuring compared to the 
ones from the Orinoco. This may be because near the Sao Gabriel da Cachoeira there is a system 
of waterfalls and rapids that may be a barrier for these small species (Albert and Reis, 2011; 
Terencio et al., 2012.). On the other hand, microsatellite marker showed some gene flow among 
populations of each basin, suggesting that males may be moving via floodplains since their 
dispersal potential is coupled with the annual inundation cycle of the Negro River floodplain 
(Marshall et al., 2008; Cooke et al., 2009), while females appear to be philopatric. 
 

The restriction to gene flow or differentiation between basins may be due to ecological barriers 
present in the only obvious connection between the two basins, the Casiquiare channel, which 
due to pH gradients and types of water that, can prevent the dispersal between basins (Winemiller 
et al., 2008). However, the fact there is no reciprocal monophyly and still has a population of 
Negro river (Cucui) shared with Orinoco, may suggest that the connection between the two basins 
for this species was until the recent past (Martinez, 2015). 
 
 
4.2 Routes of connectivity between basins: 
 

We found that Upper Negro river (Cucui) is the same biological unit as the upper Orinoco, 
suggesting the Orinoco and Amazon basins are connected. Currently the Casiquiare channel is the 
most conspicuous waterway connecting the upper Orinoco river and Negro river, allowing for fish 
dispersal between basins (Winemiller and Willis, 2011). 
 

However, due to this gradient in water type along the Casiquiare, which goes from clear water in 
Upper Orinoco and Upper Casiquiare to black water in lower Casiquiare and Upper Negro river 
(Winemiller et al., 2008), Casiquiare could be a strong filter along the channel, which represents a 
barrier that prevents the dispersion between Orinoco and Amazon basins (Winemiller et al., 2008). 
For that reason, it is very unlikely that Casiquiare function as a dispersal route for Cardinal since 
this fish because they are sedentary and adapted to black water rivers. 
 

For that reason, the near lack of differentiation of the samples from upper Negro (Cucui) and the 
Orinoco basin is best explained by either past or present ephemeral waterways which could 
function as dispersal routes between basins (Winemiller and Willis, 2011). These waterways 
involve headwater creeks belonging to tributaries of black water Atabapo, Inirida, Icana and 
Guainía rivers (Winemiller and Willis, 2011) (Figure 9). 
 

Since these alternative connections are between black-water drainages, are likely to facilitate 
dispersal between the Orinoco and Negro River basins of small species that are adapted to black-
water environments (Winemiller and Willis, 2011). Paracheirodon axelrodi is one such species. 
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4.3. Management and conservation implications: 
 

This study found that Cardinal populations are forming two biological groups. Thus, using MU 
criterion which a population do not show mtDNA reciprocal monophyly, but it is having differences 
in nuclear allelic frequencies (Moritz, 1994; Funk et al., 2012) and the genetic structure found for 
this species, we propose two MUs: (1) Orinoco basin populations + Cucui) and (2) Rest of Negro 
River populations (Sao Gabriel, Santa Isabel and Barcelos). 
 

Thus, each MU must be considered as independent units for management programs, and should 
be managed as two different stocks whose evolutionary potential depends on the changes made 
in the areas where they are located, each management unit would need different conservation 
and management plans. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
11 

 

5. FIGURES 
 

 

 

 
Figure 1. Map of sampling localities of Paracheirodon axelrodi. Amazon Basin locations are in 
green. Orinoco Basin locations are in pink. Locations are (a) Puerto Carreño (n=20), (b) Puerto 
Gaitán (n=21), (c) San José del Guaviare (n=20), (d) Puerto Inirida (n=21), (e) Cucui (n=21), (f) São 
Gabriel da Cachoeira, (g) Santa Isabel (n=20), (h) Barcelos (n=20) 
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Figure 2. P. axelrodi haplotype network obtained from TCS. The size circles reflect frequency of a 
particular haplotype in Puerto Carreño, Puerto Inirida, Puerto Gaitán, Guaviare, Cucui, Santa Isabel 
and Barcelos localities. Haplotype names are written outside of haplotypes pie charts. 
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Figure 3. Maximum-likelihood phylogenetic reconstruction of P. axelrodi COI haplotypes combined 
with the Haplotype frequency found in each locality. Bootstrap support values higher than 50 are 
shown on branches. Outgroups used Hyphessobrycon eques and Hyphessobrycon magalopterus. 
Locations sampled were Puerto Carreño (CAR), Guaviare (GUA), Puerto Inírida (INI), Puerto Gaitán 
(GAI), Cucui (CUC), Santa Isabel (ISA) and Barcelos (BAR) 
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Figure 4. Bayesian assignment for each individual of P. axelrodi inferred by the program Structure 
K=2. Vertical lines indicate each of the individuals and the colors represent the probability 
membership coefficient of that individual to each genetic cluster. 
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6. TABLES 
 
 

Table 1. Pairwise FST (below diagonal) and ST (above diagonal) values for cytochrome oxidase I 

among Paracheirodon axelrodi locations. Significantly different values (P < 0.05) are shown in bold.  

Haplotype (h) and nucleotide ()  standard deviation (SD) are show on the diagonal for each 

geographic location. 

                

ɸST 
Carreño Guaviare Inirida Gaitan Cucui Barcelos Santa Isabel 

FST 

Carreño 

h = 1.000 ± 
0.126 

0.520 0.423 0.600 0.500 0.590  0.710 
π = 1.533 ± 

0.010 

Guaviare 

 0.21053 

h = 0.600 ± 
0.215 

0.598 0.776 0.688 0.753 0.829 
π = 0.890 ± 

0.006 

 
Inirida 

 0.08696  0.40000 

h = 0.600 ± 
0.215 

 -0.017  0.589 0.606 0.731 
π = 1.160 ± 

0.007 

Gaitan  0.08696  0.40000 -0.08000 

h = 0.600 ± 
0.215 

0.866  0.857 0.923 
π = 0.337 ± 

0.003 

Cucui 0.30000 0.49265 0.49265 0.49265 

h = 0.400 ± 
0.237 

0.891 0.972 
π = 0.094 ± 

0.001 

Barcelos 0.20000 0.40000 0.40000 0.40000 0.50000 

h = 0.600 ± 
0.175 

 0.944 
π = 0.141 ± 

0.001 

Santa 
Isabel 

0.50000 0.67391 0.67391 0.67391 0.80000 0.70000 

h = 0.000 ± 
0.000 

π = 0.000 ± 
0.000 
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Table 2.  Genetic diversity for eight microsatellite loci in all P. axelrodi geographic locations 

analyzed.  N= Cardinal sample size; for each locus: n= total number of alleles, Ho= observed 

heterozygosity, HE = expected heterozygosity. Loci out of equilibrium after Bonferroni correction 

(0.00078125) are shown in bold. 

