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Abstract

The unparalleled diversity of tropical ecosystems like the Amazon Basin has been
traditionally explained using spatial models within the context of climatic and geological
history. Yet, it is adaptive genetic diversity that defines how species evolve and interact
within an ecosystem. Here, we combine genome scans, population genetics and
sequence-based phylogeographic analyses to examine spatial and ecological arrange-
ments of selected and neutrally evolving regions of the genome of an Amazonian fish,
Triportheus albus. Using a sampling design encompassing five major Amazonian rivers,
three hydrochemical settings, 352 nuclear markers and two mitochondrial DNA genes,
we assess the influence of environmental gradients as biodiversity drivers in Amazonia.
We identify strong divergent natural selection with gene flow and isolation by
environment across craton (black and clear colour)- and Andean (white colour)-derived
water types. Furthermore, we find that heightened selection and population genetic
structure present at the interface of these water types appears more powerful in
generating diversity than the spatial arrangement of river systems and vicariant
biogeographic history. The results from our study challenge assumptions about the
origin and distribution of adaptive and neutral genetic diversity in tropical ecosystems.
In addition, they have important implications for measures of biodiversity and
evolutionary potential in one of the world’s most diverse and iconic ecosystems.
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. lations diverge after accumulating a different assortment
Introduction . . . .
of mutations under equivalent selection pressures (Mani

Knowledge about the distribution of adaptive genetic & Clarke 1990; Nosil & Flaxman 2011). The second, eco-

diversity is key to understand how organisms evolve
and interact within an ecosystem. Adaptive diversity
generated by natural selection can occur via two routes.
The first, mutation-order speciation, occurs when popu-
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logical speciation, results from the evolution of reproduc-
tive isolation between populations or subsets of a single
population as a direct consequence of ecologically based
divergent natural selection (Schluter 2000, 2001; Rundle
& Nosil 2005; Schluter & Conte 2009). While natural
selection drives alleles to fixation in both scenarios, selec-
tion favours divergence between environments only in
ecological speciation (Schluter & Conte 2009). Thus, eco-
logical speciation results in reproductive isolation
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between environments, where ‘environments’ refer to
abiotic or biotic elements of a habitat, including interspe-
cific interactions (Schluter 2001).

In the past 10 years, there has been sizeable progress
in the understanding of divergent natural selection and
how it results in ecological speciation. Numerous stud-
ies have demonstrated how ecological divergence and
specific phenotypic traits under selection alter repro-
ductive success (Via 1999; Rundle et al. 2000; Rundle &
Nosil 2005). However, the genetics of ecologically based
divergent natural selection remains comparatively mys-
terious (reviewed in Schluter & Conte 2009). Currently,
it is being examined by employing approaches such as
the mapping of quantitative trait loci or the identifica-
tion of genes or regulatory control regions affecting
individual phenotype and reproductive success (e.g.
Orr & Turelli 2001; Bradshaw & Schemske 2003; Mac-
kay et al. 2009; Bernatchez et al. 2010). These methods
are powerful but require a priori genomic knowledge
that is often unavailable in non-model organisms.
Another approach that is growing in popularity and is
accessible to studies of non-model organisms involves
‘genome scans’. A genome scan screens many individu-
als from ecologically different populations or species at
numerous markers and compares allelic variation at
marker loci spread throughout the genome. Here, signa-
tures of selection can be detected in ‘outlier loci’ that
exhibit exceptionally high levels of differentiation (Luik-
art et al. 2003; Beaumont 2005). Although genome scans
cannot identify the precise genetic condition that drives
phenotypic traits, they can estimate selected genomic
regions and compare the evolutionary patterns between
selected and neutral loci (e.g. Campbell & Bernatchez
2004; Emelianov et al. 2004; Scotti-Saintagne et al. 2004;
Achere et al. 2005; Turner et al. 2005; Bonin et al. 2006;
Murray & Hare 2006; Nosil et al. 2008). A potential
caveat of a genome scan is that genes that have
diverged under mutation-order processes can also leave
the same signature of outlier loci (Barton & Bengtsson
1986; Kondrashov 2003). Nonetheless, the key distinc-
tion between ecological and mutation-order divergence
lies in the association of outlier loci to contrasting envi-
ronments.

Genome scans are effective in identifying divergent
natural selection and ecological speciation primarily
because of the heterogeneous nature of genomic diver-
gence through time (reviewed in Nosil et al. 2009).
Because of this, the temporal context of divergence is
critical when examining the outlier loci within the para-
digm of ecological speciation. During the early phases
of ecologically based divergent natural selection, selec-
tion will be highest at genomic regions that affect or are
tightly linked via divergence hitchhiking to ecologically
important traits. Simultaneously, the homogenizing

effects of gene flow may continue throughout the rest
of the genome (Wu 2001; Gavrilets & Vose 2005; Via
2009). However, as time passes, if speciation progresses,
genetic divergence will occur in other genomic regions
that were not originally affected by divergent selection
via drift or new selection pressures, resulting in repro-
ductive isolation and eventual ‘ecological speciation’
between lineages (Mayr 1963; Funk 1998; Schluter 2000;
Rundle & Nosil 2005; Via 2009). This process has been
described as isolation by adaptation (IBA) and results
in a positive correlation between the degree of adaptive
phenotypic divergence and neutral differentiation with
time (Nosil et al. 2008). In this way, ecologically based
adaptive divergence also promotes the accumulation of
neutral genomic divergence via genetic drift (Slatkin
1987; Nosil et al. 2008). Thus, if divergent natural selec-
tion is identified, time since divergence and accumu-
lated neutral genetic differentiation should also be
considered alongside loci under selection to better
understand the historical relationship between organism
and ecosystem.

Tropical ecosystems provide an unparalleled concen-
tration of biodiversity, with tropical forests alone
accommodating perhaps two-thirds of the Earth’s ter-
restrial diversity (Gardner ef al. 2009). The Amazon
Basin is no exception. Apart from its huge terrestrial
biodiversity, the Amazon fluvial system sustains the
world’s richest freshwater fish fauna, with over 3000
species and 60 fish families (Reis et al. 2003). The evo-
lutionary and ecological forces elemental to the genesis
of such diversity are controversial and poorly resolved
(Beheregaray 2008). Like other tropical systems
(reviewed in Moritz et al. 2000), Amazonian diversity
has largely been described within the context of cli-
matic and geological history with limited focus on eco-
logically based divergent natural selection. However,
as evidence accumulates supporting Darwin’s theory
(1859) that reproductive isolation can arise as a conse-
quence of the interaction between individuals and their
environment (reviewed in Schluter 2000; Coyne & Orr
2004), it is also becoming recognized that ecologically
driven adaptive divergence may actually be a wide-
spread force in the accumulation of tropical diversity
(Smith et al. 1997, 2001; Schneider et al. 1999; Garcia-
Paris et al. 2000; Ogden & Thorpe 2002; Freedman
et al. 2010; Lopez-Fernandez et al. 2010; Cooke et al.
2012).

