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Abstract :

1. Assessing biodiversity and understanding how it works is a prerequisite for species conservation. The
Amazon basin is one of the main biodiversity hotspots where fish are heavily exploited for ornamental
purposes.

2. The ornamental trade heavily exploits the genusApistogramma, which is one of the most species-rich
among Neotropical cichlids with 94 formally described species. This number is certainly underestimated
owing to the limitations of conventional taxonomy, which is still too often based solely on morphological
criteria and sometimes on few individuals.

3. Most species of this genus have a high degree of endemism and are highly prized on the ornamental
market, which could put them at risk. A few species are supposed to have extensive distributions, and in
particularApistogramma agassizii, present from the Amazon estuary up to the Ucayali and Maranon rivers
in Peru.

4. This study assessed the taxonomic status of 1,151 specimens ofA. agassiziicollected from 35 sites
around Iquitos in the Peruvian Amazon. On the basis of molecular analyses (nuclear and mitochondrial
DNA) and mate choice experiments, at least three biological species within the nominalA. agassiziiwere
evidenced in the sampling area, which is extremely small compared with the known distribution of the
species as initially described.
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5. According to the molecular calibrations, these three species would have diverged during the Plio-
Pleistocene. Two of them seem to be endemic from small sub-basins, one from the Nanay River and the
other from the Apayacu/Ampiyacu systems. A possible scenario that may explain the evolutionary history
of these species is proposed.

6. The conservation implications of these results on the estimation of the diversity ofA. agassizii,
of Apistogrammaspecies in general, and of other Amazonian cichlids are discussed.
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1 INTRODUCTION

Anthropogenic pressures on biodiversity, and aquatic biodiversity in particular, are
increasing alarmingly in the Amazon basin (Castello et al., 2013; Castello & Macedo, 2016).
The main threats are deforestation (Houghton et al., 2000; Morton et al., 2006), the
construction of infrastructures such as hydroelectric dams (Anderson et al., 2018; Finer &
Jenkins, 2012; Forsberg et al., 2017) and overexploitation (Castello et al., 2013), although
pollution (Finer, Jenkins, Pimm, Keane & Ross, 2008; Kingston, 2002; Swenson, Carter,
Domec & Delgado, 2011) and species introductions (Latini & Petrere, 2004; Vitule, Freire &
Simberloff, 2009; Vitule et al., 2017) are also involved. Many of these threats result in habitat
degradation or loss directly affecting aquatic communities including fish. As a traditional major
source of protein and income in the Amazon basin, fish additionally have to cope with threats
associated with fishing exploitation (Barthem & Goulding, 2007; Castello, Arantes, McGrath,
Stewart & Sousa, 2015; Castello et al., 2013), including for ornamental purposes (Bayley &
Petrere, 1989).

Of the more than 2700 fish species formally described for the Amazon basin, (Dagosta
& Pinna, 2019), 697 are exported from Brazil for ornamental purposes (Instituto Brasileiro do
Meio Ambiente e dos Recursos Naturais Renovaveis, 2017) and more than 300 from Peru
(Gerstner, Ortega, Sanchez & Graham, 2006). These estimates are certainly below reality due
to problems of taxonomic identification by exporters. Indeed, many fish are exported under
generic terms that sometimes include dozens of species (Moreau & Coomes, 2007). In addition,
there are species that are not described and others that require taxonomic revisions. Indeed, the
vast majority of current descriptions have been made only on morpho-meristic characteristics.
At the time of molecular biology, these descriptions show their limits, particularly in the case
of complexes of morphologically very close, and thus by phenotype, confusable species. Many
fish are therefore exploited without knowing their taxonomic status and vulnerability. Many
ornamental fishes have restricted distributions, or compared to species used for human
consumption, live in areas with high rates of endemism (Moreau & Coomes, 2007; Olivier,
2001). They are therefore particularly vulnerable to the threats already mentioned and to
ornamental fishing, the impact of which has received little attention (Alho, Reis & Aquino,
2015; Crampton, 1999; Gerstner, Ortega, Sanchez & Graham, 2006; Moreau & Coomes, 2007;
Rdmer, 1995).