  
 

Locus 
Guaviare Carreño Gaitán  Inirida Cucui Barcelos Santa Isabel Sao Gabriel 

N=20 N=20 N=20 N=20 N=21 N=20 N=20 N=20 

Pa7 

n=    6 n=    4 n=    7 n=    5 n=    10 n=    9 n=    7 n=    8 

Ho= 0.80 Ho= 0.60 Ho= 0.71 Ho= 0.76 Ho= 1.00 Ho= 0.90 Ho= 0.90 Ho= 0.50 

HE = 0.74 HE = 0.62 HE = 0.75 HE = 0.60 HE = 0.89 HE = 0.69 HE = 0.78 HE = 0.67 

P=  0.009 P=  0.164 P=  0.062 P=   0.458 P=   0.411 P=   0.040 P=   0.669 P=   0.132 
         

Pa13 

n=    3 n=    8 n=    6 n=    6 n=    8 n=    5 n=    7 n=    6 

Ho= 0.40 Ho= 0.42 Ho= 0.43 Ho= 0.61 Ho= 0.80 Ho= 0.65 Ho= 0.80 Ho= 0.63 

HE= 0.48 HE= 0.75 HE= 0.57 HE = 0.72 HE= 0.81 HE= 0.64 HE= 0.77 HE= 0.74 

P= 1.000  P=  0.000 P= 0.106 P= 0.145 P= 0.370 P=   0.127 P= 0.064 P= 0.089 
         

Pa19 

n=    5 n=    6 n=    2 n=    5 n=    5 n=    7 n=    10 n=    5 

Ho= 0.50 Ho= 0.50 Ho= 0.11 Ho= 0.10 Ho= 0.72 Ho= 0.75 Ho= 0.63 Ho= 0.20 

HE= 0.56 HE = 0.78 HE= 0.10 HE = 0.55 HE= 0.64 HE= 0.81 HE= 0.88 HE= 0.80 

P= 0.196   P= 0.006 P= 1.000 P= 0.000 P= 0.315 P=   0.144 P= 0.023 P= 0.000 
         

Pa26 

n=11 n=    7 n=    7 n=    7 n=    6 n=    2 n=    10 n=    5 

Ho= 0.60 Ho= 0.65 Ho= 0.55 Ho= 0.47 Ho= 0.65 Ho= 0.15 Ho= 0.55 Ho= 0.70 

HE = 0.82 HE = 0.58 HE= 0.66 HE = 0.63 HE = 0.72 HE = 0.45 HE = 0.69 HE = 0.73 

P=   0.005 P= 0.368 P= 0.000 P= 0.101 P= 0.622 P= 0.004 P= 0.027 P= 0.025 
         

Pa27 

n=6 n=3 n=8 n=8 n=5 n=3 n=7 n=6 

Ho= 0.30 Ho= 0.15 Ho= 0.52 Ho= 0.38 Ho= 0.71 Ho= 0.10 Ho= 0.61 Ho= 0.35 

HE= 0.52 HE = 0.14 HE= 0.78 HE = 0.64 HE = 0.72 HE = 0.14 HE = 0.64 HE= 0.76 

P= 0.0007 P=  1.000 P=   0.013 P=  0.0006 P=   0.012 P= 0.076 P= 0.372 P= 0.0001 
         
         

Pa32 

n=18 n=12 n=11 n=22 n=13 n=18 n=15 n=9 

Ho= 0.52 Ho= 0.31 Ho= 0.45 Ho= 0.52 Ho= 0.50 Ho= 0.55 Ho= 0.39 Ho= 0.10 

HE= 0.93 HE = 0.91 HE= 0.81 HE = 0.96 HE = 0.93 HE = 0.93 HE = 0.89 HE= 0.91 

P= 0.0000 P=  0.0000 P= 0.00007 P=  0.0000 P=   0.0000 P= 0.0000 P= 0.0000 P= 0.0000 
         

Pa33 

n=14 n=11 n=12 n=10 n=11 n=4 n=7 n=8 

Ho= 0.60 Ho= 0.55 Ho= 0.71 Ho= 0.61 Ho= 0.80 Ho= 0.45 Ho= 0.45 Ho= 0.50 

HE= 0.84 HE= 0.89 HE= 0.82 HE = 0.86 HE = 0.83 HE = 0.66 HE = 0.77 HE= 0.77 

P= 0.0014 P= 0.0003 P= 0.346 P=  0.0052 P= 0.036 P= 0.0049 P=  0.0000 P= 0.0072 
         



 
17 

 

Pa37 

n=6 n=10 n=15 n=17 n=11 n=11 n=14 n=15 

Ho= 0.29 Ho= 0.55 Ho= 0.50 Ho= 0.76 Ho= 0.66 Ho= 0.55 Ho= 0.65 Ho= 0.68 

HE= 0.49 HE = 0.70 HE= 0.87 HE= 0.90 HE= 0.84 HE= 0.88 HE= 0.92 HE= 0.91 

P= 0.0042 P=   0.033 P= 0.0005 P= 0.0099 P= 0.1103 P= 0.0003 P= 0.0024 P= 0.0047 

 

 

 

 

 

 

Table 3. Population differentiation between pairwise populations with eight microsatellites in 
Paracheirodon axelrodi. Significant values are shown in bold. RST values (above diagonal) and FST 
values (below diagonal) 
 
 

                  

RST 
Guaviare Carreño Gaitan Inirida Cucui Barcelos Santa Isabel Sao Gabriel 

FST 

Guaviare  0.19519  0.09065  0.02828 0.01970 0.22190  0.14703  0.12287 

Carreño 0.24256   0.15831 0.10971  0.20702 0.18407 0.15478  0.06369 

Gaitan 0.15438  0.12465  0.02095 0.07051  0.07814 0.01105 0.04025 

Inirida 0.10255 0.12036 0.01036  0.05100  0.11181 0.04649 0.00315 

Cucui 0.11032 0.16970  0.09452  0.08932  0.17996 0.12158 0.12962 

Barcelos  0.31446 0.19739  0.18891  0.22822 0.17551   0.03918 0.11186 

Santa Isabel 0.20821 0.16410   0.12449  0.14715  0.09498  0.05115  -0.001 

Sao Gabriel 0.15866 0.12738 0.05435  0.06491  0.06192 0.09914 0.03683    
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CHAPTER 2 

 

POPULATION STRUCTURE OF THE MIGRATORY CATFISH Brachyplatystoma rousseauxii IN 
ORINOCO AND AMAZON BASINS: IMPLICATIONS FOR ITS MANAGEMENT 

 

 

One of the characteristics of fish stocks in the Neotropics is the abundance of large catfish species 
belonging to Pimelodidade family (Barthem and Goulding, 1997). These fish have a life cycle that 
involves the longest migration known in freshwater fish (Garcia-Vasquez et al., 2009). These 
catfish are recognized because of their commercial importance. Among the most important 
species are those of the genus Brachyplatystoma. 
 