The Amazonian aquatic environment provides an
ideal platform to examine the influence of divergent
natural selection in the generation of tropical biodiver-
sity. In particular, it sustains dramatic hydrochemical
and ecological gradients that impose physiological con-
straints upon its aquatic communities (Junk et al. 1983;
Henderson & Crampton 1997; Rodriguez & Lewis 1997;
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Saint-Paul et al. 2000; Petry et al. 2003). These aquatic
conditions have been grouped into three water types or
‘colours’ and are differentiated largely by sediment
composition, geochemistry and optical characteristics
(Sioli 1984): (i) white water that has an Andean origin is
turbid in nature and characterized by large amounts of
dissolved solids; (ii) clear water that is comparatively
transparent contains a low content of dissolved solids;
and (iii) black water that is transparent yet stained by
tannins and humic acids leached from vegetation differs
most dramatically from the latter by its low pH. Both
clear and black water differ from white water in that
they are craton born, draining the Brazilian and Guyana
shields, respectively (Hoorn et al. 2010a). As a result,
their sediment composition and channel formation are
different from the fast-turbid white waters. Major eco-
logical gradients and discontinuities have been shown
to generate diversity via divergent natural selection
elsewhere (Endler 1973; Smith ef al. 1997, 2001; Thorpe
et al. 2008; Berner et al. 2009). Thus, we predict that
major differences in water colour between rivers of the
Amazon Basin provide ecological opportunities for
divergent natural selection to drive genetic differentia-
tion between populations of aquatic organisms.

This study combines genome scans, population genet-
ics, sequence-based phylogeographic analyses and a
powerful sampling design to assess the influence of
hydrochemical gradients as biodiversity drivers in the
Amazonian fish Triportheus albus. Triportheus albus (Cope
1872) is a medium-sized benthopelagic characin fish
abundant in white, black and clear waters of the Ama-
zon Basin. Our study system consists of five major riv-
ers (Amazon, Madeira, Branco, Negro and Tapajos
Rivers), three hydrochemical settings (white, black and
clear water), two ecological gradients (i.e. black meets
white and white meets clear water) and two controls in
which river systems of the same water colour meet.
Surveys aimed to assess the influence of divergent natu-
ral selection in the landscape usually need to disentan-
gle ecological divergence from allopatric biogeographic
history. Thus, our study aims were framed to (i) clarify
the phylogeographic history in T. albus from white,
black and clear water; (ii) quantify divergent natural
selection using genome scans and examine associations
of selected genomic regions with water colour; and (iii)
assess the extent of isolation by environment between
populations of T. albus spanning different water col-
ours.

Within our study system, we show that the selection
gradients generated by water colour may actually be
more powerful in generating diversity in the Amazon
Basin than geographic isolation per se. Our results have
important implications for programmes aimed at mea-
suring ecological diversity and evolutionary potential
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in one of the world’s most diverse and iconic
ecosystems. It also raises fundamental questions about
the origin and distribution of adaptive genetic diversity
in tropical rainforests, a topic of global significance
because of the threatened nature of these poorly
studied ecosystems.

Materials and methods

Sampling design and molecular methods

Our study includes populations from white, black and
clear water habitat. It encompasses five major river sys-
tems and the three main hydrochemical settings of the
Amazon Basin: the Amazon (white), Madeira (white),
Branco (seasonally black), Negro (black) and Tapajos
(clear) rivers. Within our sampling transect, the black
waters of the Negro, the white waters of the Madeira
and the clear waters of the Tapajos Rivers coalesce into
the Amazon River that drains west to east trans-conti-
nentally. Additionally, our transect includes the black
water portion of the Branco River that meets the Negro
River. In this way, our sampling design consists of two
ecological gradients, where black (Negro) and clear
(Tapajos) water meets white (Amazon) water and two
controls, where rivers of the same water colour meet
(Branco to Negro and Madeira to Amazon) (Fig. 1).
During January and February of 2005 and 2008, we con-
ducted expeditions along ~2200 km of riverine dis-
tance, all in Brazilian territory and sampled 179
Triportheus albus from 10 sampling sites (Fig. 1;
Table 1). Triportheus elongatus, whose distribution is
sympatric with T. albus, were also sampled for out-
group comparison. Geographic coordinates of sampling
sites were recorded using a global positioning system.
Fish were caught using beach seine nets, euthanized
and muscle tissue dissected and preserved in 95% etha-
nol. Temperature, pH, turbidity (measured with a Sec-
chi disk), dissolved oxygen and oxygen saturation were
measured at each sampling site in both years.

DNA was extracted using a modified salting-out
method (Sunnucks & Hales 1996). The mitochondrial
adenosine triphosphatase subunits 6 and 8 (ATPase 6
and 8) were amplified via polymerase chain reaction
(PCR) and sequenced for 114 samples of T. albus. AT-
Pase 6 and 8 were amplified using the primers ATPS8.2
and CO3.2 (Bermingham & Martin 1998) with PCR con-
ditions as in Corrigan et al. (2008). All PCR products
were sequenced on an automated Sequencer AB3730xl.

Amplified fragment length polymorphism (AFLP)
profiling was performed on all samples (1 = 179) using
a modified protocol after Zenger et al. (2006). Restric-
tion fragments were amplified in a single selective PCR
round using two selective EcoRI primer carrying three
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Fig. 1 Sampling localities of Triportheus albus in the Amazon Basin. Each site label has been shaded according to water colour. Black
water sites include B1 and N1, white water sites include A1-A6 and M1, clear water sites include T1. Inset shows the study area in

the northern region of South America.

Table 1 Water ‘colour’, sampling locations, sample size and average hydrochemical variables collected in 2005 and 2008 [tempera-
ture, °C; pH; turbidity, cm; dissolved oxygen (mg/L); oxygen saturation O, (%)]

River Site Latitude Longitude N °C pH cm OD O0,%
Black
Branco B1 1°15’59.00" S 61°50’55.00” W 24 29.8 6.91 83.4 6.92 90.4
Negro N1 3°4’44.00” S 60°14'44.00” W 19 29.7 52 76.0 6.4 82.3
White
Madeira M1 3°28'14.00” S 58°52'5.00” W 10 29.7 7.1 5.5 5.7 82.4
Amazon Al 3°20°40.00” S 60°7"10.00” W 13 28.8 7.2 12.3 6.7 86.3
Amazon A2 3° 6’56.00” S 59°32'19.00” W 41 29.6 7.1 18.8 6.3 85.2
Amazon A3 3°4’39.00” S 58°13'13.00” W 34 28.7 7.1 18.3 4.8 84.0
Amazon Ad 2°33'7.00” S 57°1’59.00” W 4 29.2 7.2 10.5 6.4 85.6
Amazon A5 2°10'21.00” S 54°5821.00” W 3 29.0 7.2 12.5 6.3 82.0
Amazon A6 2°2810.00” S 54°305.00” W 5 29.7 7.2 15 6.6 87.9
Clear
Tapajos T1 2°52’17.00” S 55° 9’38.00” W 25 29.5 6.7 118 7.1 97.5

All measurements (except turbidity) are averaged from riverbed and surface measurements.

selective nucleotides (5-GAC TGC GTA CCA ATT
C + AGT or AAC-3) and four selective Msel primers
carrying four selective nucleotides (5-GAT GAG TCC
TGA GTA A + CAAC, CTGC, CAGC or CTTC-3)
(Applied Biosystems). The fragments were then dena-
tured and separated on an AB3130x] automated sequen-
cer.