The genus Apistogramma is the most diversified of the Neotropical cichlids: it is
composed of 94 species that are considered valid and is subject to regular new descriptions
(Britzke, Oliveira & Kullander, 2014; Romer, 2006; ROmer & Hahn, 2008, 2013; Roémer et al.,
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2011, 2012, 2015, 2017). All of its species are valued as ornamental fish species. They
generally have small distribution areas. The most extreme case is Apistogramma cinilabra
(ROmer et al., 2011; formerly known as A. sp. 'Roterpunkt’ in the ornamental fish trade), which
exclusively lives in a small isolated lake near the city of Nauta (Peru). In 2014, it was added to
the IUCN Red List and assessed as vulnerable. Today, it is probably in critical danger due to
deforestation and chemical fishing in its habitat. According to the comment of an ornamental
fisherman, it has become so scarce that it is no longer interesting to fish for it.

The genus Apistogramma does not escape the known problems of taxonomic
identification in other ornamental species (Britzke, 2015; Romer, 2006; Tougard et al., 2017),
especially since some descriptions have been made on a limited number of individuals (f. e.
Mesa & Lasso, 2011), not allowing to account for their distribution and intraspecific variability
(Schindler & Staeck, 2013). The number of species belonging to this genus is probably
significantly underestimated (Rémer, 2006), as evidenced by the many new descriptions in
recent years. Within this genus, only three nominal species, A. agassizii, A. cacatuoides and A.
bitaeniata, are reported to have large distribution ranges. Fishes placed into the species A.
agassizii are found from the Marafion and Ucayali rivers of Peru, along the main Amazon
River, in some of its tributaries, and downstream to its estuary at the Atlantic Ocean. They can
be found throughout the floodplain of the Amazon basin and live in all types of water, whether
white, clear or black (Kullander, 1986; Romer, 2006). The species prefers areas with little
current where plant debris accumulates, particularly dead leaves (Rémer, 2000). Different
geographical populations, based on morphological characteristics, have been identified by
Romer (2000, 2006) and Koslowski (2002). A recent molecular study has shown that the taxon
A. agassizii is not monophyletic at the Amazon basin scale: the species A. gephyra is located
within the taxon, which is divided into four clades, including one from the Peruvian Amazon
(Britzke, 2015). It is therefore likely that within this taxon, described on morpho-meristic
characteristics and colour patterns, there are several distinct biological or phylogenetic species
as suggested by Britzke (2015), Rémer (2000, 2006) and Tougard et al. (2017). It is of
paramount importance to precisely define the species boundaries in the genus Apistogramma
and, in particular, within what is presently considered A. agassizii in order to assess the true
species diversity of the genus Apistogramma as a tool to identify the number of individuals
extracted per species for the ornamental fish trade. That will facilitate regulation of their
harvests and help to ensure their conservation.

The objectives of this study are to evaluate genetic variation and taxonomic status of A.

agassizii in a portion of the Loreto region (Peru). The variation of the allelic frequencies of
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microsatellite markers and the sequence polymorphism of a fragment of the Cytochrome ¢
oxidase subunit I (COI) gene were analysed, and mate choice experiments to assess pre-zygotic
reproductive isolation were performed. The genetic and biological boundaries of A. agassizii
species from the study area are delimited on the basis of three species concepts: genetic entities
defined by clusters (e. g. Mallet 1995), monophylogenetic clades (e. g. Cracraft, 1989; Hennig,
1966; Mayden & Wood, 1995), and reproductive isolation (e. g. Mayr, 1942). The evolutionary
processes that might have caused the observed genetic variation are discussed. Finally, the
implications of the existence of a biodiversity that is probably largely underestimated, are
discussed for the conservation: a) of the A. agassizii “complex”, b) of the genus Apistogramma,
and c) of Amazonian cichlids in general. Overall, the monotypy hypothesis for Peruvian
Apistogramma presently considered to belong to the nominal taxon A. agassizii is tested.