Brachyplatystoma rousseauxii (Castelnau, 1855) is a large migratory catfish about 140 cm, 
belonging to the family Pimelodidae. It is commonly known as Dorado in Colombia and Peru; 
Dourada in Brazil and Plateado in Bolivia (Carvajal-Vallejos et al., 2014; Coronel et al., 2004). This 
fish is distributed in the tributaries and main channels of white water rivers of the Orinoco and 
Amazon basins (Carvajal-Vallejos et al., 2014; Barthem and Goulding, 1997; Coronel et al., 2004). 
 

During its life cycle, this fish moves for six months from estuaries to the headwaters of white 
water rivers to spawn. After the larvae hatch, they are carried by river currents to the main 
channels to the estuaries or to the mouth of the rivers. The Dourada is known for being one of the 
fish with the longest known migration among freshwater fish (Barthem and Goulding, 1997; 
Coronel et al., 2004; Pereira et al., 2009). For example, in the Amazon, the distance covered from 
estuaries to the headwaters is approximately 5500 km (Pereira et al., 2009; Batista and Gomes 
Alves, 2006). The headwaters of rivers where they spawn are distributed in five countries (Brazil, 
Colombia, Bolivia, Ecuador and Peru) (Pereira et al., 2009; Batista and Gomes Alves-2006). 
 

Besides being an interesting species for its life cycle, this fish is one of the most recognized 
because of its economic importance (Barthem and Goulding 1997, Carvajal-Vallejos et al., 2014; 
Batista and Alves-Gomes, 2006). In fact, in the Amazon basin, this fish has been among the most 
important fish for decades along the main channel of the Amazon River. Additionally, with fishing 
zones in five countries covering more than 5000 km (Barthem and Goulding, 1997; Petrere et al., 
2004; Batista and Alves-Gomes, 2006), where have been reported a reduction in catches and 
suggest overexploitation of this migratory species (Petrere et al., 2004; Garcia et al., 2009). 
 

Understanding the life cycles and population patterns is crucial to ensure the conservation of this 
species (Batista and Alves-Gomes, 2006). The exceptional life cycle of B. rousseauxii, in particular, 
requires concerted conservation and management throughout the distribution range in contrast of 
practices and fishing regulations (Barthem and Goulding, 1997; Agudelo et al., 2000; Petrere et al., 
2004; Batista and Alves- Gomes, 2006; Garcia-Vasquez et al., 2009). 
 

Batista and Alves-Gomes (2006) used sequences of d-loop gene of mtDNA of individuals 
distributed in three locations along the main channel of the Amazon River. They suggest that 
haplotype diversity decreases from the mouth to the headwater of the river. This can be explained 
by a differentiated recruitment of certain tributaries of the main channel while the fish stocks are 
moving westward. Additionally, in this study they suggest that this decline may be related to their 
homing behavior. Moreover, Batista et al. (2010) determined panmixia throughout the area of 
distribution of this fish. 



 
19 

 

 

Carvajal-Vallejos et al. (2014) determined the structure and genetic variability of Dourada in the 
Amazon basin, using microsatellites. They showed the existence of three clusters in Upper 
Madeira Basin and Western Amazon Basin. They found high differentiation between these clusters 
suggesting that the migratory behavior of Dourada, the life history strategies including homing can 
explain the distribution of these clusters. 
 

Agudelo et al. (2013) determined characteristics of the biological cycle of B. rousseauxii in the 
Caquetá River in the Colombian Amazon basin. They determined the size of sexual maturity, 
breeding season and mortality. These authors concluded there is a high fishing pressure in the 
Colombian Amazon and this is much higher than in Peruvian Amazon, so that concerted 
management among countries sharing this fishery resource. 
 

In addition to B. rousseauxii, genetic studies have been done in other migratory species because of 
their interesting life cycles and commercial importance in most populations in Orinoco and 
Amazon basins. For example, Carvalho-Costa et al. (2008) evaluated the genetic structure of 
Prochilodus costatus commonly known as Curimatá-piao in the Amazon basin, using microsatellite 
markers. The authors suggest that this species is a single reproductive unit in the study area. 
Sivasundar et al. (2001) determined phylogenetic relationships in Prochilodus species in Amazonas, 
Orinoco, and Parana and Magdalena basins using mtDNA sequences. This study suggested 
population structuring in different basins and each one contains a monophyletic group. 
 

Because of the importance of having prior information of genetic diversity distribution of great 
migratory species in order to implement a management and sustainable use of these species, the 
aim of this chapter is to evaluate population structure and current and historical connectivity 
between the basins. Thus, to define the distribution of genetic diversity and conservation units, 
such as Evolutionary Significant Units (ESUs) and Management Units (MUs) in this large migratory 
catfish recognized because of this commercial importance. Furthermore, this chapter provides 
information on population structure in the Orinoco basin since most genetic studies have been 
done in the main channel of the Amazon basin. Additionally, to assess if there is connectivity of 
this species between the two basins. 
 

