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Abstract

1. Drainage rearrangements, either headwater captures or coastal paleodrainages

formed when sea level was low, are often invoked to explain connectivity and
isolation among fish populations. Unravelling these events is crucial for under-
standing the evolutionary processes that have shaped the genetic diversity and
differentiation in freshwater fishes, which is especially relevant in regions with

high endemism and species richness.

. Here, we analyse mitochondrial (cytochrome c oxidase subunit I) and genomic

(restriction site-associated DNA) data to test the putative effects of the cur-
rent configuration of basins and historical drainage rearrangements on the
genetic structuring of a characid fish (Nematocharax) endemic to a largely over-
looked Neotropical freshwater ecoregion—the North-eastern Mata Atlantica.
Bathymetric and geomorphological data were also used to generate hypoth-
eses for two potential routes of dispersal (headwater captures and coastal

paleodrainages).

. We found that the divergence between lineages from the highlands of the

Brazilian shield and the lowlands occurred during the Mio-Pliocene (i.e., diver-
gence between Nematocharax varii and Nematocharax venustus), followed by di-
vergence events within N. venustus in lowland basins during the Pleistocene.
The general distribution of genetic variation in N. venustus seems to reflect the
current configuration of basins, suggesting long-term isolation, but a subset of
the inferred drainage rearrangements have facilitated movement among these

catchments, which is supported by both mitochondrial DNA and genomic data.

. Our results suggest that the North-eastern Mata Atlantica river basins have had

their own independent histories, except for some past temporary connections
that allowed dispersal events and multiple independent colonisation of basins,

as seen in the Contas and Cachoeira river systems.

. Estimating when and where connections between river basins may have oc-

curred is fundamental to understand the role of different historical processes

structuring divergence in freshwater fish species.
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1 | INTRODUCTION

River networks represent complex systems whose architecture
may vary greatly over both space and time, affecting the evolution
and distribution of freshwater organisms (Dias et al., 2014; Hughes
et al., 2009). Drainage rearrangements, in particular headwater cap-
tures and coastal paleodrainages, are considered potential drivers
of diversification or divergence within species by providing periodic
connections between previously isolated rivers such that species
can expand their ranges into river segments (e.g. Lima et al., 2017;
Shelley et al., 2020; Thomaz et al., 2015). Unlike terrestrial and
marine species, obligate freshwater fishes depend on stream con-
nectivity to move among river basins and colonise new drainages.
Therefore, isolation among populations and species lineages may
be pronounced in scenarios with limited dispersal opportunities,
resulting in long-term isolation (Carvajal-Quintero et al., 2019). By
contrast, some fish may show shared haplotypes among drainages
in cases where past episodic connections allowed genetic exchange
between adjacent basins (Thomaz & Knowles, 2018).

The complex evolutionary history of Neotropical ichthyofauna is
still not fully understood, given its high species richness and the vari-
able topography of the hydrographic systems in this region (Albert &
Reis, 2011). Not only does the current configuration of disconnected
basins represent barriers to gene flow and contribute to divergence
processes by allopatry, but recent studies have also shown the effects
of past geomorphological events on population genetic diversity and
differentiation in Neotropical fishes (e.g. Camelier et al., 2018; Lima
et al., 2021; Thomaz et al., 2017). Among these events, past connec-
tions between today's isolated basins are forged by either headwa-
ter captures or coastal paleodrainages, which can facilitate dispersal
between drainages and range expansion, and possibly promote spe-
ciation. Headwater capture involves the splitting and merging of
drainages through processes influenced by the steepness, amount of
rainfall, and type (hardness) of the underlying rock (Albert et al., 2018;
Bishop, 1995). Coastal paleodrainages also provided past connections
among river basins due to sea level retreats associated with glacial cy-
cles that largely exposed the continental shelf, which occurred mainly
during the Pleistocene (Weitzman et al., 1988). This type of paleo-
connection is especially relevant in small to mid-size coastal basins, in
which the near-shore marine environment can function as a barrier for
strictly freshwater fishes. In large river systems, such as the Amazon
and Orinoco rivers along the northern coast of South America, the
spreading of freshwater plumes is hypothesised to facilitate disper-
sal of freshwater fishes among coastal basins regardless of potential
Pleistocene river extensions (Winemiller & Willis, 2011).

Valuable information on the occurrence of drainage rearrange-
ments can be provided by genetic data, for instance by revealing the
presence of closely related groups in adjacent basins or secondary