The presence and absence of AFLP fragments were
determined using GENEMAPPER 4.0 (Applied Biosystems),
within a range of 50-500 bp and a 1-bp call accuracy.
Peaks with heights less than 50 relative fluorescent
units were not scored, and every bin fragment position
identified using GENEMAPPER was checked manually.
AFLPScorel.4 (Whitlock et al. 2008) was employed to
normalize and score our data within the predefined
fragment locations and to calculate mismatch error rates

for each primer combination using approximately 10%
of samples per primer combination that was rerun as
replicates.

Phylogeography and demographic history

Mitochondrial sequences were aligned using SEQUENCHER
4.1 (Gene Codes Corporation, Ann Arbor, MI, USA).
ATPase 6 and 8 sequence diversity was estimated as
haplotypic and nucleotide diversity (Nei 1987) in ARLE-
QuIN 3.11 (Excoffier et al. 2005). Genealogical relation-
ships were investigated by constructing a haplotype
network in Tcs (Clement ef al. 2000) using the ATPase 6
and 8 mtDNA sequences.

We further investigated phylogenetic relationships
using character- and model-based methods: maximum
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parsimony (MP) and maximum likelihood (ML) in
raur+4.0b10 (Swofford 2003). For MP, a heuristic search
strategy was used, and all characters were treated as
unordered and unweighted. Bootstrap resampling was
based on 1000 replicates for a majority-rule consensus
tree. For ML, we used MODELTEST v3.07 (Posada & Cran-
dall 1998) to estimate the most appropriate model of
sequence evolution. According to the Akaike Informa-
tion Criterion, the Tamura & Nei (1993) plus invariant
sites (+I) was the most likely model of DNA substitu-
tion for our data set. The ML tree was constructed
using a heuristic search strategy and appropriate model
parameters as specified by MODELTEST v.3.0.7.

To gain insight about the history of migration rate
across water colours, we used the isolation with migra-
tion model IMa to analyze the ATPase 6 and 8 sequence
data (Hey & Nielsen 2004, 2007). After separating from
an ancestral population, the IMa model includes gene
flow with rates m; and m,, respectively. We used IMa
to estimate posterior probabilities of migration rates
between black and white water and between white and
clear water populations. Using this estimation, we cal-
culated the population migration rate as 2Nym;. Each
comparison was run twice until stationary distribution
was achieved, and the minimum effective sample size
exceeded 50 (Hey 2005). Each run included four
Metropolis-coupled Markov chains (MCMC), a linear
heating scheme with the first-heating parameter set to
0.05, and a maximum of 10 multiple chain swapping
attempts.

Major demographic events potentially associated with
the evolutionary history of T. albus populations were
assessed by the mismatch analysis as implemented in
ARLEQUIN 3.01 (Excoffier et al. 2005) by testing the data
against a model of demographic expansion (Rodgers &
Harpending 1992). When applicable, we calculated the
estimator of time to the expansion (1) and mutation
parameter (0) according to Schneider & Excoffier (1999).
From this, we used the formula t = t/(2u) to estimate
the timing of putative population expansion where t is
given in generations, and p is the mutation rate for AT-
Pase 6 and 8. We adopted the ATPase 6 and 8 mutation
rate of 1.4% per million years after Bermingham et al.
(1997). Additionally, Fu’s (1997) test of selective neutral-
ity was employed to assess the signal of demographic
expansion in the data set. In the event of demographic
expansion, large negative Fg values are generally
observed (Fu 1997).

Analysis of adaptation and population structure

Outlier loci were detected in our nuclear data set using
two methods. We first used the program prpisT distrib-
uted by M. A. Beaumont, which implements the

© 2012 Blackwell Publishing Ltd

approach of Beaumont & Balding (2004), with modifica-
tions for dominant markers. The methodology is based
on the assumption that loci under divergent selection
(positive selection) will display significantly higher Fsr
values than the majority of neutral loci in a sample. In
contrast, loci under stabilizing selection (negative selec-
tion) are expected to display significantly low Fgr val-
ues. From the empirical data set, null allele frequencies
for each locus are estimated using the Bayesian method
of Zhivotovsky (1999). prpist then calculates a ‘trimmed’
mean Fsy by removing 30% of the highest and lowest
values (Beaumont & Balding 2004). This ‘trimmed’
mean represents the ‘neutral’ Fsr values, uninfluenced
by loci under positive or negative selection (outlier loci).
The model then implements a hierarchical-Bayesian
approach to compute Fgr values conditional on
heterozygosity in a subdivided population under the
infinite island model (Wright 1943). Empirical and sim-
ulated distributions are then compared, identifying
upper and lower confidence intervals and the resulting
outlier loci. We chose not to specifically test for loci
with unusually low Fsr because divergence-based
methods are known to have little power to detect
stabilizing selection (Beaumont & Nichols 1996;
Beaumont & Balding 2004).

We searched for (positive) directional selection within
12 pairwise population comparisons and three additional
comparisons between water colours (Fig. 4). For each
analysis, loci with allele frequencies higher than 0.98
were excluded. The trimmed mean Fst was calculated,
and a null distribution of Fsr was generated using 50 000
realizations. This was compared to the empirical distri-
bution, and outlier loci were identified at the upper 95th
quantile using a smoothing parameter of 0.04.

Loci were classified into three groups after Nosil
et al. (2008): (i) putatively neutral loci, those that were
not outliers in any comparison, (ii) nonrepeat outlier
loci, outliers detected in only one pairwise comparison
and (iii) repeat outlier loci, outliers detected in multiple
comparisons. Additionally, we noted the geographic
and ecological setting of these outliers to make infer-
ences about the possible forces driving outlier behav-
iour. Nonrepeat outlier loci were considered potential
false positives, irrespective of their P-values. While
methods implemented in DrpIsT explicitly address the
issue by employing a prior distribution to correct for
the potential problem of multiple testing (Beaumont &
Balding 2004), we chose this conservative approach to
further minimize type I errors rather than minimizing
type II errors by including all outliers.

The second program we used to detect outlier loci
was BAYESCAN  (http:/ /www-leca.ujf-grenoble.fr/logiciels.
htm) that implements the method of Foll & Gaggiotti
(2008). BAaYEsScAN employs a Bayesian method based on
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the multinomial Dirichlet model and directly estimates
the probability of each locus being subject to selection.
BayeScan is considered robust when dealing with com-
plex demographic scenarios because it estimates popu-
lation-specific and locus-specific Fsr coefficients (Foll &
Gaggiotti 2008). To identify outlier loci, we focused on
the posterior distribution of a; where a positive value is
indicative of positive selection and a negative value is
indicative of stabilizing selection. The significance of o;
for each locus is estimated in BAYESCAN using a revers-
ible jump Metropolis-coupled Markov chains (MCMC)
algorithm, and loci were classified according to Jeffreys
(1961) scale of evidence. We therefore used the Bayesian
approach of BAYESCAN on the entire data set in addition
to the pairwise comparisons performed using DFDIST.
Outliers detected by both methods are more likely to
represent truly adaptive regions within the genome
because the two separate approaches have completely
different assumptions and employ separate algorithms.
All outlier loci detected using both methods, together
with repeat outliers detected using DFDIST were removed
from the total data set for the subsequent data analyses.