2 MATERIALS AND METHODS

2.1 SAMPLING

First study areas have been defined from three regions where A. agassizii was known to
be abundant based on information by ornamental fishermen (Figure 1a). The first study area
corresponds to the surroundings of Jenaro Herrera (Loreto, Peru). This region is drained by a
complex network of forest streams, which flow into various parts of the Ucayali River. The
streams surrounding Jenaro Herrera (at the right bank of the Ucayali) are located on "tierra
firme", i.e. they are not submerged by the floods of the Ucayali (Figure 1b). A second study
area corresponds to the surroundings of Oran (Figure 1c). The Oran region, hillier than Jenaro
Herrera, is also drained by a complex network of forest streams where A. agassizii is found
exclusively in lowland areas near the Amazon floodplain. The third study area is the Nanay
River, representing the largest black water river in the Peruvian Amazon. A. agassizii is mainly
distributed in its floodplain. All of the three regions have been sampled consecutively in order
to have a global vision to evaluate the genetic structure of the species at different geographical
scales.

Between 2015 and 2018, 1151 samples were collected from 35 sites near the rivers
Ucayali, Marafion, Amazon and Nanay (Figure 1) using a beach seine or landing nets. The
sample (all the fish) collected from a single site will thereafter be named "popsite” (the
contraction of the words population and site). The fish were anaesthetized with eugenol using
the protocol defined by Chanseau, Bosc, Galiay & Oules (2002) until respiratory arrest, then
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were stored in coded tubes one by one and preserved with 96% ethanol. Most fully mature
males were photographed after sedation before being preserved in ethanol. The alcohol was
renewed after 24 hours. The tubes with voucher specimens are kept in the collection of the
"Laboratorio de Biologia y Genética Molecular del Instituto de Investigaciones de la Amazonia
Peruana” (LBGM-IIAP, lquitos, Peru).

To evaluate the evolutionary history of A. agassizii in the study area, the mitochondrial
marker Cytochrome c oxidase subunit | (COI) and 10 nuclear markers (microsatellite loci) were
used. The COI allows to identify clade differentiation events and microsatellite loci reveal

genetic entities structured in clusters, and hence, that do not share geneflow.

2.2 DNA EXTRACTION, AMPLIFICATION AND GENOTYPING OF MICROSATELLITE
LOCI

DNA extraction was performed from ~ 10 mg of caudal fin using a modified CTAB extraction
protocol (Doyle & Doyle 1987). The amplification of the 10 microsatellite loci was performed
with primers developed by Quérouil, Vela Diaz, Garcia-Davila, Rdmer & Renno (2015) using
the Qiagen Multiplex PCR kit. For each multiplex, a fluorescent primer was marked with one
of the three dyes 6-FAM, HEX or NED (Applied Biosystems). The amplification program used
was the one recommended by the kit manufacturer (hybridisation temperature 57 °C and 28
cycles). The analysis of the fragment’s length was performed on an ABI 3130 XL sequencer
with 16 capillaries (Applied Biosystems). For each capillary, 1 pL of the diluted PCR product,
added to 8.85 pl of formamide and 0.15 pl of ROX 500™ denatured for 10 min at 70 °C were
used. The size of each allele was obtained using the Geneious 9.1.8 program (Kearse et al.,
2012).

2.3 AMPLIFICATION AND SEQUENCING OF THE CYTOCHROME C OXIDASE
SUBUNIT I (COI) GENE

The individuals sequenced were chosen after microsatellite genotyping. A total of 32
individuals from 14 popsites were selected summarizing both the information provided by the
nuclear data and the sampling area. The COI was amplified using the L5698-Asn (F) 5' -AGG
CCT CGACGATCC TAC AAAGKT TTA GTT AAC-3' (Miya & Nishida, 2000) and H7271
(R) 5 -GTG GTG GGC TCA TAC AAT AAA-3' (Ramos, 2007). For both fragments,
amplification was performed in a 10 pl volume containing: 1 pl buffer 10 x for Kod Hot Start
DNA Polymerase (Novagen®), 1.7 ul dNTP (25 mM), 0.8 ul MgS04 (25 mM), 0.7 ul Kod Hot
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Strat DNA Polymerase (1.0 U / pl), 3.8 pl H20, 0.5 pl for each primer, and 1 pl ADN (100 ng /
pl). The amplification program used included a polymerase activation phase of 2 min at 94 °C
and then 35 cycles: 30 s at 94 °C, 40 s at 54 °C and 1 min at 72 °C, to complete a final
extension of 10 min at 72 °C. Sequence reactions were performed in both directions using the
same primers as for amplification. The sequence analysis was performed on an ABI 3130XL

sequencer with 16 capillaries (Applied Biosystems).