contact between populations that were previously geographically iso-
lated in different basins (Burridge et al., 2006; Schwarzer et al., 2012).
However, bathymetric and geomorphological evidence are crucial
complementary data that can be used to generate hypotheses of past
connections between river systems (e.g. Thomaz & Knowles, 2020).
Furthermore, the predominance of headwater captures and coastal
paleodrainages in structuring fish communities is expected to vary re-
gionally. For example, the width of the continental shelf differs along
the Brazilian coast; the northeast region is considerably narrower
compared to the southeast (Martins & Coutinho, 1981). Consequently,
connections via coastal paleodrainages are less likely in the north-
east (above the Abrolhos Bank) during periods of marine regression
(Thomaz & Knowles, 2018). By contrast, headwater captures may have
provided several connections in north-eastern Brazil (Ribeiro, 2006).
With limited information on the biogeographic history of fresh-
water organisms from north-eastern Brazilian coastal basins like
those of the North-eastern Mata Atlantica (NMA) ecoregion (Abell
et al., 2008), it is not clear the extent to which historical events have
shaped the evolution of the ichthyofauna. This is especially the case
in fish communities that are poorly understood despite high levels
of endemism, such as the NMA ecoregion, which includes coastal
lowlands and adjacent highlands from the Espinhaco Range, and
where up to 61% of species are endemic (Albert et al., 2011). Parallel
and isolated river basins of the NMA, which is bordered by the Sao
Francisco River in the north and west, and the Paraiba do Sul River
in the south (Hales & Petry, 2015), have no doubt triggered high
levels of endemism. The NMA ecoregion is subdivided into three
biogeographic regions (Northern, Central, and Southern), with dif-
ferent species compositions and independent histories (Camelier
& Zanata, 2014). However, within each region, and especially in
the Central region, faunal distributions suggest past connections
between presently isolated river basins (i.e., the Contas, Almada,
Cachoeira, Una, Pardo, and Jequitinhonha river basins; Figure 1).
One taxon that supports the hypothesis of some shared history
among the Central NMA basins is the endemic fish Nematocharax ve-
nustus (Camelier & Zanata, 2014), a small member (up to 60 mm in stan-
dard length) of the Characidae family. The species was once considered
vulnerable to extinction due to impacts on its habitats such as removal
of riparian vegetation and introduction of exotic species (Menezes &
Lima, 2008). Outstanding features of N. venustus include sexual dimor-
phism and morphological and genetic variation among its populations
(Barreto, Cioffi, et al., 2016; Barreto, Nunes, et al., 2016; Menezes
et al., 2015). By contrast, its only congener, Nematocharax varii, is
known for only two nearby localities in a tributary of the Upper Contas
River situated around 530 m elevation on the Chapada Diamantina
highlands (Barreto et al., 2018). In this sense, reconstructing the evolu-
tionary history of Nematocharax populations can help disentangle the
role of drainage rearrangements on the evolution of freshwater fishes.



BARRETO ET AL.

42°W 41°W 40°W

Freshwater Biology WVVA| ]_EYJﬂ

43°W
13°S
14°S
15°S
16°S River basins
D Contas
D Almada
D Cachoeira/Santana
D Una
17°S D Pardo
D Jequitinhonha
18°S

39°W

| B Bgtay

.
. s 3
‘ ZA
. Y <)
vy 1 { H
- i

Current rivers
------- Coastal paleodrainages
------- Area exposed during the Pleistocene

100 150 km

FIGURE 1 Map of the Central region of the North-eastern Mata Atlantica ecoregion showing the collection sites of Nematocharax in the
Contas, Almada, Cachoeira, Una, Pardo, and Jequitinhonha river basins, which are colour coded to demarcate their boundaries; small coastal
basins with no record of Nematocharax are shown in grey. The distribution of different mitochondrial lineages (see Figures 2 and 3) is shown
as numbers in black boxes; note that an asterisk between numbers indicates collection sites with two mitochondrial lineages (i.e., sympatry).
Nine putative headwater captures inferred from geomorphological data (which are detailed in Figure 4) are shown in red letters (a-i), and

the reconstructed coastal paleodrainages on the continental shelf during the period of largest drop in sea level (Last Glacial Maximum; up to

130 m) are shown by the dashed dark blue lines

Here we used cytochrome c oxidase subunit | (COIl) sequences
and restriction site-associated DNA (RADseq) markers to investi-
gate the spatial and temporal patterns of population divergence
across the entire range of Nematocharax (including both N. ve-
nustus and N. varii). Specifically, by considering the genetic data
jointly with bathymetric, geological, and geomorphological infor-
mation, we tested the putative effects of the current configuration
of basins and historical drainage rearrangements, either headwater
captures or coastal paleodrainages, on the phylogeographic struc-
turing of Nematocharax. We hope that by combining these different
data sources to unravel the population history of this endemic fish

genus we can shed light on the biogeographic history of the NMA
region's aquatic biota.

2 | METHODS

2.1 | Sampling

Tissue samples from 182 specimens of Nematocharax, includ-
ing N. venustus and N. varii, were obtained from 37 collection
sites across the entire distribution of the genus (i.e., the Contas,
Almada, Cachoeira (including the Santana River), Una, Pardo, and
Jequitinhonha river basins; Figure 1). The collection license (num-
ber 51856-2) was provided by the Instituto Chico Mendes de
Conservacdo da Biodiversidade (ICMBio/SISBIO), and the ethical
approval for this study was obtained from the Ethics Committee of
Utilization of Animals from the Universidade Estadual do Sudoeste
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da Bahia (CEUA/UESB, number 71/2014). All collected fish are de-
posited in the ichthyological collection of the Universidade Federal
da Bahia (UFBA,; see Table S1 for details).

2.2 | Sanger sequencing

We investigated the genetic structure of Nematocharax at a broad
spatial scale using COIl sequences for all samples. Total DNA was
extracted from ethanol preserved tissues (muscle or fin) using the
Wizard Genomic DNA Purification kit (Promega, Madison, WI,
U.S.A.). The primers FishF2_t1 and FishR2_t1 were used to am-
plify 650 base pairs (bp) of COI (Ward et al., 2005) following the
same conditions and steps described in Barreto, Nunes, et al. (2016).
Sequencing in both directions was performed at the Gongalo Moniz
Research Center (FIOCRUZ-Bahia) using the BigDyeTerminator v3.1
Cycle Sequencing Ready Reaction kit (Applied Biosystems, Foster
City, CA, U.S.A)).