 

 

2. MATERIALS AND METHODS 

 

2.1. Sample collection and DNA extraction 

 

A total of 165 muscle samples were collected for this study. B. rousseauxii was sampled in six 
locations along Orinoco Basin: Ciudad Guayana, Puerto Carreño, Puerto López, San José del 
Guaviare, Caicara del Orinoco and Puerto Inirida. In Amazon Basin was sampled in four locations: 
Boa Vista, Manaus, Tefé, and La Pedrera (Figure 5). All tissue samples were preserved in ethanol at 
95% and stored at 4°C. Genomic DNA was extracted using Mo Bio UltraClean® Tissue and Cells 
DNA Isolation Kit and the extraction protocol using CTAB 2% (Doyle and Doyle, 1987).
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2.2. PCR amplification and Sequencing 

 

A portion of about 650 pb of the mitochondrial cytochrome oxidase I (COI) gene was amplified by 
polymerase chain reaction (PCR) using the primers used in Ivannova et al. (2007). PCR 
amplification conditions were as follows: 94°C for 1 min, 35 cycles of 94°C for 1 min, 50°C for 35 s 
and 68°C for 1 min, with a final extension period of 68°C for 7 min. Twelve polymorphic 
microsatellite loci developed for B. rousseauxii (BR 7, BR 37, BR 38, BR 40, BR 41, BR 44, BR 45, BR 
46, BR 47, BR 48, BR 49, BR 51) by Batista et al. (2010) were amplified for all samples. PCR 
conditions were as follows: 68°C for 2 min, 92°C for 30, 30 cycles of 92°C for 30s, 60°C for 35 s and 
68°C for 35 s, 20 cycles of 92°C for 20 s, 53°C for 30 s and 72°C for 30 s, with a final extension of 
72°C for 15 min and 68°C for 15 min. All loci microsatellites were visualized on an Applied 
Biosystems ABI 3100 Genetic Analyzer (Instituto de Pesquisas da Amazonia - INPA). 
 

 

2.3. Data analysis 

 

2.3.1. Mitochondrial gene COI sequence analysis 

 

All sequences were edited and aligned manually using the software Geneious v 4.7 (Drummond et 
al., 2009). Haplotypes were defined using MacClade (Maddison and Maddison, 2000) and for 
phylogenetic comparison, a consensus region of 426 bp. The number of haplotypes (h), nucleotide 
(π), and haplotype (Hd) diversity indices for each population, were estimated in version 3.5 
(Excoffier and Lischer, 2010) Haplotype networks were constructed using the software TCS version 
1.21 (Clement et al., 2000). Population structure analyses were performed in the software 
Arlequin version 3.5 (Excoffier and Lischer, 2010) and restricted to 426 bp of COI. Phylogenetic 
relationships among the mtDNA samples were inferred under maximum likelihood (ML) criteria in 
PAUP* 4b10 (Swofford, 2000) and the appropriate model of evolution was chosen under the 
corrected Akaike Information Criterion (AICc) (Hurvich and Tsai, 1989), using the program 
jModelTest 2.1.6 (Darriba et al., 2012). Heuristic searches for ML included 1000 random addition 
replicates with unlimited tree bisection and reconnection branch swapping (TBR). This analysis was 
run with a single partition that included all data. Statistical support for nodes was determined via 
1000 nonparametric bootstrap replicates with 10 random-addition sequences per replicate, saving 
a maximum of 1000 trees per replicate, and nearest neighbor interchange (NNI) branch swapping. 
 

2.3.2. Microsatellite analysis 

 

Null allele frequencies were estimated in FreeNa (Chapuis and Estoup, 2007). Arlequin (Excoffier 
and Lischer, 2010) was used to estimate the number of alleles per locus (NA), the observed (Ho) 
and the expected Heterozygosity (HE) for every locus. Deviations from Hardy-Weinberg 
equilibrium (HWE) (permutations 10000) were calculated for each locus for each geographic 
location. P values were adjusted using Bonferroni correction for multiple comparisons. To estimate 
the number of genetic clusters and to determinate the degree of admixture among the cluster a 
Bayesian approach was implemented with the software Structure version 2.3.3 (Pritchard et al., 
2000). Pairwise Fst and Rst were computed for each pair of populations to estimate population 
differentiation. To compare variation within groups and between groups defined by Structure, we 
performed an analysis of molecular variance (AMOVA) implemented in software Arlequin version 
3.5 (Excoffier and Lischer, 2010). 
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3. RESULTS 

 

3.1 Mitochondrial COI gene analysis results 

 

A total of 48 sequences were successfully obtained. A total 426 bp of the COI gene were analyzed. 
Seventeen (17) haplotypes were defined by twenty-four (24) variable sites. The haplotype network 
showed inside Amazon basin, only one haplotype (BR01) was shared between Boa Vista, Manaus, 
Tefe and La Pedrera. The haplotype (BR08) was shared between Manaus and Tefe localities (Figure 
6). Inside Orinoco basin the haplotype (BR02) was shared between Ciudad Guayana, Caicara, 
Puerto Carreño, Puerto Inírida, Puerto López and Guaviare. The network showed no shared 
haplotypes between Orinoco and Amazon basins. 
 

Haplotypes BR01 and BR02 in the central position and connected with a high number of other 
haplotypes are probably the most ancestral. There were 5 unknown or missing haplotypes, which 
could be ancestral or haplotypes that were not sampled. Two haplotypes from Guayana BR16 and 
BR17, one haplotype from Caicara BR13 and one haplotype from Puerto Lopez BR10 were not 
included in the network because they were highly differentiated. 
 

In phylogenetic reconstruction by Maximum likelihood (using the model HKY + G from Modeltest) 
were performed and combined with the haplotype frequency for each sampled location (Figure 7). 
It revealed two lineages differentiated, the first one belongs to Amazonas basin locations, and the 
second one is from Orinoco basin locations, except for one haplotype from Puerto Lopez. No 
reciprocal monophyly was found for this species (Figure 7). 
 

It was found relatively high haplotype and nucleotide diversity in most B. rousseauxii populations 
considered in this analysis. The highest haplotype and nucleotide diversities were found in Ciudad 
Guayana and the lowest haplotype and nucleotide diversity were found in Puerto Inirida and La 
Pedrera populations (Ciudad Guayana h = 1.000, π = 2.29%; Puerto Inirida h = 0.00, π = 0.00%; La 
Pedrera h = 0.00, π = 0.00%) (Table 5). 
 

The population pairwise differentiation analysis showed no differentiation within each basin, 
showing that each basin is a panmictic unit. Each one has a high degree of gene flow between 

populations within each basin. There is high differentiation between the two basins, (ɸST ranged 
from 0.17 to 1.00; P<0.05) suggesting no connection between basins (Table 4). 
 