Allele frequencies were estimated in AFLP-SURV
(Vekemans et al. 2002) using the Bayesian approach of
Zhivotovsky (1999) for dominant markers with a non-
uniform prior and assuming Hardy-Weinberg. The
number and proportion of polymorphic loci, expected
heterozygosity and average gene diversity was calcu-
lated for all populations, with the unbiased estimator of
Lynch & Milligan (1994). All data analyses were per-
formed using only polymorphic loci. Population struc-
ture (Fsy) based on the estimated allele frequencies
were calculated according to Lynch & Milligan (1994).
The significance of Fsr values was determined with
1000 bootstrap replicates.

Hierarchical patterns of population structure were
further explored with AMOVA using ARLEQUIN for
mtDNA (Dsr) and ceNaLex 6.3 (Peakall & Smouse 2006)
for AFLPs (based on the Fsr analogue ®gr that accounts
for binary data). Two separate AMOVAS were con-
ducted. AMOVA 1 partitioned the data set into regions
defined by hydrochemistry: (i) seasonally black (B1), (ii)
black (N1), (iii) white (A1-A6, M1) and (iv) clear water
(T1) populations. AMOVA 2 in contrast was our control
that tested for population subdivision between two true
white water rivers: (i) The Madeira River (M1) and (ii)
the Amazon River (A1-A5).

Genetic subdivision was also investigated using
Structure v.2.3.1 (Falush et al. 2003). Using the admix-
ture model, we determined the number of populations,
K, by comparing the log-likelihood ratios across multi-
ple independent runs by varying the assumed number
of K from 1 to 10. Each run was replicated three times
and consisted of a burn-in phase of 100 000 iterations,

followed by 1000 000 iterations. Structure was run
using both our data set of putatively neutral AFLP loci
as well as the total data set.

The distribution of AFLP genotypes in space was
explored using a spatial autocorrelation analysis
(Smouse & Peakall 1999). Spatial autocorrelation identi-
fies the scale at which spatial patterns occur by assess-
ing the genetic relationship between pairs of
individuals at defined distance classes. Distance classes
were set at 100 km intervals, and our data were tested
against the null hypothesis of randomly distributed
genotypes using GENALEX with 9999 permutations and
10 000 bootstrap replicates.

Results

We obtained and confidently aligned 792 bp of ATPase
6 and 8 genes for 114 Triportheus albus samples and the
out-group. Of these, 28 unique haplotypes were identi-
fied. These were composed of 30 variable characters, of
which nine were parsimony informative. AFLP profiles
were resolved for 177 individuals, and 360 AFLP loci
were scored. Mismatch error rates calculated from
AFLPScore were on average 7.5% per primer combina-
tion. This is within the acceptable AFLP error rate range
of 5-10% (Bonin ef al. 2007). Summary statistics for
both mtDNA and the putatively neutral AFLP loci are
shown in Table 2. In each case, moderate levels of
variability were detected at each population.

Population history

The mitochondrial data show a very strong association
between haplotype and water colour (Fig. 2). Both the
ML and MP phylogenetic trees and the haplotype net-
work identify two major clades. The basal and presum-
ably ancestral clade consists of samples from white water
populations (i.e. Amazon and Madeira River haplo-
types), with the exception of one haplotype also found in
the Negro River. In the network, 1cs identified the most
frequent white water haplotype as ancestral. In contrast,
the most recently derived clade consists of all samples
from either black or clear water populations, with the
exception of one haplotype also sampled in white water.
Strikingly, samples from black and clear water popula-
tions separated by over 1000 km appear more related to
each other than to neighbouring white water popula-
tions. Despite the genealogical subdivision observed in
the data set, all maternal lineages sampled appear as clo-
sely related, as evidenced by very low nucleotide diver-
sity at the population level (n ranged from 0.0004 to
0.0033; Table 2) and for the whole sample (n = 0.00860).
Results from mismatch analysis and Fu’s test of neu-
trality suggest that the history of T. albus has been
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Table 2 Genetic diversity at mtDNA and AFLP markers

mtDNA diversity

AFLP diversity

Site n N h i n PLP He

B1 20 7 0.8158 (0.0575) 0.00201 (0.00139) 24 81.7 0.32530
N1 8 5 0.8571 (0.1083) 0.00204 (0.00153) 19 89.5 0.37084
M1 8 4 0.6429 (0.1841) 0.00149 (0.00149) 10 90.1 0.33492
Al 8 6 0.9286 (0.0844) 0.00299 (0.00299) 13 91 0.32529
A2 20 4 0.2842 (0.1284) 0.00038 (0.00046) 41 89.5 0.36037
A3 22 6 0.6710 (0.0768) 0.00150 (0.00111) 34 87.3 0.34117
A4 3 1 0.00 0.00 4 81.4 0.30731
A5 3 2 0.6667 (0.3143) 0.00339 (0.00304) 3 74.3 0.33681
A6 5 3 0.7000 (0.2184) 0.00279 (0.00215) 5 79.3 0.32838
T1 21 5 0.5810 (0.1025) 0.00084 (0.00075) 24 86.1 0.32619

Mitochondrial diversity is summarized by (1) sample size, number of haplotypes (N), haplotypic diversity (k) and nucleotide
diversity (n). AFLP diversity is summarized by sample size (1), estimated proportion of polymorphic loci at the 5% level per

population (PLP) and expected heterozygosity (He).
AFLP, amplified fragment length polymorphism.

T. elongatus

Water color
[ white

[ clear
B Black

62

0.1

Fig. 2 Maximum likelihood (ML) phylogeny with bootstrap
support for the major clades and statistical parsimony network
of Triportheus albus based on 28 mtDNA haplotypes identified
with ATPase 6 and 8 sequences. The shade/s of the circle or
rectangle represents the water colour. In the network, each cir-
cle denotes a unique haplotype and the area of the circle is
proportional to its frequency in the sample. Triportheus elonga-
tus is the out-group used for the ML analysis.

influenced by strong demographic expansion(s), a find-
ing corroborated by the star-like genealogy seen in the
haplotype network. First, our data did not significantly
deviate from a model expected under demographic
expansion (sum of squared deviations = 0.001, P = 0.45;
raggedness index = 0.026, P = 0.736). Also, consistent
with a scenario of demographic expansion, Fu’s test of
neutrality gave a negative Fg value (—6.158). Assuming
an ATPase 6 and 8 mutation rate proposed for groups
of geminate fishes across the Panama Isthmus (Ber-
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mingham et al. 1997), the estimated t values suggest a
major population expansion around 1 Ma (+1).