Forward and reverse electropherograms were assembled
into contigs using the program CodonCode Aligner version 6.0
(CodonCode
er/). Sequences were then aligned with the ClustalW Multiple
Alignment tool (Thompson et al., 1994) in BioEdit 7.1.9 and de-
posited in GenBank (accession numbers MN011168-MN011188
and MN011203-MNO011363). In addition to the 182 sequences
generated specifically for this study, other 113 COI sequences

Corporation;  http://www.codoncode.com/align

of Nematocharax (including five additional localities) were down-
loaded from GenBank and BOLD (Barcode of Life Data Systems;
http://www.boldsystems.org/; accession numbers PIABAOO1-
14-PIABA091-14, MGO025937-MG025944, and MNO011189-
MNO011202 from Barreto, Nunes, et al., 2016, Barreto et al., 2018,
and Barreto et al., 2020, respectively; see Table S1 for further de-
tails), totaling 295 samples for the COl dataset (274 for N. venustus
and 21 for N. varii).

2.3 | Analyses of mitochondrial DNA

A time-calibrated phylogeny was estimated in BEAST 1.8.4
(Drummond et al., 2012) to assess the timing of lineage diversifica-
tion and test whether it is consistent with the Pleistocene, during
which glacial cycles reduced the sea level by up to 130 m below
the current level in the Last Glacial Maximum (Clark et al., 2009).
In addition to the sequences of Nematocharax, we included as
outgroups sequences representing three genera closely related
to it (Oliveira et al., 2011), which are: Hasemania nana (acces-
sion number NC_022724), Hemigrammus marginatus (accession
number HM906014), and Moenkhausia costae (accession number
HM405163). The HKY+I+G substitution model was selected in
jModelTest 2 (Darriba et al., 2012) according to the Akaike infor-
mation criterion (AIC). We used a substitution rate for fish mito-
chondrial (mt)DNA (1% per Myr; e.g. Thomaz et al., 2015) under
a strict clock model and speciation Yule process as a tree prior

to perform the analysis, considering the presence of different
species in the dataset and highly differentiated mtDNA lineages
within Nematocharax, some of them already known from Barreto,
Nunes, et al. (2016) and Barreto et al. (2018). Two independent
Markov chain Monte Carlo runs were carried out, each consist-
ing of 100 million generations, sampling every 1,000 generations,
with the first 10% of the runs excluded as burn-in. Convergence
was checked using Tracer 1.7.1 (Rambaut et al., 2018), which we
also used to ensure that all effective sample size values were >200.
Independent runs were combined in LogCombiner 1.8.4, and the
Maximum Clade Credibility tree was generated in TreeAnnotator
1.8.4 and then visualised in FigTree 1.4.3 (http://tree.bio.ed.ac.uk/
software/figtree/).

We performed a Bayesian analysis of genetic differentiation
among samples of N. venustus using the software BAPS 6.0 (Bayesian
Analysis of Population Structure; Corander & Marttinen, 2006);
N. varii was not included in the analysis due to insufficient geographic
sampling. We conducted a population mixture analysis based on a
clustering with linked loci setting the maximum number of clusters (K)
to 15. In addition, for each mitochondrial lineage, we calculated the
nucleotide diversity (r) and number of haplotypes in DnaSP 6 (Rozas
et al., 2017) and evaluated putative signs of demographic expansion
using Tajima's D (Tajima, 1989) and Fu's F_ (Fu, 1997), with default
settings. The significance of the tests was obtained from 1,000 co-
alescent simulations.

2.4 | Genomic data generation and assembly
Genomic data for a subset of 23 representative individuals of the
10 mtDNA lineages (see Results) were generated using RADseq.
Specifically, the ezRAD libraries (one per sample) were prepared
according to Toonen et al. (2013) and Knapp et al. (2016) from
total DNA extracted from muscle tissues using the DNeasy Blood
& Tissue kit (Qiagen, Hilden, Germany). Briefly, the DNA was di-
gested with the Dpnll restriction endonuclease (New England
Biolabs, Ipswich, MA, U.S.A.) and purified by adding a 1.8x vol-
ume of AMPure XP magnetic beads (Beckman Coulter, Brea, CA,
U.S.A.), which were also used to size select 150-350-bp DNA
fragments. A-tailing, adapter ligation, enrichment by PCR, and ad-
ditional clean-up steps were performed using the TruSeq Nano
DNA HT Library Prep kit (lllumina, San Diego, CA, U.S.A.). All
libraries were quantified on a Qubit 2.0 Fluorometer using the
Qubit dsDNA BR Assay kit (Thermo Fisher Scientific, Waltham,
MA, U.S.A)) and an Agilent Bioanalyzer 2100 using DNA 1000
chips (Agilent Technologies, Santa Clara, CA, U.S.A.). Paired-end
sequencing (2 x 75 bp) was performed on an lllumina NextSeq 500
sequencer at the Genome Investigation and Analysis Laboratory
(GENIAL) core facility (CEFAP-USP, Sao Paulo, Brazil), using a Mid-
Output v2 kit with 150 cycles.

After sequencing, the raw reads of each individual were de-
multiplexed using blc2fastq 1.8.4 (Illumina; http://support.illumina.
com/downloads.html) and processed with ipyrad version 0.7.28


http://www.codoncode.com/aligner/
http://www.codoncode.com/aligner/
info:refseq/MN011168
info:refseq/MN011188
info:refseq/MN011203
info:refseq/MN011363
http://www.boldsystems.org/
info:refseq/PIABA001-14
info:refseq/PIABA001-14
info:refseq/PIABA091-14
info:refseq/MG025937
info:refseq/MG025944
info:refseq/MN011189
info:refseq/MN011202
info:refseq/NC_022724
info:refseq/HM906014
info:refseq/HM405163
http://tree.bio.ed.ac.uk/software/figtree/
http://tree.bio.ed.ac.uk/software/figtree/
http://support.illumina.com/downloads.html
http://support.illumina.com/downloads.html