3.2 Microsatellite analysis results: 
 

FreeNa results showed that no null alleles were present in any of the loci. Genetic diversity values 
such as expected (HE) and observed Heterozygosity (Ho), number of alleles per population (n) was 
obtained for twelve loci in the four population units in B. rousseauxii along with deviations from 
HW equilibrium. All 12 microsatellites had between 2 and 18 alleles per locus. It showed high 
allelic diversity, with observed Heterozygosity (Ho) lower than expected Heterozygosity (HE) per 
locus per population (Table 5). Heterozygosity values were very similar for Tefe, Manaus and La 
Pedrera while HE was highest in Puerto Carreño and lowest in La Pedrera. After Bonferroni 
correction (P-value = 0.0005208) no deviation from HWE was observed in Guayana unit 
population. However, deviation from HWE was observed in five loci (BR7, BR40, BR46, BR48 and 
BR49) (Table 5).
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Structure analysis showed the highest posterior probability with K= 4 (Mean LnP(K) -6152.815) 
(Figure 8) which was confirmed using the method of Evanno et al. (2005). For subsequent analyses 
four population units were identified: (1) Guyana (n = 19); (2) Guaviare, Puerto Lopez, Puerto 
Carreño and Puerto Inírida (n = 59); (3) Boa Vista (n = 21); and (4) La Pedrera, Manaus and Tefe (n 
= 60). 
 

According to pairwise population differentiation analysis, within Orinoco we found that Ciudad 
Guayana is differentiated from the other populations (FST ranged from 0.08 to 0.12; P <0.05) 
(Table 6), indicating no complete restriction of gene flow. Among the other Orinoco populations, 
no differentiation was found among them. Inside Amazon basin, there is no differentiation 
between Manaus and La Pedrera (FST: 0.017; P> 0.05) indicating panmixia. Some differentiation 
was found among the other Amazon populations, with some restriction to gene flow. We found 
differentiation between basins, Indicating structure between them (Table 6). 
 

 

4. DISCUSSION 

 

4.1 Population Structure and factors affecting it: 
 

According to haplotype phylogenetic tree, we found no shared haplotypes between Orinoco and 
Amazon basins suggesting no connection between them. Martinez (2015) showed evidence of no 
shared haplotypes between basins with COI and d-loop mitochondrial genes. In our study, we 
found there is only one haplotype from Orinoco basin (Puerto Lopez) which is phylogenetically 
closer to Amazon haplotypes than Orinoco haplotypes, preventing reciprocal monophyly for 
mtDNA  In our study we found that within each basin there is no differentiation between 
populations showing there is panmixia within each basin. This is concordant to Martinez (2015) 
which found that both the Orinoco and Amazon basins, each functions as a panmictic unit, where 
there is gene flow among populations within each basin. This pattern of panmixia in the Amazon 
basin is also consistent with Batista (2010), with samples of the main channel of the Amazon River 
and the Rio Madeira, concluded that Amazon basin is a single panmictic unit. 
 

On the contrary, Carvajal-Vallejos et al. (2014), with samples of Western Amazon (Iquitos) and 
samples of upper Madera River basin in Bolivia and Peru found three highly distinct groups among 
themselves, rejecting the hypothesis of panmixia in the Amazon basin. On the other hand, in our 
study, as Martinez (2015) found differentiation between basins, showing there is no connection 
between Orinoco and Amazon for this species. 
 

Microsatellite markers showed that along the Orinoco, differentiation between Guayana and all 
Orinoco populations was found, suggesting no panmixia and restricted gene flow between 
Guayana and the rest of the Orinoco. In fact, Structure analysis showed that Guayana forms a 
single biological group while the rest of the populations of the Orinoco Basin formed a different 
biological group. 
 

What can explain this restriction of gene flow between Guayana and the rest of Orinoco is that 
Guayana is located at the mouth of the Caroni River, as it enters the Orinoco. The Caroni is a 
system of black water and has the Guri dam constructed for generating hydroelectric power 
(Turner et al., 2004). So if the fish came from Caroni River (black water), could form a distinct 
population. Since Dourada is widely distributed in white water rivers (Barthem and Goulding, 
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1997; Carvajal-Vallejos et al., 2014), the fact that Caroni river is a black water system may be 
generating a selection pressure and generating a new population. 
 

In the Amazon basin, locations from the Amazon River main stem are a single population, which 
was coincident with Batista (2010) with the hypothesis of a single panmictic population across the 
Amazon basin. This pattern was also found in Colossoma macropomum sampled along the main 
channel of the Amazonian River that presents one large panmictic, genetically diverse species 
(Santos et al., 2007). However, we found that Boa Vista populations is differentiated from Amazon 
River main channel locations, suggesting some kind of behavioral or geographic barrier restricting 
the dispersion of individuals to Branco River downstream. The first explanation is that probably, 
the Bem querer rapids found in the In upper Branco River (Briglia, 2007) or the difference of water 
types between Branco river (white water) and Negro river (Black water) could be barriers for B. 
rousseauxii individuals gene flow. Another explanation may be that females are migrating from 
Boa Vista to Amazon main channel, maybe because they are better adapted to environmental 
conditions. 
 

 

On the other hand, we found there is differentiation between basins. What may explain the 
restriction of gene flow between basins; it may be the existence of a geological vicariant event 
Vaupes arch rising (Hoorn et al., 1995; Diaz de Gamero., 1996), or ecological events such as the 
Casiquiare physiochemical gradient (Winemiller and Willis, 2011). 
 

The Vaupes arch rising caused the separation of the Orinoco and Amazon basins (Hoorn et al., 
1995; Diaz de Gamero, 1996). This arch was raised in what is now the Upper Orinoco River and the 
headwaters of the Japurá and Negro rivers in the Amazon basin (Winemiller and Willis, 2011). 
However, the Casiquiare canal which is the only obvious physical connection between the two 
basins. This channel connects the upper Rio Black with high Orinoco river. 
 

However, the Casiquiare itself can act as an ecological barrier for this species, since this channel 
has a physicochemical gradient from clear waters in the upper Orinoco River to Negro river where 
it flows. This can be zoogeographical filter between the two basins (Winemiller et al., 2008). 
 

The Negro River, where Casiquiare flows, may also represent an ecological barrier for species that 
are distributed mainly in white water. This river is poor in nutrients, has an acid pH and low 
primary production (Lewis et al., 2001). Since Dourada is a large fish, they need a greater amount 
of nutrients; it may be unlikely that Dourada can use this river as dispersal route. So, those aspects 
could explain the absence of dispersal of these fish through the Casiquiare (Martinez, 2015). 
 
 

4.2 Routes of connectivity between basins 

 

 

In our study we found that Guayana is separated from the rest of the Orinoco populations, while 
the rest of the Orinoco basin and the Amazon Basin represent distinct biological populations 
except for some kind of contact in Boa Vista, suggesting a connection between the two basins 
along this route. 
 