2.4 MATE CHOICE (REPRODUCTIVE ISOLATION)

The objectives of these experiments were to test for reproductive isolation (pre-zygotic
barrier) through mate choice pairing between the genetic entities previously determined by the
molecular analyses. The popsites selected for mate choice experiments were those where the
larger number of fishes with similar sizes (and colour) could be sampled. To determine whether
females preferentially reproduce with males of their own genetic entity, mate choice
experiments were performed in eighteen 100x30x30 cm aquariums (Figure 2). Females from
different genetic entities were presented two males (one of their own genetic entity and one of a
different genetic entity) of the same colour (according to our visual criteria) to choose as
potential mate. In each combined set, the males were similar in length to avoid size assortative
mating by females (Beeching & Hopp 1999). Females were placed in the central compartment
(50 x 30 x 30 cm) and, males in lateral compartments (25 x 30 x 30 cm). The glass dividers
separating the compartments of the female and the two males were drilled (26 holes of 8 mm
diameter) in their lower part to allow the passage of possible olfactory and / or acoustic signals.
Spawning sites consisted of PVC tubes of 10 cm length and 4.8 cm diameter cut lengthwise and
positioned to each side of the dividers (Figure 2). To exclude habituation, learning, or general
preference by females for a particular end of a tank during the experiments, males from the two
tested genetic entities were placed alternately on the right or the left side of the tank in the 18
experimental tanks. Females of each genetic entity were offered the same number of male
combinations (their genetic entity either on the right or on the left side of the aquarium). When
a female had spawned in one of the PVC spawning sites, it was considered it had sexually
selected the male adjacent to that site (Couldridge & Alexander, 2001, 2002; Rémer &
Beisenherz, 2005). The female and eggs were then removed; the female was placed in a
recuperation tank and replaced by another female of the same genetic entity. Each fish had a
specific code to prevent putting a female twice in contact with the same male to exclude any
learning effects on the test results, as indicated by Roémer, Engelking & Beisenherz (2014) for
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another species of the genus. Aquariums were separated by black plastic film to avoid inter-
tank interaction.

Each aquarium was filtered using internal sponge filters, maintained at a temperature of
~25 °C using air-conditioner and illuminated by LED strip light on a 12 L: 12 D cycle. Fish
behavior and potential spawning events were observed twice a day (morning and afternoon).
Fish were fed commercial pellets (Aquatech® Trucha Pre-inicio 45) following these
observation periods.

2.5 DATA ANALYSIS

2.5.1 NUCLEAR DATA

2.5.1.1 ALLELIC AND GENETIC DIVERSITY

Initially, the analyses of microsatellite data were carried out using popsites as
taxonomic units. Each popsite was characterized by: (1) allele diversity, average number of
alleles per locus, allele richness and number of private alleles (TNA, MNA, AR and NPA,
respectively) using Fstat software version 1.2 (Goudet, 1995) and GENETIX 4.05 (Belkhir,
Borsa, Chikhi, Raufaste & Bonhomme, 2004), (2) genetic diversity such as expected
heterozygosity, expected unbiased heterozygosity and observed heterozygosity (H exp., H n.b.
and H obs., respectively) with the software GENETIX 4.05 (Belkhir et al., 2004), and (3) the
panmixia deviations, evaluated according to the values of the Fis estimator (Weir &
Cockerham, 1984), using the program GENETIX 4.05 (Belkhir et al., 2004).

2.5.1.2 DISTANCES AND GENETIC GROUPS

The distance matrix from Nei (1972) was used to create an unrooted Neighbor Joining
dendrogram to establish genetic distance relationships among “popsites”. The robustness of the
nodes was tested by “bootstrap” from 1000 draws. The analyses were performed using R’s
“adegenet” library (Jombart, 2008). From this dendrogram, we identified the clusters and then
alleles with a frequency higher than 0.50 present in at least one of the clusters using GENETIX
4.05 (Belkhir et al., 2004).