BARRETO ET AL. 7 763
Freshwater Biology BVVA| ]_EYJ—
I n=>50
1.02
River basins . I "
B contas . 0.08 I n=12
IAImada 2
|:| Cachoeira/Santana Node support §
(%)
|:| Una @00 2
B Pardo @ 0.7>0.9 §
[] Jequitinhonha O <07 S
(]
&
=2
2.88
ey
e 1 1
7.04
——————— IN' varii (n = 21)
7.91
——— 4.78 Hasemania nana
' Hemigrammus marginatus
Moenkhausia costae
Miocene | Pliocene Pleistocene | |
10 7.5 5 25 0 Mya

FIGURE 2 Time-calibrated Bayesian tree reconstructed by BEAST using cytochrome c oxidase subunit | sequences, with lineages of
Nematocharax colour coded according to their basins (see map in Figure 1 for details). Tips were collapsed into the 10 mitochondrial lineages
according to the Bayesian Analysis of Population Structure assignment, with sample sizes (n) shown for each lineage. Numbers and bars on
the nodes show the estimated age and 95% highest probability density (intervals of the node age), respectively

(Eaton, 2014; http://ipyrad.readthedocs.io/). Filtered reads were as-
sembled de novo with a clustering threshold of 0.85 and a minimum
read depth of 6x, with the most stringent filtering to remove lllumina
adapters, and 15 bp trimmed from the 3’ ends to reduce error rates
due to low quality of reads (Del Fabbro et al., 2013) (see Table S2 for
more details on the parameters used in ipyrad). The RADseq data
resulted in a total of 19,099 filtered loci and 61,696 single nucleo-
tide polymorphisms (SNPs), excluding loci with >50% missing data.
The number of filtered reads per sample varied from 1,609,668 to
6,021,549 (Table S3). Individuals from the Jequitinhonha River basin
were poorly sequenced and therefore were not included in the ge-

nomic analyses.

2.5 | Analyses of RADSeq data

For the genomic data, we estimated phylogenetic relationships
using the concatenated dataset, as well as using the multispecies
coalescent (MSC) model to accommodates different genealogical
histories among loci due to phenomena such as incomplete lin-
eage sorting (ILS; Rannala et al., 2020). The concatenated data
were used to conduct a maximum likelihood (ML) analysis under a
GTRAC model in RAXML 8.2.10 (Stamatakis, 2014) and a Bayesian
analysis in MrBayes 3.2.6 (Ronquist et al., 2012), both through
the CIPRES Science Gateway Portal (Miller et al., 2010). For the

Bayesian inference, the best model of nucleotide evolution was
inferred as GTR+I+G with jModelTest 2. We performed four mil-
lion generations using two runs of four chains each sampled every
500 generations, with a 10% burn-in. By contrast, the MSC analy-
sis was conducted in SVDquartets (Chifman & Kubatko, 2014) im-
plemented in PAUP* 4.0 (Swofford, 2003) using a single SNP per
locus.

The analysis of population structure within N. venustus was
conducted using the sparse non-negative matrix factorisation algo-
rithm (Frichot et al., 2014). We tested K-values (hnumber of ancestral
populations) ranging from 1 to 15, running 200 replicates for each
K under four different alpha regularisation parameter values (i.e., 1,
10, 100, and 1,000) to test the robustness of the results. The cross-
entropy criterion was used to select the best K-value.

To test which historical demographic scenario is more likely
to have occurred with the lineages of Nematocharax, we used the
coalescent-based program fastsimcoal2 (Excoffier et al., 2013) in
order to compare divergence models with and without gene flow.
Despite the difficulties in identifying genetic signatures of drainage
rearrangement events (Souza et al., 2020), these models can provide
insights into the effects of gene flow on populations, allowing to test
whether the lineages have been isolated for long periods of time
or historical gene flow has occurred among currently isolated river
basins, which may indicate that drainage rearrangements provided
effective connections between catchments.
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Because fastsimcoal2 requires no missing data, the tests were
conducted in separate analyses of four datasets containing different
subsets of individuals (Table S4). Specifically, pairwise divergences
were estimated for each of the four divergences based on the rela-
tionships from the MSC tree estimated with SVDquartets. Distinct
assemblies were made in ipyrad for each of the four datasets (i.e., for
individuals from the: i-ii, iii-iv, v-vi, and vii-viii lineages; see Results)
retaining only loci without missing data (details on the ipyrad param-
eters are reported in Table S2). The joint Site Frequency Spectrum
was obtained using the Python script ‘easySFS.py’ (http://github.
com/isaacovercast/easySFS) for each VCF file for the four datasets.
To improve model performance, the effective population size (N,) of
the first lineage of each pair was fixed based on = (r = 4Ney; calcu-
lated in DnaSP 6, based on all variant and invariant sites) (Excoffier
& Foll, 2011). The other estimated parameters were the N, of the
second lineage of the pair, the ancestral population size (N,), and
the divergence time (Tp,,) for the scenario of strict divergence. In
turn, for the scenario of divergence with gene flow, two additional
parameters were estimated: the migration rates backward in time
from population 1 to population 2 (MIG,) and from population 2 to
population 1 (MIG,).