Given the association between genealogy and water
colour, we considered the directionality of migration
between white and black or clear water populations
using IMa. While single-locus posterior distributions
must be interpreted with caution, in the comparison
between black and white water populations, we were
able to reject the simple isolation model (11, = my = 0).
The posterior probability of no migration was practically
zero. Rather, we identified a bidirectional signature of
migration, albeit very small, between black and white
water populations (Fig. 3, Table S1, Supporting informa-
tion). Here, the population migration rate from white to
black water was higher than from black to white water
(white — black = 2.14; black — white = 3.46). In con-
trast, the comparison between white and clear water
identified a largely unidirectional signature of migration
(Fig. 3, Table S1, Supporting information). In this
instance, the population migration rate from white to
clear water was lower than from clear to white water
(white — clear = 1.78; clear — white = 22.68). It
should be noted that while the population migration rate
from clear to white water is vastly higher than all other
pairwise estimates, it is likely due to the slightly bimodal
posterior probability curve. Nonetheless, in both pair-
wise comparisons, the directionality of gene flow is
towards white water rather than away from white water.

Spatial distribution of adaptive and neutral population
structure

Using DrpIST to search for positive selection between
populations and across water colours, we identified 65
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Fig. 3 The posterior distributions of migration rate (m; and
my) estimates for pairwise comparisons between black and
white and white and clear water populations using the IMa
program.

outlier loci (18.5% of the total) at the 99% quantile. Of
the total outlier loci identified, 29 (8% of the total)
were classified as ‘repeat outliers’ that were unlikely

N1vs. A2 " -

to represent false positives (Cooper 2000; Campbell &
Bernatchez 2004). In every possible case, more outlier
loci were identified in comparisons between water col-
ours than within (Fig. 4; Table 3). For example, 19
repeat outlier loci were identified when comparing the
black water site N1 and the white water site A2. In
contrast, fewer than five repeat outlier loci were identi-
fied in all comparisons of the same water colour
(n =7). All repeat outlier loci were removed to create
a putatively neutral data set with 323 polymorphic
AFLP loci.

The hierarchical-Bayesian approach of BAYESCAN per-
formed on all data identified 133 loci with positive a; val-
ues. Of the 65 outlier loci detected using Dfdist, 59 of
these were also identified using BaYEscan. Of the 29
‘repeat’ outliers detected using DFDIST, BAYESCAN identified
100% of these. However, using the Jeffreys (1961) scale
of evidence, only 12 loci were supported with log;o (Ba-
yes factor) >2, which is considered ‘decisive’ evidence
for selection, one was supported with log;, (Bayes factor)
>1.5, which is considered ‘very strong’, two were sup-
ported with logo (Bayes factor) >1, which is considered
‘strong’ and two were supported with log;o (Bayes fac-
tor) >0.5, which is considered ‘substantial’. The remain-
ing loci with positive o; values had log; (Bayes factor)
<0.5, which is poor evidence for selection. However, of
the 17 loci (5% of the total) with log;o (Bayes factor)
>0.05, 15 were also detected using prpisT. Two of these
were detected in only white vs. black water comparisons,
one was identified only in white vs. clear water compari-
sons, while 12 were identified in both black vs. white and
white vs. clear water comparisons. Only one of the
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Fig. 4 The empirical distributions of FST values from prpist analysis for amplified fragment length polymorphism loci for each pop-
ulation pairwise comparison. The solid line represents the 99th quantile, and dots exceeding the 99th quantile are ‘outlier loci’.
Results are overlaid over a schematic representation of the study region and sampled locations.
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Table 3 Number of outlier and repeat outlier AFLP loci found in each pairwise comparison, total Fsr, the putative ‘neutral’ Fgr

value, Nei’s unbiased genetic distance (after Lynch & Milligan 1994) and the mtDNA ®gr value

No. 99% No. repeat Nei's genetic mtDNA
Comparison outliers outliers Total Fsr Neutral Fst distance Dgr
Black vs. white 22 21 - 0.0273* 0.0152 -
Black vs. clear 5 3 - 0.0237* 0.0123 -
White vs. clear 17 16 - 0.0340* 0.0180 -
B1 vs. N1 11 2 0.0456* 0.0403* 0.0221 0.09544
N1 vs. A2 25 19 0.0588* 0.0193* 0.0114 0.7844*
N1 vs. Al 13 12 0.1060* 0.0617* 0.0351 0.54739*
Al vs. A2 6 2 0.0303* 0.0302* 0.0160 0.1503*
A2 vs. A3 9 3 0.0215* 0.0195* 0.0107 0.09902*
A2 vs. M1 2 2 0.0465* 0.0427* 0.0238 0.07714*
M1 vs. A3 5 4 0.0704* 0.0648* 0.0360 0.07231
A3 vs. Ad 0 - 0.0828* 0.0796* 0.0421 —-0.0879
A4 vs. A5 0 - 0.1014* 0.1030* 0.0558 0.5000
A5 vs. A6 0 - 0.0539* 0.0506* 0.0269 0.49197
A5 vs. T1 2 1 0.0844* 0.0720* 0.0392 0.81327*
T1 vs. A6 9 5 0.0702* 0.0437* 0.0225 0.29399*

AFLP, amplified fragment length polymorphism.
*P < 0.05.

outlier loci detected was also represented in white vs.
white water population comparisons.

Fixation indices showed a strong signal of population
structure associated with water colour (Table 3). For
mtDNA  ®gr, all pairwise population comparisons
between water colour samples were statistically signifi-
cant, while ®gr for comparisons of the same water col-
our were either nonsignificant or much lower. For both
the total and putatively neutral AFLP data sets, all pair-
wise population comparisons were significant. How-
ever, after the removal of outlier loci, Fst estimates
were generally much lower for pairwise comparisons
that bridged different water colours whereas compari-
sons of the same water type showed little difference
(Table 3). For pairwise comparisons involving black

and white water populations, Fsr values for our puta-
tively neutral data were in some cases less than halved
from those using the total data set (N1 vs. Al: total
Fsr = 0.106, neutral Fsy =0.062; N1 vs. A2: total
Fsr = 0.059, neutral Fsr = 0.019). Similarly, comparisons
involving white and clear water were also markedly
reduced in our neutral compared to total data sets (A5
vs. T1: total Fgt = 0.084, neutral Fst = 0.072; T1 vs. A6:
total Fst = 0.070, neutral Fgr = 0.044). Pairwise compari-
sons between white water or between black water sites
showed little change in Fsr after the removal of outlier
loci.

Regional patterns of population structure associated
with water colour were also evident in AMOVAS for
both mtDNA and AFLPs (Table 4). The first AMOVA,

Table 4 Analysis of molecular variance (AMOVA) for mtDNA and AFLP data

AMOVA 1 AMOVA 2
Data type  Source of variation % Variation  FI P Source of variation % variation ~ FI P
mtDNA Among regions 46.29 Pcr: 0463 0.008*  Among regions -27.16 Der: —0.272 0.665
Among populations  13.50 Dge: 0251 0.000* Among populations 45.09 Og: 0.355 0.000*
Among individuals ~ 40.21 Dgr: 0.598  0.000*  Among individuals 82.08 Dgr: 0.179 0.000*
AFLP Among regions 3 Drr: 0.027  0.000*  Among regions 1 Dry: 0.014 0.057
Among populations 5 @pg: 0.053  0.000* Among populations 4 Dpg: 0.045 0.000*
Among individuals 92 @pr: 0.079  0.000*  Among individuals 94 ®pr: 0.058 0.000*

In AMOVA 1, regions include (i) seasonally black/white (B1), (ii) black (N1), (iii) white (M1, A1, A2, A3, A4, A5, A6) and (iv) clear
water populations (T1). In AMOVA 2, regions include (i) the Madeira River and (ii) white water sites A2-A6.
FI, fixation index; AFLP, amplified fragment length polymorphism.