Boa Vista population is mixed throughout the analysis. This point to a connection between the 
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basins thought the Essequibo river by connecting to Rio Branco through the Rupununi savannah. 
The Rupununi River in the Orinoco basin has a seasonal connection in wet season with the Branco 
River in the Amazon basin via the floodplains associated with the headwaters of the Takutu, a 
Branco river tributary, and the Rupununi River (Winemiller et al., 2008; Winemiller and Willis, 
2011). 
 

This area of connectivity between basins was proposed by Turner et al. (2004) which analyzed 
mitochondrial haplotypes of the fish Prochilodus rubrotaeniatus distributed in the Caroní river, a 
black water tributary of the Orinoco River, in this study they showed that P. rubrotaeniatus was 
sister group to P. mariae, a fish distributed in an extensive area of the Orinoco Basin. In addition, 
they found that individuals from the Upper Negro River and Casiquiare River were sister to the 
individuals from Essequibo River, suggesting dispersal between Orinoco and Amazon basins via the 
Rupununi savanna region (Figure 9). 
 

In another study Lovejoy and Araujo (2000), who used mitochondrial markers, they found that 
populations of Potamorrhaphis guianensis could traverse the Rupununi savanna in wet season and 
move between the Branco River, a white water river in the Amazon basin and the Essequibo basin 
during the wet season. 
 
Although at some point in the past, this area could be used by Dourada as a corridor between the 
Orinoco and Amazon basins, we found that currently, this area of Rupununi savanna is not been 
using as a corridor between both basins by Dourada. We suggest that the extreme differences in 
water types between the Takutu River (black water) and Rupununi River (white water) could be an 
ecological barrier for Dourada dispersion. 
 

 

4.3 Management and conservation implications 

 

 

In this study we found that Dourada populations are forming four biological groups. Thus, using 
MU criterion which populations do not show mtDNA reciprocal monophyly, but it is having 
differences in nuclear allelic frequencies (Moritz, 1994; Funk et al., 2012) and population structure 
analysis, we propose four management units. 
 

The first is Ciudad Guayana, which seems to be separated from the rest of the Orinoco basin, with 
an independent evolutionary trajectory. The second is the rest of locations of Orinoco basin, which 
have connectivity between them. The third are Amazon River main stem locations, and the fourth 
is Boa Vista population which seems to have a restricted gene flow with the Amazon River main 
stem populations. 
 
Taking into account the above, both Ciudad Guayana and Boa Vista should be taken as distinct 
stocks from the Orinoco and Amazon basins respectively. And each one with different 
management and conservation actions. In addition, considering that Guayana is located in areas 
where the Guri dam is constructed for generating hydroelectric power in the Caroni river (Turner 
et al., 2004). This may be an additional threat by interrupting fishes migration routes (Junk et al., 
2007; Carvajal-Vallejos et al., 2014), this have to be taken into account to establish management 
plans.
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5. FIGURES 
 
 
 

 
 
 
Figure 5. Map of sampling localities of Brachyplatystoma rousseauxii. Amazon Basin localities are 
in green. Orinoco Basin localities are in pink. Locations are (a) Ciudad Guayana (n=19), (b) Caicara 
del Orinoco (n=3), (c) Puerto Carreño (n=20), (d) Puerto López (n=19), (e) San José del Guaviare 
(n=20), (f) Puerto Inírida (n=3), (g) Boa Vista (n=21), (h) Manaus (n=20), (i) Tefe (n=20), (j) La 
Pedrera (n=20). The locations of Puerto Inirida and Caicara del Orinoco was used only for 
Mitochondrial analyses. 
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Figure 6. B. rousseauxii haplotype network obtained from TCS. The size circles reflect frequency of 

a particular haplotype in Puerto Carreño, Puerto Inirida, Puerto Lopez, Guaviare, Guayana, Caicara, 

Boa vista, Manaus, Tefe and La Pedrera localities. Haplotype names are written outside of 

haplotypes pie chart 
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Figure 7. Maximum-likelihood phylogenetic reconstruction of B. rousseauxii COI haplotypes 

combined with the Haplotype frequency found in each location. Boostrap support values higher 

than 50 are shown on branches. Outgroups used Brachyplatystoma vaillantii and 

Pseudoplatystoma fasciatum. Locations sampled were Ciudad Guayana (GUY), Caicara del Orinoco 

(CAI), Puerto Carreño (CAR), Guaviare (GUA), Puerto Inírida (INI), Puerto Lopez LOP), Boa Vista 

(BOV), Manaus (MAN), Tefe (TEF) and La Pedrera (PED). 
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Figure 8. Bayesian assignment for each individual of B. rousseauxii inferred by the 

program Structure K=4. Vertical lines indicate each of the individuals and the colors 

represent the probability membership coefficient of that individual to each genetic 

cluster. 
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6. TABLES 

 

Table 4. Pairwise FST (below diagonal) and ST (above diagonal) values for cytochrome oxidase I 

among Brachyplatystoma rousseauxii locations. Significantly different values (P < 0.05) are shown 

in bold.  Haplotype (h) and nucleotide ()  standard deviation (SD) are show on the diagonal for 

each geographic location. 

 

                     

ST  
Carreño Guaviare Inirida López Guayana Caicara Boa Vista Manaus Tefe Pedrera 