A discriminant analysis of principal components (DAPC) was performed on the
individuals in order to identify clusters using R’s “adegenet” library (Jombart, 2008; Jombart,

Devillard & Balloux, 2010). Popsite information was taken into account to identify clusters
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within each popsite. This method uses K-means and model selection to infer genetic clusters
and combines both, the advantages of discriminant analysis (DA, which attempts to synthesize
genetic differentiation between clusters), and of principal component analysis (PCA, which
aims to synthesize overall variability among individuals, as well as variation occurring within
clusters) (Jombart et al., 2010). In our case, this method has proven to be more efficient
compared to the Bayesian method used by the “STRUCTURE” software (Pritchard, Stephens
& Donnelly, 2000). Indeed, we considered that the best method was the one that was able to
find the smallest and totally disjointed clusters (i.e. that cluster all the individuals of a popsite
to a single branch). It has been shown by the authors of the DAPC method that this analytic
strategy is more effective than using STRUCTURE in unravelling complex population
structures (Jombart et al., 2010). Then the degrees of genetic differentiation were calculated in
each cluster between pairs of popsites from the values of the Fst 6 estimator (Weir &
Cockerham, 1984) using GENETIX 4.05 (Belkhir et al., 2004).

2.5.2 MITOCHONDRIAL DATA

2.5.2.1 ANALYSIS OF POLYMORPHISM

The complete sequence fragments were obtained by aligning the forward and reverse
fragments using the MEGA-X v.10.0.5 program (Kumar, Stecher, Li, Knyaz & Tamura et al.,
2018). No gaps or missing data occurred. The numbers of haplotypes, haplotypic diversity,
variance of haplotypic diversity and nucleotide diversity (Nhap, Hd and =, respectively) were
calculated using the DnaSP v.6 program (Rozas et al., 2017).

2.5.2.2 PHYLOGENETIC RELATIONSHIPS AND EVOLUTIONARY HISTORY

Two maximum likelihood (ML) trees were produced. The first (haplotype tree) was
constructed from 32 sequences of A. agassizii rooted with two outgroups, A. bitaeniata and A.
eremnopyge, which are the most closely related species to A. agassizii (Tougard et al., 2017).
The results were included in a part of the phylogeny of Tougard et al. (2017) (species tree),
which corresponds to the species of the A2, A3 and A4 clades as well as 6 haplotypes of A.
agassizii sampled in Peru. The approach was first to determine if A. agassizii is monophyletic
in the Peruvian Amazon and second to evaluate if the Peruvian haplotypes of A. agassizii
would correspond to the clades we highlighted. The ML trees were produced using the program
MEGA-X v.10.0.5 (Kumar et al., 2018), taking into account the best evolutionary models
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estimated with the corrected AIC of Burnham & Anderson (2004). The strengths of the tree
nodes were estimated by percentage of bootstraps after 1000 replications.

In order to reconstruct the evolutionary history between clades, the molecular clock was
assumed to be constant for the comparison between species. Then the differences between
clades have been calculated from the number of nucleotide substitutions using the same model
used for the construction of the tree (MEGA-X v.10.0.5; Kumar et al., 2018). The substitution
rate and the divergence times of the marker between clades were then estimated using two
types of calibrations from the publication of Genner et al. (2007). The first calibration considers
that the origin of cichlids predates the fragmentation of Gondwana, the second calibration takes
into account the fossil dating of cichlids, which implies a transatlantic dispersion. The
divergence dates considered were those established by the authors between the genus
Apistogramma and Crenicichla; in the first case the divergence is estimated at 50.2 Ma and in
the second 17.3 Ma ago. In order to have a better estimate of the average substitution rate
between Apistogramma and Crenicichla all our A. agassizii sequences have been used as well
as Apistogramma and Crenicichla sequences from GeneBank (Table S1).

2.5.3 MATE CHOICE EXPERIMENTS

One-tailed binomial statistical tests were performed to test for deviation from random

mating between genetic entities.