For both coalescent models (divergence with and without
gene flow), we assumed a generation time of 1 year and a mu-
tation rate (i) of 2.24 x 1078, as estimated for a closely related
species (Thomaz et al., 2017). This mutation rate is appropriate
for Nematocharax because it was calculated from the regression
formula for cellular organisms (Lynch, 2010) based on the average
genome size of Characidae ‘clade C’, where Nematocharax is posi-
tioned (Thomaz et al., 2010). A total of 40 replicates were run for
each dataset and model, with 250,000 simulations per likelihood
estimate, a stopping criterion of 0.001, and 10-40 expectation-
conditional maximisations. We obtained 95% confidence intervals
of parameters from 100 parametric bootstraps by simulating 100
SFS from the maximum likelihood estimates and re-estimating
parameters with 40 runs for each SFS. The best model for each
lineage pair was selected based on the AIC values calculated using
the R script ‘calculateAlC.sh’ (http://github.com/speciationgenom
ics/scripts/blob/master/calculateAlC.sh).

2.6 | Inferred drainage rearrangements from
bathymetric and geomorphological data

To test for a correspondence between genetic structure and the
current configuration of basins or historical drainage rearrange-
ments due to headwater captures and coastal paleodrainages, we
applied GIS techniques to infer putative drainage rearrangements
between the NMA river basins. We reconstructed the putative pale-
odrainages that would have formed during periods of low sea level
using bathymetric and topographic data at 30-arc seconds resolu-
tion obtained from the General Bathymetric Chart of the Oceans
(GEBCO, http://www.gebco.net/). These data were processed using
the Hydrological tools in ArcGis10 following the methods described

in Thomaz et al. (2015) (see also the reconstruction in Thomaz &
Knowles, 2018 for the entire Brazilian coast). Using the inferred con-
nections among currently isolated rivers implied by the coastal pale-
odrainage reconstruction, we verified whether populations sampled
in contemporary rivers within a paleodrainage are genetically more
similar to each other than populations from rivers located in differ-
ent paleodrainages.

We also inferred putative headwater captures in the Central re-
gion of the NMA following the methodology described in Barreto
et al. (2020), which uses the QGIS software to analyse geological and
geomorphological information that, according to de Oliveira (2010),
suggest the occurrence of this type of drainage rearrangement, par-
ticularly: (1) elbows of capture (abrupt changes in drainage direction
at approximately 90°; Bishop, 1995) detected from the Continuous
Cartographic Base of the Brazilian hydrography at 1:250,000 scale
(DGC, 2017); (2) wind gaps (dry valleys that cross catchment di-
vides and correspond to ancient river beds; Ollier & Pain, 2000)
identified from the SRTM 90 m Digital Elevation Data (Jarvis
et al., 2008); and (3) geological faults (areas of possible tectonic reac-
tivation; de Oliveira, 2010) obtained from the SD.24 Salvador sheet
(DGC, 2016). These three data sources were analysed in QGIS 3.4.1
(QGIS Development Team, 2019) and, using the inferred headwater
captures, we evaluated whether there is a spatial correspondence
between the drainage rearrangements and the distribution of the

Nematocharax clusters recovered by the mtDNA and genomic data.

3 | RESULTS

31 |
mtDNA

Spatial and temporal inferences based on

The alignment of 295 COIl sequences resulted in 46 haplotypes (93
variable sites) distributed in nine mitochondrial lineages of N. venustus
and one lineage of N. varii, according to the BAPS analysis (Figures 2
and 3a). Based on the time-calibrated mtDNA phylogeny (Figure 2), the
earliest divergence between N. varii (lineage 10) and N. venustus (line-
ages 1-9) dates to the late Pliocene (2.88 Mya; 95% HPD = 3.67-2.16
Mya), while divergences within N. venustus date to the Pleistocene.
Using the BAPS assignment at the tips of the mitochondrial time-
calibrated tree, we found reciprocal monophyly for most lineages,
except mtDNA lineage 4 (see Figure 2) that was recovered as paraphy-
letic but with low support values (<0.7). Genetic diversity varied across
mitochondrial lineages (Table S5), with the highest haplotype diversity
being found in lineages 1 and 8 (13 and 12 haplotypes, respectively),
whereas some lineages were fixed for the same haplotype (i.e., line-
ages 3 and 10). In addition, significant negative Tajima's D-values and
Fu's F_ were detected in five lineages (Table S5).

Geographically, we found mtDNA lineages restricted to partic-
ular basins (lineage 1 from Contas; lineages 2 and 3 from Almada;
lineages 4 and 9 from Cachoeira/Santana; and lineages 6 and 7 from
Pardo) and others shared among basins (lineage 5 from Cachoeira
and Una, and lineage 8 from Contas, Pardo, and Jequitinhonha; see
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FIGURE 3 Genetic structure within Nematocharax venustus based on (a) a Bayesian Analysis of Population Structure using cytochrome c
oxidase subunit | sequences (n = 274), with dashed lines separating the nine mitochondrial DNA clusters (in which individuals are coloured
according to the river basins where they were collected; Figure 1); (b) K-genetic clusters (n = 20) inferred from the genomic RADseq

data with sparse non-negative matrix factorisation (light grey, dark grey, and black represent the three groups recovered by the ancestry
coefficients and which are separated by dashed lines; dashed lines also show the correspondence between the genomic and mtDNA
clusters. Some individuals (those that correspond to mtDNA lineages 1 and 6) were not assigned to any specific genomic cluster due to

high levels of mixture (samples not delimitated by dashed lines); (c) evolutionary relationships among individuals (n = 20) recovered by
SVDquartets under the multispecies coalescent model using genomic data; the groups used in separate fastsimcoal2 analyses for divergence
model tests are marked at the nodes (i.e., the roman numerals i-viii). In the same way as Bayesian Analysis of Population Structure (a), the
tips of the tree were coloured according to the river basins where the specimens were collected (see Figure 1). *Sample collected in the
Santana River with higher ancestry coefficient for the black group but with mtDNA lineage 4. **Individuals from Jequitinhonha were poorly

sequenced and therefore were not included in the genomic analyses

Figure 1). Regarding the catchments with multiple mtDNA lineages,
our results also show geographically structured populations within
basins (in the upstream versus downstream regions of the Contas,
Cachoeira, and Pardo river basins). Lineage 10 isolated in the Upper
Contas River basin is the only one that corresponds to the species
N. varii (Figure 1).