FST  

Carreño 

h = 0.400 
+/- 0.237 

0.000 -0.132  -0.000 0.019 0.167 0.714 0.555 0.555 0.833 
π = 0.100 
+/- 0.001 

Guaviare -0.057 

h = 0.700 
+/- 0.218 

-0.132 -0.000 -0.003 0.117 0.500 0.416 0.416 0.555 
π = 0.399 
+/- 0.003 

Inirida -0.132 -0.009 

h = 0.000 
+/- 0.000 

-0.132 -0.112 0.000 0.784 0.531 0.531 1.000 
π = 0.000 
+/- 0.000 

López -0.057 -0.093 -0.009 

h = 0.700 
+/- 0.218 

0.013 0.013 0.156 0.157 0.157 0.187 
π = 1.306 
+/- 0.008 

Guayana  0.166 0.034 0.250 0.034 

h = 1.000 
+/- 0.126 

-0.109 0.177 0.156 0.145 0.183 
π = 2.295  
+/- 0.014 

Caicara -0.103 -0.142 0.000 -0.142 0.008 

h = 0.667 
+/-  0.314 

0.351 0.287 0.287 0.378 
π = 1.019 
+/- 0.015 

Boa Vista 0.600 0.450 0.742 0.450  0.300 0.499 

h = 0.400 
+/- 0.237 

-0.000 -0.000 -0.000 
π = 0.100 
+/- 0.001 

Manaus 0.450 0.300 0.560 0.300 0.150 0.313  -0.057 

h = 0.700 
+/- 0.218 

-0.034 0.000 
π = 0.298 
+/- 0.003 

Tefe 0.450  0.450 0.742 0.450 0.300 0.499 -0.111 -0.057 

 h = 0.400 
+/- 0.237 

0.000 
π = 0.298 
+/- 0.003 

Pedrera 0.800 0.650 1.000 0.650 0.500 0.763 -0.000 0.125 -0.000 

h = 0.000 
+/- 0.000 

π = 0.000 
+/- 0.000 
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Table 5. Genetic diversity for twelve microsatellite loci in all B. rousseauxii geographic locations 

analyzed.  N= Dourada sample size; for each locus: n= total number of alleles, Ho= observed 

heterozygosity, HE = expected heterozygosity. Loci out of equilibrium after Bonferroni correction 

(0.0005208) are shown in bold 

 

Locus 
Guayana López Carreño Guaviare Boa Vista Tefe Manaus Pedrera 

N=19 N=20 N=    20 N=    20 N=21 N=20 N=20 N=20 

BR7 

n=3 n=7 n=9 n=7 n=8 n=2 n=5 n=3 

Ho= 0.84 Ho= 0.70 Ho= 0.62 Ho= 0.75 Ho= 0.75 Ho= 0.27 Ho= 0.45 Ho= 0.15 

HE = 0.57 HE = 0.73 HE = 0.82 HE = 0.81 HE = 0.76 HE = 0.24 HE = 0.52 HE = 0.14 

P= 0.021 P= 0.0053 P= 0.00025 P= 0.0025 P= 0.0464 P= 1.000 P= 0.0716 P= 1.000 
         

BR37 

n=9 n=8 n=7 n=8 n=9 n=7 n=9 n=6 

Ho= 0.50 Ho= 0.73 Ho= 0.84 Ho= 0.57 Ho= 0.80 Ho= 0.71 Ho= 0.55 Ho= 0.60 

HE = 0.83 HE = 0.82 HE = 0.80 HE = 0.82 HE = 0.82 HE = 0.70 HE = 0.75 HE = 0.65 

P= 0.0008 P= 0.084 P=0.155 P=0.020 P= 0.7105 P= 0.203 P= 0.022 P= 0.3532 
         

BR38 

n=10 n=12 n=12 n=18 n=15 n=14 n=16 n=18 

Ho= 0.56 Ho= 0.68 Ho= 0.70 Ho= 0.73 Ho= 0.90 Ho= 0.95 Ho= 0.80 Ho= 1.00 

HE = 0.77 HE = 0.83 HE = 0.88 HE = 0.92 HE = 0.93 HE = 0.93 HE = 0.93 HE = 0.95 

P= 0.0095 P=  0.101 P= 0.283 P= 0.051 P= 0.053 P= 0.617 P= 0.240 P= 0.838 
         

BR40 

n=5 n=8 n=7 n=7 n=13 n=10 n=10 n=9 

Ho= 0.87 Ho= 0.78 Ho= 0.90 Ho= 0.68 Ho= 1.00 Ho= 0.80 Ho= 0.80 Ho= 0.70 

HE = 0.70 HE = 0.79 HE = 0.76 HE = 0.69 HE = 0.88 HE = 0.81 HE = 0.84 HE = 0.88 

P= 0.405 P= 0.021 P= 0.0028 P= 0.388 P= 0.0000 P= 0.798 P= 0.5218 P= 0.0715 
         

BR41 

n=4 n=4 n=7 n=5 n=6 n=5 n=7 n=3 

Ho= 0.47 Ho= 0.94 Ho= 0.85 Ho= 0.68 Ho= 0.90 Ho= 0.45 Ho= 0.50 Ho= 0.26 

HE = 0.52 HE = 0.68 HE = 0.75 HE = 0.70 HE = 0.63 HE = 0.39 HE = 0.50 HE = 0.24 

P=  0.093 P= 0.023 P= 0.109 P= 0.716 P= 0.0061 P= 1.000 P= 0.388 P= 1.0000 
         

BR44 

n=6 n=5 n=8 n=7 n=6 n=8 n=9 n=7 

Ho= 0.81 Ho= 0.63 Ho= 0.73 Ho= 0.57 Ho= 0.66 Ho= 0.60 Ho= 0.75 Ho= 0.90 

HE = 0.71 HE = 0.67 HE = 0.72 HE = 0.63 HE = 0.75 HE = 0.73 HE = 0.82 HE = 0.80 

P=  0.027 P= 0.255 P= 0.373 P= 0.529 P= 0.517 P= 0.582 P= 0.0365 P= 0.898 
         

BR45 

n=9 n=7 n=11 n=7 n=7 n=10 n=8 n=6 

Ho= 0.64 Ho= 0.61 Ho= 0.83 Ho= 0.63 Ho= 0.70 Ho= 0.70 Ho= 0.90 Ho= 0.52 

HE = 0.80 HE = 0.81 HE = 0.86 HE = 0.81 HE = 0.82 HE = 0.81 HE = 0.82 HE = 0.71 

P= 0.027 P= 0.288 P= 0.360 P=  0.0033 P= 0.635 P= 0.045 P= 0.7104 P= 0.077 
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BR46 