*Significant results.

© 2012 Blackwell Publishing Ltd
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which tested for genetic structure across black, white
and clear water populations was significant for both
data sets (mtDNA: ®cr = 0.463, P =0.008, AFLP:
Ort = 0.027, P < 0.001). In contrast, AMOVA 2, our con-
trol that tested for structure associated with the conflu-
ence of the Madeira (white water) and the Amazon
(white water) Rivers was nonsignificant in both cases
(mtDNA: ®cr = -0.272, P = 0.665; AFLP: ®gr = 0.014,
P =0.057).

The sTRUCTURE analyses for both the total and puta-
tively neutral AFLP data sets were consistent with the
mtDNA haplotype network analysis that grouped the
geographically distant black and clear water popula-
tions separately from white water populations (Fig. 5a,
Table S2, Supporting information). The Structure analy-
sis based on all polymorphic loci (1 = 352) identified
four populations [In Pr (X | K = 4) = -24575.4]. Consis-
tent with mtDNA, there is a pronounced population
subdivision at the interface of the Negro and Amazon
Rivers and at the Tapajos River. Similarly, samples from
the Tapajos River were identified as belonging to the
same population as those from the Branco and Negro
Rivers. There were no obvious breaks between the
Madeira River and other white water populations of the
Amazon River.

Results from sTRUCTURE analysis based on our puta-
tively neutral loci (n = 323) differed distinctly from the
total AFLP data set for the Negro River population
(Fig. 5b). Here, the most likely number of populations
was 6 [In Pr (X | K=6)=-21860.2], yet this did not
resolve any further clusters from K=3 [In Pr (X |
K =3) = —22560.6]. Thus, we chose K =3 as the most

(@) 1.00 B1 N1 A1l A2
0.80
0.60
0.40
0.20

0.00

likely number of populations for our putatively neutral
loci, because increasing K did not inform further on pop-
ulation structuring. In this analysis, the Negro River sam-
ples were no longer similar to those from the Branco and
Tapajos River. Rather, the Negro River samples appeared
more similar to those from white water populations. The
genotypic composition in the Negro River however was
mildly distinct from the white water populations, with a
greater incidence of genotypes with high membership to
a third green population than to other white water popu-
lations. In contrast, samples from the Branco and Tapajos
Rivers appeared largely unaffected by the removal of
outlier loci, although some admixture can be seen
between the Tapajos River and nearby white water popu-
lations. Apart from the marked population breaks
observed, the Structure analysis also points out the exis-
tence of a few migrant and intermixed individuals
between different water colour populations (e.g. from
the Amazon to Negro River and from the Amazon to
Tapajos River), a result consistent with the expectations
based on a model of divergence with gene flow.

The results from spatial autocorrelation analysis reit-
erated the results from STRUCTURE analyses that the over-
all T. albus population structure is not driven solely by
geographic isolation (Fig. 6, Table S3, Supporting infor-
mation). Significant positive spatial structure is seen
between pairs of individuals from the same sampling
site. After the intercept at approximately 130 km,
genetic similarity fell significantly lower than random
expectation and decreased until 600 km. After 600 km,
there is a sharp increase in autocorrelation signal that
exceeds random expectation and becomes positive at

M1 A3 A4A5A6 T1

White

Clear |

(b)1.00
0.80

White Clear

Fig. 5 sTRUCTURE results of total amplified fragment length polymorphism (AFLP) data set (a: n = 352 loci) and the putatively neutral
AFLP data set (b: n = 323 loci). Individuals are grouped by sampling location, and each individual is represented by one vertical col-
umn. Sampling sites are shown at the top of the figure and separated by black bars. The water colour of each site is shown at the

bottom.
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Fig. 6 Correlogram plot of the spatial autocorrelation coeffi-
cient, r, as a function of geographic distance. Upper U and
lower L bounds for the 95% confidence interval for the null
hypothesis of no spatial structure (r = 0) based on 9999 random
permutations of the data are depicted as dotted lines.

the 700-km distance bin. The 700 km has a relatively
low sample size and wider confidence bounds, and the
result could also be related to the randomness of auto-
correlation patterns and greater distances (Smouse &
Peakall 1999). At moderate spatial scales, a pattern of
isolation by distance (IBD) is evident. Nonetheless, the
pattern observed is consistent with other analyses that
suggest samples separated by over 600 km are more
genetically similar to one another than samples occur-
ring in closer geographic proximity.

Discussion

Here, we show evidence for strong divergent natural
selection with gene flow in Triportheus albus at the inter-
face of large-scale hydrochemical gradients in Amazo-
nia. Our analysis of population history and
contemporary genetic connectivity consistently demar-
cates two diverging lineages in T. albus: one typical of
white water rivers and the other distributed in both
black and clear water rivers. Using outlier loci
approaches based on genome scans, we quantified
divergent selection between populations of T. albus and
show that heightened selection is present at the inter-
face of different water colours, irrespective of river sys-
tem and tributary arrangement. Additionally, we assess
the extent of outlier loci identified between populations
of T. albus spanning different water colours and find
that a spectrum of adaptation exists because of factors
such as geographic isolation and gene flow. Thus, con-
sistent with a pattern of ecological speciation with gene
flow, we show that selection generated by water colour
may be more powerful in generating diversity in a
widespread Amazonian aquatic organism than geo-
graphic isolation or vicariant history.

Phylogeography of diverging water colour lineages

Triportheus albus is a primary division fish (i.e. ‘true’
freshwater fish that does not tolerate saltwater) of the
order Characiformes, an ancient group that originated