3.2 | Genomic structure and diversification history
The sparse non-negative matrix factorisation analysis of genomic
data (Figure 3b) indicated three groups (K = 3) as the best cluster-
ing for N. venustus. These groups encompass different mitochondrial
lineages with evidence of admixture among them. The first group
(light grey) comprises mtDNA lineages 2, 3, 4, and 5, correspond-
ing to the small coastal basins of Almada, Cachoeira/Santana, and
Una. Lineage 5 is the only one in this group that occurs in more than
one river basin (i.e., Cachoeira and Una). The second group (dark
grey) includes mtDNA lineages 7 and 8, from the large basins of
Contas, Pardo, and Jequitinhonha. In this case, lineage 8 shows a
wider distribution, occurring in these three basins. Lastly, the third
group (black) contains the mtDNA lineage 9, which is restricted to
the Santana River, a small tributary of the Cachoeira River basin

(Figure 3b; also see map in Figure 1). Interestingly, one sample col-
lected in the Santana River (sample code 0684; Figure 3 and Figure
S1), although it presented a higher ancestry coefficient for this group
(black), differed from the other individuals from that locality for pre-
senting the mtDNA lineage 4 (which was detected in another portion
of the Cachoeira River basin). The remaining individuals for which
we obtained RADseq data correspond to mtDNA lineages 1 and 6,
which exhibited the highest levels of admixture among the three re-
covered genomic groups.

Regarding the evolutionary relationships from the MSC tree
(Figure 3c), we observed river basins characterised by reciprocally
monophyletic groups (e.g. Almada) and river basins where lineages
have more than one origin (e.g. Contas in green and Cachoeira in
orange), some of them occurring in sympatry (see Figure 1). Both ML
and Bayesian phylogenetic trees using concatenated genomic data
recovered the mtDNA lineages with high support values, except for
lineages 2/3 and 4/9 from Almada and Santana rivers, respectively,
which were grouped within mixed clusters (Figure S1).

Our divergence model tests showed which scenario best fits
the data of each lineage pair within Nematocharax (see Figure 3c
and Table 1). Specifically, divergence without gene flow (i.e., strict
divergence) showed a better fit than divergence with gene flow
for pair 1 (i-ii; divergence between N. varii and N. venustus) and



BARRETO ET AL.

ﬂW] |B2A® reshwater Biology

pair 4 (vii-viii; divergence between small coastal basins—Almada,
Cachoeira, and Una—and the Contas). In the first case (pair 1), we
recovered much older divergence times between the two species
of Nematocharax than those estimated by mtDNA. By contrast,
pair 4 represents the most recent divergence within N. venus-
tus, during the Late Pleistocene (c. 17 kya). With respect to pair
2 (iii-iv; divergence between the lineage from the Cachoeira/
Santana River basin and the others) and pair 3 (v-vi; divergence
between the lineage from the large river basins—Contas, Pardo,
and Jequitinhonha—and the remaining groups), divergence with
gene flow was inferred as the best fit model (Table 1). When
analysing the migration rates and direction of movement across
drainages (Table 1; Figure 3c), we observe that they were probably
asymmetric over time, occurring mainly from small coastal basins

to the Santana River and large river basins.

3.3 | Comparison between genetic structure and
drainage rearrangements

The reconstruction of coastal paleodrainages for the Central NMA
shows that the past and current configuration of rivers are largely
congruent (see Figure 1; also see Thomaz & Knowles, 2018). One ex-
ception is the Una and Pardo river basins, which were connected on
the exposed continental shelf during sea level retreats. Our paleod-
rainage reconstruction also revealed an additional paleo-connection
within the Cachoeira River basin, between the main river and the
Santana River, which are currently connected only by the estuary
(Figure 1).

Our geomorphological analysis identified nine putative head-
water captures between drainages across the distribution of
Nematocharax (Figures 1 and 4). Specifically, these points represent
past connections between: Contas and Almada (captures a and b),
Almada and Cachoeira (capture c), Contas and Cachoeira (captures d
and e), Contas and Pardo (capture f), Cachoeira and Pardo (capture
g), Cachoeira and Una (capture h), and Pardo and Jequitinhonha (cap-
ture i). This type of event may have occurred multiple times during
the geological history of these basins, allowing dispersal/isolation of
fish lineages throughout the area.

The comparison between the genetic structure found in N. ve-
nustus and the location of putative drainage rearrangements shows
that both mitochondrial and genomic data (see Figure 3) do not
reflect the reconstructed coastal paleo-connection between Una
and Pardo river basins (Figure 1) because the populations sampled
within this paleodrainage do not share a common ancestry. By con-
trast, the presence of one sample in the Santana River basin (sample
code 0684) that has evidence of genomic admixture and belongs
to the mtDNA lineage 4 corroborates the more extensive coastal
paleo-connection between the Santana and Cachoeira rivers that
allowed dispersal of freshwater fish across the continental shelf
(Figures 1 and 3). Likewise, we observed the best fit of the diver-
gence with gene flow model for this pair (pair 2; Table 1). Note that
because of the match between current basin boundaries and coastal

paleodrainage boundaries (Figure 1) the effect of the remaining
coastal paleodrainages cannot be tested.