3 RESULTS
3.1 NUCLEAR DNA
3.1.1 GENETIC VARIABILITY

A sample of 1151 fish was analysed distributed among 35 popsites (Figure 1). Genetic
diversity between popsites is very heterogeneous (Table 1). For example, the two popsites
"Or7" and "Or8", which have the same number of individuals, have a total number of alleles of
24 and 101, respectively. The allelic richness for all popsites is between 2.40 and 9.82 for an
average value of 5.86 £ 1.90 (SD). The "An" popsite has the highest allelic richness, followed
by the "JH4", "JH3" and "JH5" popsites with values of 9.54, 9.51 and 9.35, respectively. The
"Or7" popsite has the lowest allelic richness. The average number of private alleles per popsite

is 2 = 3.3 (SD), although the "An" popsite has 19. The values of the Fis estimator show a

10
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panmixia deviation for seven popsites (*JH3", "Or8", "JH13", "JH2", "JH11", "JH16" and
"JH14") over a total of 35 popsites.

3.1.2 STRUCTURING AND GENETIC DISTANCES

The dendrogram of genetic distance shows the presence of three clusters (Figure 3).
Clusters 2 versus 1 and 3 are supported by a bootstrap value of 94 and cluster 3 versus 1 and 2
by a value of 98. Cluster 1 is highly structured. Some popsites are very differentiated, such as
popsites Nal, Na2 and Na3, which form a group supported by a bootstrap value of 97. Another
group is formed by the popsites JH15, JH19 and JH16 supported by a bootstrap value of 72 and
the popsites JH12, JH13, JH20, JH18 and JH8 form another group supported by a bootstrap
value of 73. This structuring is closely linked to the geographic distribution of popsites. Indeed,
popsites sampled on the same stream network are genetically closer to each other than to
popsites from neighbouring streams (Figure 1b).

For each of the 10 loci, at least one allele has a high frequency in only one of the 3
clusters (freq. >0.50, Table 2), with the exception of alleles 100 and 142 in locus 01 and 16
whose frequencies are greater than 0.5 for clusters 2 and 3. The allele 123 (locus 11) is
diagnostic of cluster 1. Alleles 194 (Locus 28) and 161 (locus 09) are diagnostic of clusters 1
and 3 with frequencies of 0.45 and 0.41, respectively.

The eigenvalues of the discriminant analysis of principal components show that the two
main components represent nearly 100% of the genetic structure (Figure 4a). The results show
three distinct clusters that are well differentiated and genetically isolated: the distribution of the
three clusters is disjoint, with no admixture between them (Figure 4b). The first main
component differentiates on the negative side the individuals of cluster 1 (blue) and on the
positive side the individuals of cluster 2 (green). The second main component differentiates
individuals of cluster 3 (red). All the individuals in a popsite belong exclusively to one of the
three clusters (Figure 4b). The structuring into 3 clusters gives the smallest and most
differentiated clusters (Figure 4b, ¢ and d). It is worth noting that these three clusters are the

same as those identified by the dendrogram of genetic distance.

3.1.3 GENETIC DIFFERENTIATION IN CLUSTERS

The Fst values per pair of popsites within cluster 1 are between 0.00 and 0.36, the

popsites Nal, Na2 and Na3 are the most differentiated (Table 3). For cluster 2, the Fst values in

11



323
324
325
326

327

328
329
330
331
332
333
334

335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354

pairs of comparisons are between 0.00 and 0.33, the Or7 popsite is the most differentiated

(Table 4). For cluster 3, the value of the Fst between the two popsites is 0.10.

3.2 MITOCHONDRIAL DNA
3.2.1 POLYMORPHISM OF COl SEQUENCES

The Cytochrome c¢ oxidase subunit I gene shows a strong polymorphism in A. agassizii
(Table 5): the 32 sequences analysed are split into 12 haplotypes (Hd = 0.9173 + 0.023). These
are clustered into three clades, five in clade 1 (Hd = 0.780 + 0.085, = = 0.00615), four in clade
2 (Hd =0.733 £0.12, = = 0.00137), and three in clade 3 (Hd = 0.679 + 0.122, = = 0.00089). Of
the total of 942 nucleotide sites studied, 37 are polymorphic (zx = 0.015).