© 2012 Blackwell Publishing Ltd

in Gondwana over 100 million years ago (Ma) (Orti &
Meyer 1997). Thus, major biogeographic events associ-
ated with the evolution of this species should be
assessed in the context of the formation of the Amazon
and its main tributaries, largely influenced by the his-
tory of Andean uplift (Rull 2008; Hoorn et al. 2010b).
Briefly, increased sedimentation and sea level changes
during the late Miocene resulted in the overfilling of
the Andean foreland basin. As a result, the proto-Ama-
zon River eventually breached the Purus Arch, flooding
a vast area in eastern Amazonia and establishing the
modern west to east transcontinental flow of the turbid
Amazon River (Campbell et al. 2006; Figueiredo et al.
2009; Lundberg et al. 2010). While the Amazon drainage
system was largely formed by the late Miocene (Hoorn
et al. 1995; Lundberg et al. 1998), the full establishment
of the modern Amazon River probably occurred only
during the late Pliocene around 2.5 Ma (Campbell et al.
2006). In our study, both the phylogenetic and phyloge-
ographic evidence (Fig. 2) and summary statistics (e.g.
nucleotide diversity, Table 2) strongly indicate that
divergence between the two identified clades of T. albus
is recent. In addition, the results from mismatch analy-
sis and Fu’s test of neutrality against population growth
suggest at least one major event of demographic expan-
sion in T. albus, tentatively dated to the Pleistocene.
The emerging scenario supported by geomorphology,
paleoecology, river course and genetics is that the final
formation of the Amazon River encouraged the coloni-
zation and expansion of T. albus eastward (Lundberg
et al. 1998, 2010; Campbell et al. 2006). A coalescent-
based phylogeographic study wusing multilocus
sequence data (Knowles & Maddison 2002) would prob-
ably provide a more statistically rigorous analysis of
such a scenario than the one we have presented here.
Nonetheless, the eastward downstream colonization
hypothesis is also corroborated by comparative phylog-
eographic studies of three fishes (Amazonian puffer,
Colomesus asellus, silver croaker, Plagioscion squamosissimus
and the barred knife fish, Steatogenys elegans) sampled
from the very same sites as T. albus (Cooke et al. 2012).
Until relatively recently, craton-derived fluvial sys-
tems (e.g. the Negro and Tapajos) actually dominated
the Amazon Basin. Thus, the Neogene shift in drainage
and sediment source to the Amazon Basin also signified
a massive rearrangement of composition and distribu-
tion of aquatic species (Hoorn et al. 2010a). If ancestral
populations of T. albus inhabited the paleo-Amazonian
white water (as proposed above), the colonization into
the black and clear water habitats of the Negro, Branco
and Tapajos Rivers must have occurred after the coloni-
zation of the modern Amazon River. Thus, the ancestral
condition for the species would be a white water
ecotype. Indeed, individuals sampled in white water
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generally had ancestral haplotypes (i.e. 16 of 17 cases),
whereas those from black or clear waters were in a
recently derived clade (Fig. 2). Although the mtDNA
weakly supports the white water ecotype as ancestral, a
valid alternative may be that the black/clear water eco-
type is ancestral and the formation of the Amazon
River actually promoted the recent evolution of the
white water ecotype. This hypothesis is actually more
consistent with the unusual relationship between geno-
type and distance.

Tripotheus albus sampled in black waters are more
genetically related to those sampled in clear waters
(~1000 km away) than they are to any neighbouring
white water population. This remarkable pattern was
not only supported by the mtDNA, but also by our
nuclear data set as evident in results from Structure,
AMova and spatial autocorrelation analysis based on
AFLPs. For instance, the STRUCTURE analysis based on
the total AFLP data (Fig. 5a) grouped the Branco,
Negro and Tapajos Rivers as a single population, with
some admixture occurring in the Negro River. Structure
also grouped the white water Amazon and Madeira
Rivers as a single population, an outcome statistically
supported by AMOVA (Table 4). The latter is particu-
larly important as it controls for population genetic
structure associated with the confluence of a tributary
alone.

We have identified a rather novel phylogeographic
situation in which T. albus genotypes are associated
with water colour, or sediment content, irrespective of
river system or geographic distance. Considering this
pattern, a simple model of allopatric divergence
between ecotypes is not satisfactory to account for the
phylogeography of T. albus. Rather, divergence patterns
consistent with environmental conditions are indicative
of a scenario of divergence with gene flow or divergent
natural selection (Schluter 2001; Coyne & Orr 2004).
While the precise migration rates have been interpreted
with caution, the posterior distributions of migration
between black and white water and white and clear
water nonetheless rejected a pure isolation model
(my = my = 0) because the posterior probability of no
migration between ecotypes was practically zero
(Fig. 3). Furthermore, in each comparison, the probabil-
ity of gene flow towards white water (i.e. the expected
downstream migration in this nonmigratory fish) was
higher than the reverse. Alternatively, this result may
indicate that selection against immigrants may be stron-
ger in the black and clear waters than the white water.
Migrants and intermixed individuals between different
water colour populations were also identified by the
Structure analysis based on the more resolving AFLP
data set (Fig. 5a). Given this result of nonzero migra-
tion between divergent ecotypes, it is important to

examine the likelihood of secondary contact and admix-
ture after a period of allopatric isolation or whether this
is the product of gene flow in the face of divergent nat-
ural selection.

Isolation by water “colour’

The expansion into the modern Amazon River and the
transition of T. albus from black or clear water to sedi-
ment rich white water environments present an oppor-
tunity for ecological speciation, where divergent
selection between water colours leads to the evolution
of reproductive isolation (Schluter 2000). Indeed, it has
been shown that adaptive evolution can be facilitated
by range expansion (Beheregaray & Sunnucks 2001;
Zayed & Whitfield 2008; Freedman et al. 2010). Within
the Amazon Basin, the greater nutrient richness of the
white waters supports significantly greater aquatic plant
and phytoplankton development than the compara-
tively depauperate clear and black waters (Fink & Fink
1973). This plant life in turn supports extraordinarily
diverse animal communities, the main diet of most Trip-
ortheus species (Malabarba 2004). However, characins
are generally visually oriented diurnal fish with large
eyes, often preferring transparent well-lit surface waters
(Tejerina-Garro et al. 1998). Thus, the transparency of
the black and clear waters compared with white waters
(Table 1) probably offers different ecological opportuni-
ties for T. albus that may have impacted colonization
and range expansion into the modern nutrient-rich
Amazon River.

During ecologically based divergent natural selection,
selection will act in opposing directions between envi-
ronments, such that fixation of alleles occurs separately
in each environment (Schluter & Conte 2009). Our
DFDIST genome scan detected 8% of the total loci in
multiple population comparisons as repeat outliers.
Because it is doubtful that these repeat outlier loci rep-
resent false positives (Campbell & Bernatchez 2004;
Bonin et al. 2007) and that BAYESCAN also identified the
same loci as outliers, they probably represent loci that
are directly under selection or loci closely linked to
causal loci via ‘hitchhiking’ (Jensen et al. 2007). The
detection of these loci enabled us to directly assess the
association of these genomic regions with major hydro-
chemical gradients within Amazonia. We found that
the majority of prpisT outlier loci (1 = 21) were detected
in pairwise comparisons between black and white
water and between white and clear water populations.
Very few loci (n = 8) were identified in pairwise com-
parisons of the same water colour. Further, very few
loci were detected in pairwise comparisons between
black and clear water (1 = 3), both of which are craton-
derived water types (Table 4). Considering the associa-

© 2012 Blackwell Publishing Ltd



DIVERGENT NATURAL SELECTION IN AMAZONIA 13

tion of the outlier loci to specific contrasting environ-
ments, we were able to rule out mutation-order diver-
gence as a possible cause for the outlier loci detected.
Accordingly, we argue that strong selective gradients
exist between Andean- and craton-derived aquatic
environments, and contemporary gene flow between
ecotypes is unlikely a product of secondary contact
after allopatric isolation.