Among the nine inferred headwater captures (Figures 1 and
4), three of them are supported by the geographic distribution of
mtDNA lineages (specifically, headwater captures labelled f, h, and
i), whereas four putative past connections are suggested by the
genomic clusters; headwater captures c and h (Figure 1) would ex-
plain the composition of the light grey cluster (Figure 3b), which
includes the small coastal basins of Almada, Cachoeira, and Una,
and headwater captures f and i (Figure 1) help understand the geo-
graphic distribution of the dark grey cluster (Figure 3b), including
the secondary contact of lineages (1-8) in the Contas River basin.
Our RADseq data indicate that both the Contas and Cachoeira
river basins (green and orange, respectively) were colonised twice

(see Figure 3c).

4 | DISCUSSION

The geographic isolation of river basins within the NMA has no
doubt been a major factor in promoting differentiation, as evidenced
by the clear spatial structuring of genetic diversity in Nematocharax.
However, our analyses suggest a dynamic history in which past con-
nections among these currently isolated basins have also shaped the
geographic structuring of genetic variation within Nematocharax.
Our work then shows that paleo-landscapes, as with terrestrial
organisms, are an important factor in understanding the current
distribution of genetic structure in riverine fishes, especially con-
sidering the obvious constraints imposed by a freshwater lifestyle.
Additionally, as predicted by some models that consider the river
architecture (see Thomaz et al., 2016), we find evidence of genetic
differentiation within river basins, which illustrates the effect of the
complex architecture of rivers on the evolutionary dynamics of local

populations.

4.1 | The role of drainage rearrangements in
Nematocharax diversification

Our results indicate a mixed history for the central basins of the
NMA ecoregion, in which long-term isolation among catchments
largely dictated the genetic structuring in Nematocharax, but
drainage rearrangements that allowed historical movement across
drainage divides probably also left a noticeable signature on pat-
terns of genetic divergence. It is known that other geomorphologi-
cal processes can facilitate dispersal of organisms between basins,
such as divide inundation during flooding and swamps on low
drainage divides that form intermittent wet connections (Burridge
et al., 2008). However, this may not be the case in the NMA, be-
cause tectonic reactivation of ancient faults and erosive processes
are known to have caused several events of headwater capture
along the eastern margin of the Brazilian crystalline shield, where
the catchment divides are generally formed by mountainous
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landscapes (Buckup, 2011; Ribeiro, 2006). It is estimated that tec-
tonic reactivations in this region are as recent as <1.6 Mya (Saadi
et al., 2002).

In this context, the first divergence within the genus (between
N. varii and N. venustus) took place in the Mio-Pliocene, a period
during which tectonic events reactivated old faults in the Espinhaco
Range, where the Upper Contas River basin is located (Saadi, 1995).
Given the geological and geomorphological processes related to the
mountainous relief in the Upper Contas River, the evolutionary his-
tory of Nematocharax is perhaps marked by the complete isolation of
N. varii in the highlands of the Chapada Diamantina (Barreto, Nunes,
et al., 2016), which explain the best fit of the divergence without gene
flow model for pair 1.

Within N. venustus, we identified mtDNA lineages distributed
across currently isolated basins and divergent genomic lineages
within a single basin (e.g. those associated with the river basins in
green and orange). These divergence histories probably took place
in the Pleistocene, although estimates based on COI sequences dif-
fered significantly from those based on RADseq data. This is not un-
expected given the methodological differences between divergence
time estimates of calibrated phylogenetic trees and coalescent-
based models (Carstens & Knowles, 2007; Edwards & Beerli, 2000).
Regarding the Santana River, in the Cachoeira River basin (in orange),
we found two divergent lineages in both mitochondrial (lineages 4
and 9) and genomic dataset, thus probably reflecting the effect of
glacial cycles that resulted in repeated sea level shifts and, conse-
quently, repeated events of colonisation through coastal paleodrain-
ages. Currently, the connection between the Cachoeira and Santana
rivers is possible only by the estuary, which represents an effective
barrier to dispersal of obligate freshwater fish from one river to an-
other. This seems to be the case of Nematocharax, given its little or
no tolerance for saltwater (Wilzbach & Cummins, 2008). Thus, sea
level fluctuations during the Pleistocene may have allowed dispersal
from the Cachoeira to the Santana River due to the expansion of this
freshwater connection in periods of sea regression, with subsequent
isolation in periods of transgression. This hypothesis is reinforced
by the best fit of the divergence with gene flow model (pair 2), in
which the migration rate was higher to the Santana River, in addition
to the geomorphological evidence of paleo-connection between
the Cachoeira and Santana rivers on the continental shelf. We also
found one individual in the Santana River whose mtDNA is more re-
lated to individuals from other portions of the Cachoeira River basin.

For the remaining river basins, the paleodrainage reconstruction
reveals limited connectivity between currently isolated rivers sys-
tems during sea level retreats because of the relatively narrow conti-
nental shelf of the Central NMA, whereas the evidence of headwater
captures is widely distributed in the studied area. These results
agree with the assumption that the narrower and shallower north-
eastern Brazilian continental shelf would have imposed conspicuous
geographicisolation and eventually high levels of endemism in fresh-
water and estuarine fish species (e.g. Argolo et al., 2020; Baggio

etal.,, 2017; Thomaz & Knowles, 2018). Therefore, putative dispersal

routes via headwater captures are presented herein based on evi-
dence of elbows of capture (sudden shifts in the course of a river),
wind gaps (dry valleys once occupied by a river), and geological faults
(areas possibly associated with tectonic reactivations; see Barreto
et al., 2020; de Oliveira, 2010). The signs of demographic expan-
sion for five mtDNA lineages also support that headwater capture
events provided opportunities for population expansion (Burridge
et al., 2006; Waters et al., 2020).