n=3 n=9 n=6 n=7 n=9 n=5 n=4 n=5 

Ho= 0.94 Ho= 0.66 Ho= 0.47 Ho= 1.00 Ho= 0.80 Ho= 0.33 Ho= 0.42 Ho= 0.36 

HE = 0.54 HE = 0.81 HE = 0.81 HE = 0.64 HE = 0.86 HE = 0.63 HE = 0.46 HE = 0.65 

P= 0.00085 P= 0.00059 P= 0.0000 P= 0.0000 P= 0.0003 P= 0.0177 P= 0.246 P= 0.026 
         

BR47 

n=7 n=13 n=15 n=11 n=8 n=4 n=4 n=4 

Ho= 0.81 Ho= 0.78 Ho= 0.60 Ho= 0.85 Ho= 1.00 Ho= 0.52 Ho= 0.31 Ho= 0.75 

HE = 0.72 HE = 0.91 HE = 0.85 HE = 0.81 HE = 0.78 HE = 0.58 HE = 0.40 HE = 0.62 

P=   0.296 P=  0.0057 P= 0.0075 P= 0.006 P= 0.0025 P= 0.8243 P= 0.053 P= 0.9009 
         

BR48 

n=3 n=4 n=5 n=4 n=4 n=3 n=3 n=4 

Ho= 0.42 Ho= 0.68 Ho= 0.58 Ho= 0.77 Ho= 0.35 Ho= 0.15 Ho= 0.15 Ho= 0.35 

HE = 0.59 HE = 0.72 HE = 0.74 HE = 0.67 HE = 0.49 HE = 0.61 HE = 0.51 HE = 0.50 

P= 0.0595 P= 0.056 P= 0.137 P=   0.294 P=   0.039 P= 0.00083 P=  0.00034 P= 0.095 
         

BR49 

n=4 n=5 n=8 n=7 n=10 n=8 n=8 n=9 

Ho= 0.80 Ho= 0.82 Ho= 0.63 Ho= 0.65 Ho= 0.85 Ho= 0.83 Ho= 0.76 Ho= 0.85 

HE = 0.64 HE = 0.78 HE = 0.83 HE = 0.79 HE = 0.85 HE = 0.80 HE = 0.75 HE = 0.82 

P=  0.545 P=  0.853 P= 0.00031 P= 0.00033 P=  0.885 P= 0.533 P=  0.537 P=  0.165 
         

BR51 

n=6 n=6 n=7 n=7 n=7 n=6 n=8 n=6 

Ho= 0.47 Ho= 0.57 Ho= 0.45 Ho= 0.50 Ho= 0.66 Ho= 0.80 Ho= 0.65 Ho= 0.40 

HE = 0.49 HE = 0.52 HE = 0.46 HE = 0.56 HE = 0.68 HE = 0.68 HE = 0.59 HE = 0.35 

P=  0.451 P=  0.799 P=  0.392 P=  0.4654 P=  0.629 P=  0.912 P=  0.682 P=  1.0000 

 
 
 
 
 

Table 6. Population differentiation between pairwise populations with eight microsatellites in 
Brachyplatystoma rousseauxii. Significant values are shown in bold. RST values (above diagonal) 
and FST values (below diagonal) 
 

                  

RST  
Guayana López Carreño Guaviare Boa Vista Tefe Manaus  Pedrera 

FST  

Guayana  -0.028 -0.095 0.163 0.362 0.585  0.578 0.638 

López 0.089  0.009 -0.000 0.135 0.205 0.205 0.283 

Carreño 0.115 -0.005   0.099 0.258 0.357 0.361 0.424 

Guaviare 0.126 0.005 -0.004  0.100 0.203 0.194 0.293 

Boa Vista 0.175  0.046 0.042 0.133  0.141 0.143 0.197 

Tefe 0.269 0.096 0.104 0.106 0.069  -0.021  0.075 

Manaus 0.268 0.120 0.136 0.147  0.126 0.025   0.022 

 Pedrera 0.279 0.126 0.133 0.153 0.105 0.031 0.017   
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CONCLUSIONS: NEOTROPICAL FISHES PHYLOGEOGRAPHIC PATTERNS 
 
 

According to the hypothesis assessed in this study, we found no strong supporting for the 
influence of historical events in current population genetics and distribution patterns in both 
fishes since we found no support that actual distribution pattern has been caused by vicariant 
events such as the rise of Vaupes Arch, since we found no allopatric distribution and no reciprocal 
monophyly between basins for both species.  
 
By contrast, we found more support that ecological events such as ecological barriers (water type, 
pH gradient, amount of nutrients), barriers along rivers and life history traits, habitat preference 
and adaptation, may be affecting the current population structure and distribution of both fishes. 
 
For instance, we found that for both species, despite having different life histories, it was found a 
common phylogeographical pattern: There is genetic differentiation between basins in both 
species. However, this differentiation is not strong enough to generate reciprocal monophyly. This 
pattern seen in both species may be due to some kind of connection between basins. 
 
Regarding to some kind of connection between basins, we found that both fishes could use other 
routes of connectivity that play a role of dispersal routes between basins instead of Casiquiare 
channel which is the most conspicuous connection between basins. This could be due to the 
marked physicochemical gradients in Casiquiare channel, which can be an ecological filter for 
these species (Lovejoy and Araujo, 2000; Turner et al., 2004; Winemiller and Willis, 2011). 
Therefore, alternative routes of connectivity between basins such as The tributaries between the 
Upper Orinoco and Upper Negro rivers (Winemiller et al., 2008; Winemiller and Willis, 2011) and 
the inundated savannah of the Rupununni, which connects the Branco and Essequibo rivers (Lowe-
McConnell, 1969; Lovejoy and Araujo, 2010) are both alternative connections allowing fish 
dispersal in flooding season (Figure 9). 

In this study, we found there is some kind of connection between basins, but we do not know 
whether that connectivity between basins is either current or in the recent past. Therefore, in 
future studies it Is important to estimate date of divergence and current gene flow within and 
between basins. 
 
In P. axelrodi, it was found genetic structure with mitochondrial genes within and between basins. 
On the contrary, with nuclear markers, it was found low genetic structure suggesting that there 
may be philopatry in females and males are the ones who are moving. However, it is important to 
establish whether this pattern of connection among populations shown with nuclear marker is due 
to either current gene flow or shared common ancestry, showing a connection among populations 
in the past. 
  
In B. rousseauxii case, it was found panmixia within each basin. However, it is important to 
establish whether there is actual gene flow within each basin. On the other hand, a sign of a 
connection between basins was found, however, it is necessary to determine whether the 
connection between basins was until the recent past. 
 
However, we found that ecology of fishes could be an important factor having a great influence in 
the distribution of all genetic variation in Cardinal tetra and Dourada in the Orinoco and Amazon 
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basin. Additionally, understanding this variation is important for both conservation and 
management (Moritz 1994; Lovejoy and Araujo 2000).  
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FIGURES 
 
 
 

 
 
 
 
Figure 9. Map showing the current river drainages of northern South America with connectivity 
areas proposed in this study. The (Negro, Atabapo, Guiana, Inirida, Icana area) and the Rupununi 
savanna. The Casiquiare River a connection between upper Orinoco and upper Rio Negro across 
the Vaupes Arch 
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