While divergent natural selection is likely operating
between T. albus from Andean (white water)- and
craton (black and clear water)-derived habitats, the
effects of this process have also filtered throughout the
functionally neutral loci, leaving a signature of neutral
divergence between selective environments, similar to
IBA (without phenotypic comparison). Indeed, when
outlier loci were removed from population genetic
analyses leaving only putatively neutral loci, black and
clear water populations remained distinct from white
water populations irrespective of geographic distance
(Fig. 5; Tables 3). There are, however, two potential but
not necessarily exclusive biological explanations for
this. First, reproductive isolation encouraged by
adaptive divergence to water colour may have
enhanced barriers to neutral gene flow enabling gen-
ome-wide divergence via genetic drift (i.e. incipient
‘ecological speciation’, Mayr 1963; Funk 1998; Schluter
2000; Rundle & Nosil 2005; Nosil et al. 2008). Support-
ing this inference is our mtDNA data that show a rela-
tionship between haplotype and water colour,
irrespective of distance or river system (Fig. 2). Because
it is generally thought that the mitochondrial and
nuclear genomes are not linked to one another, this
relationship has likely arisen via restricted gene flow in
concert with increasing adaptive divergence between
ecotypes. As such, the mtDNA pattern is in essence
‘ecologically allopatric’ and is probably responding
independently between lineages via either genetic drift
or selection within each environment (Via 2009; Thibert-
Plante & Hendry 2010). The second explanation for the
signal of neutral divergence is that selection may reduce
gene flow in neutral regions of the genome that is phys-
ically linked, albeit weakly, to selected regions (Endler
1973; Lewontin & Krakauer 1973; Barton 2000). Because
of linkage, the effect of natural selection on the genome
is not discrete between selected and neutral loci. Rather,
there is a spectrum between these two conditions.
Using a genome scan, only those loci that are diverging
from empirical or simulated neutral expectations are
identified as outliers (Luikart et al. 2003; Bonin ef al.
2006). While we have not quantified this within our
data, it has been suggested that up to 10% of neutral
loci exhibiting such isolation may be weakly linked to
selected loci (Charlesworth et al. 1997, Nosil et al.
2008).

© 2012 Blackwell Publishing Ltd

Genetic isolation driven by adaptations to environ-
ments (herein referred to as IBE) however is a function
of time and the stochastic nature of genetic drift (Nosil
et al. 2008). Because heterogeneous genomic divergence
is particularly prevalent during population divergence
and speciation, genetic differentiation will accumulate
in some selected regions, while the homogenizing effect
of gene flow may preclude divergence in other nons-
elected regions (Wu 2001; Gavrilets & Vose 2005; Nosil
et al. 2009). In this way, IBE will often vary between
selective gradients depending on time because diver-
gence and factors that affect drift such as stochasticity
and gene flow. We observed variation in the extent of
IBE in our putatively neutral nuclear data set. After out-
lier loci were removed, some degree of population
structure between water colours was still maintained
but was considerably reduced (Table 4). A marked
reduction of population structure was observed at the
interface of the black waters of the Negro and white
waters of the Amazon River (Fst: total loci = 0.106,
putatively neutral loci = 0.62). A similar, but less pro-
nounced reduction in Fst was also observed between
the Amazon and Tapajos rivers after removal of outlier
loci. Most affected, however, were the results of Struc-
ture analysis between total and putatively neutral data
sets (Fig. 5). Here, there was an almost entire elimina-
tion of the population boundary between the Negro
and Amazon Rivers, and increased admixture within
the Tapajos River after the removal of outlier loci. Con-
sidering that the signal of IBE is a product of time and
may be weakened with gene flow (Wu 2001; Gavrilets
& Vose 2005), it is reasonable to infer that divergent
natural selection between Andean- and craton-born eco-
types is relatively recent, a conclusion also supported
by the phylogeographic scenario of divergence outlined
above.

The variable degree of IBE observed between the
Branco, Negro and Tapajés River populations is consis-
tent with the corresponding gene flow estimates and
geographic locations. This is because high levels of gene
flow can erase the effects of adaptive divergence (Saint-
Laurent et al. 2003; Hendry & Taylor 2004; Crispo et al.
2006), while spatial scales greater than that at which
gene flow can occur enable neutral divergence to persist
via drift (Nosil et al. 2009). The Branco River, which
exhibits the most IBE (Fig. 5), is also the most geo-
graphically isolated from the Amazon River (Fig. 1).
This isolation probably escapes the homogenizing
effects of gene flow, enabling neutral genetic divergence
to accumulate faster throughout the nuclear genome.
Interestingly however, Branco River has a relatively
high number of nonrepeat outliers in pairwise compari-
sons to the Negro River. This may indeed be a product
of the seasonal hydrochemical changes that occur in the
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Branco River. The Negro River in contrast exhibits the
least IBE. Samples from the Negro River were collected
near the meeting of Amazon waters, and there are
numerous channels and small rivers connecting these
systems. Thus, adaptive divergence here has probably
not yet entirely isolated black and white water ecotypes
to a point that it overcomes the homogenizing influence
of gene flow. The Tapajos River actually exhibits an
intermediate condition of IBE. Some gene flow was
detected from Tapajos into the Amazon, but not in the
reverse (Fig. 3), enabling neutral divergence to accumu-
late more rapidly than at the Negro River site. How-
ever, total IBE is not seen here because the geographic
proximity of our Tapajés sampling site to the Amazon
River affords reduced isolation compared with the
Branco River. Thus, within T. albus, we have actually
identified a spectrum of IBE within the nuclear genome,
ranging from near-complete isolation of neutral loci in
the Branco River to practically no isolation of neutral
loci in populations of the Negro River. The significance
of this spectrum is that variable perspectives of IBE
within the one species can actually reveal more about
the process of divergent natural selection between water
colours than comparisons between purely reproduc-
tively isolated ecotypes (Via 2009).

Conclusions and perspectives

The role of divergent natural selection, as proposed by
Darwin, in The Origin of Species is becoming increas-
ingly accepted. Indeed, an assortment of conditions that
enable ecological speciation in the face of gene flow is
now well described (Rice & Hostert 1993; Via 2001).
These generally include strong ecologically based selec-
tion against migrants and/or hybrids and divergent
selection on multiple traits coupled with resource and
habitat use (Via 2009). However, spatially defined mod-
els of speciation, in which allopatric divergence is the
null, still remain dominant in theses on speciation (Coy-
ne & Orr 2004). We presented a puzzling phylogeo-
graphic pattern for T. albus in which nuclear and
mitochondrial genetic relationships are not correlated
with distance or the spatial arrangement of rivers.
Rather, genotypes appear to be associated with water
colour, irrespective of the system they are in, a pattern
consistent with genetic isolation resulting from ecologi-
cal adaptation. Based on phylogeographic analyses and
the current spatial distribution of genotypes in this sys-
tem, we find that a simple vicariant model of diver-
gence is not sufficient to describe the evolutionary
history of T. albus in the Amazon Basin. Using genome
scans, we identified powerful selection occurring
between the craton-derived waters (black and clear)
and the Andean-derived waters (white). To ascertain

the precise selective mechanisms that isolate white
water T. albus from black and clear water T. albus how-
ever, complementary research approaches that involve
ecological and behavioural metrics, gene mapping and
the identification of functionally important genes using
next-generation sequencing technology would be
invaluable.

Tropical regions like the Amazon Basin exemplify
some of the most valuable yet threatened and under-
studied ecosystems on Earth (Lopez-Osorio & Miranda-
Esquivel 2010). Population genetic surveys aimed at
describing the distribution of adaptive genetic variation
over the landscape and identifying ecological gradients
are critically important in such regions. After all, in the
face of ongoing environmental and climate change,
these are the types of studies that will prove vital for
assessing the potential of populations to persist in their
current state.
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