By comparing the genetic structure recovered by mtDNA and
the genomic loci, we can assume that past connections allowed mi-
tochondrial movement, and the paths of genomic divergence were
also redirected. For instance, individuals of N. venustus with mor-
phological and genetic differences were found at the point of sym-
patry between mtDNA lineages 1 and 8 (see sampling point 1*8 in
the Contas River basin; Barreto et al., 2020). This locality is close
to the division between the Contas and Pardo river basins, where
a putative headwater capture was suggested (see capture f), which
may have allowed the secondary contact and hybridisation between
these lineages (Barreto et al., 2020), with strong support for a pop-
ulation expansion in lineage 8. In fact, our divergence model test re-
covered divergence with gene flow for pair 3, which is in accordance

with the hypothesis of connection between these groups.

4.2 | Influence of past and current riverscape on
genetic structuring

Given that shared lineages are found among small coastal basins
(i.e., Almada, Cachoeira, and Una) as well as among large basins (i.e.,
Contas, Pardo, and Jequitinhonha), it suggests that past connections
along the Central NMA ecoregion fostered widespread movement
(i.e., they are not restricted geographically). If we consider that the
elbow of capture is close to the captor river (Bishop, 1995), our in-
ferred headwater captures show that most captor rivers belong to
the small coastal basins (see captures a, b, c, d, and h), which agrees
with the direction of movement inferred for the lineage pairs.
Moreover, the close relationship recovered among basins is mirrored
by faunal distribution patterns in other fish species, including groups
with different ecologies (e.g. Camelier & Zanata, 2014; Rodrigues
et al., 2016; de Sousa et al., 2021). This congruence in distribution
patterns gives insights about the past configuration of the NMA
rivers, suggesting that historical connections may have structured
communities more generally (i.e., the temporary connections are not
species-specific).

Despite support for nine putative headwater captures, corre-
spondence between geomorphological and genetic data was not
observed for all putative headwater captures, meaning that not all
putative headwater captures appear to have facilitated movement.
This can be explained by a possible mismatch in timing between
the occurrence of the river capture event and the presence of fish.
Dispersal may also simply not be likely depending on the ephemeral-

ity of headwater capture events or species dispersal ability. In either
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FIGURE 4 Putative headwater captures in the Central portion of the North-eastern Mata Atlantica ecoregion inferred from
geomorphological data (i.e., a-i) and which are also marked in Figure 1 (red letters) for an overview of the entire North-eastern Mata
Atlantica. In these maps, current rivers are in blue and red lines define the current catchment divides. The black and white lines mark the
location of geological faults (i.e., tectonic reactivation areas), and low to high elevation is shown in dark to light shading, respectively. Wind
gaps (i.e., dry valleys that cross catchment divides) are highlighted in yellow, showing how currently isolated river basins were connected in

the past

case, future investigations with other fish species will be important
to test the generality of these potential explanations. This is relevant
because, although the drainage rearrangements presented here may
have similarly influenced the evolution of other co-distributed fish
species, whether temporary connections are available to fish may
depend upon species-specific ecologies (Thomaz & Knowles, 2020;
Tscha et al., 2017; Waters et al., 2020). Particularly in Nematocharax,
some biological features such as restricted dispersal capacity typi-
cal of small-sized characins (Lucas & Baras, 2001) and the potential
influence of sexual selection (Barreto, Nunes, et al., 2016; Menezes
et al., 2015) may help explain the occurrence of endemic groups and
significant genetic differentiation among lineages in different river
basins, despite the evidence of temporary connections.

Although little is known about the Nematocharax biology, field
and aquarium observations indicate that territorial behavior can be
observed especially in males (Barreto et al., 2020), and the species
probably occupies microenvironments within streams, completing

its life cycle in restricted geographic areas (Cetra et al., 2009). These

features help understand the reduced gene flow between popula-
tions, with local structuring and co-occurrence of distinct lineages
within river basins, as in the Cachoeira and Pardo. This structuring
is accentuated by the characteristics of the riverscape, such as the
differential degree of branching and basin slope at different portions
of the river, with direct impacts on travel distances and dispersal
costs for fishes (Campbell Grant et al., 2007; Carvajal-Quintero
et al., 2019). Given that long-term population persistence is mainly
dependent on connectivity, investigating how riverscape heteroge-
neity influences spatial genetic structure (see Thomaz et al., 2016)
is essential to infer the evolutionary consequences of habitat loss
and fragmentation (Davis et al., 2018), factors that have continu-
ously threatened the biodiversity in basins along the Atlantic coast
of Brazil (Menezes et al., 2007; Nogueira et al., 2010). Moreover, elu-
cidating the historical interconnectedness of these isolated basins
becomes a source of information for guiding conservation efforts,
especially because the boundaries of unique evolutionary units may

not necessarily correspond to the current configuration of basins.
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5 | CONCLUSIONS

Our study shows that a hidden genetic diversity in an endemic fish
group has been shaped by the isolated basins within the NMA ecore-
gion, as well as by some historical temporary connections forged be-
tween them. However, in general, these river basins have their own
independent evolutionary histories, according to the geographic dis-
tribution of Nematocharax lineages, with a few notable exceptions
in which drainage rearrangements structured divergence histories
that are estimated here. These results contrast with genetic studies
of Neotropical fish from southern and southeastern Brazilian coastal
basins (e.g. Thomaz et al., 2015), reflecting the particular features of
the NMA region, especially its narrow continental shelf. As such, our
findings demonstrate the importance of integrating different data
sources to generate hypotheses about when and where connections
formed between isolated river systems, and how they may have
structured evolutionary divergence and diversification of aquatic
lineages.
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