3.2.2 PHYLOGENETIC RELATIONSHIPS

The maximum likelihood trees were constructed taking into account the best
evolutionary model according to AICc, TN93 + G (Log likelihood = -1541.89, gamma
parameter = 0.0500 (5 categories + G), transition/transversion ratio = 6.0666) for the haplotype
tree (Figure 5a) and TN93 + G (Log likelihood = -2821.79, gamma parameter = 0.3722 (5
categories + G), transition/transversion ratio = 4.4691) for the species tree (Figure 5b). The
haplotype tree, rooted with two species close to A. agassizii (A. eremnopyge and A. bitaeniata)
confirms the presence of three clades (three clusters with nDNA), each of which is
monophyletic (Figure 5a). The three clades are supported by high bootstrap values, 100, 99 and
98, respectively. It is worth noting that haplotype 8 of clade 1 is well differentiated from other
haplotypes and has a significant number of own mutations (anagenesis).

Considering that Apistogramma and Crenicichla would have diverged between 50.2 Ma
(fragmentation of Gondwana) and 17.3 Ma (fossil dating of cichlids), the substitution rate
obtained was 0.3 % per Ma or 0.9% per Ma for the partial COI marker. Then, A. agassizii and
A. bitaeniata/A. eremnopyge would have diverged between 23.2 Ma and 8.01 Ma ago. The
most recent common ancestor (MRCA) to the three clades would have a maximum of 3.80 Ma
and a minimum of 1.31Ma. Under the same assumptions, clades 2 and 3 would have diverged
between 2.27 Ma and 0.78 Ma ago. In cluster 1, haplotype 8 would have diverged between 1.71
Ma and 0.59 Ma ago.

The three entities Spl, Sp2 and Sp3 (which represent clades 1, 2 and 3) form a
monophyletic clade supported by a bootstrap value of 100 when placed in the partial
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Apistogramma phylogeny of Tougard et al. (2017; Figure 5b). Of the six haplotypes
representing the overall polymorphism observed in the study of Tougard et al. (2017) in A.
agassizii, five are positioned with Sp1 (including one with haplotype 8) and one with Sp2.

3.3 MATE CHOICE

Females from genetic entities 1 (JH4) and 2 (Or4) were tested for potential mating
preferences for males of their own genetic entity. This mating preference would indicate their
ability to recognize and intentionally mate with presumptive conspecific. Fourteen out of 15
females tested from entity 1 laid eggs on the side with the male belonging to their own genetic
entity; only one laid it on the side of a male from genetic entity 2 (p < 0.001). Out of the 11
females tested from genetic entity 2, 10 laid their eggs on the side with males of their own
entity and only one on the side of a male of genetic entity 1 (p = 0.005). Our results thus
indicate highly significant pre-zygotic reproductive isolation between these two genetic
entities. Unfortunately, we were not able to test all possible combinations of genetic entities, as

test specimens of genetic entity 3 were still too small during the mating experiments.

4 DISCUSSION

4.1 APISTOGRAMMA AGASSIZII A MOSAIC OF SPECIES

As in most animal and plants species, taxonomic descriptions in Apistogramma have
been made based on morpho-meristic characteristics. In some cases, these descriptions show
limitations, particularly in the case of cryptic species complexes where morphological
differentiation is not a priori sufficient (Rémer et al., 2017). Therefore, the risk is evident, that
some species described only on morphological criteria are in fact groups or clusters of species.
That would, underestimate biodiversity (Briscoe & Tait, 1995; Rocha-Olivares, Fleeger &
Foltz, 2001; Frankham, Ballou & Briscoe, 2002) and potentially bias the assessment of species
protection status (Bowen & Avise, 1996; Frankham et al., 2002). Indeed, a taxon with poorly
defined taxonomic contours could be wrongly considered representing an abundant species
having a large distribution. Such a species would not require protection status, whereas it could
in reality represent a group of distinct species with small distribution areas, some of which
might be threatened (Romer & Hahn, 2013; Romer et al., 2015).

Although many Amazonian lowlands small-sized fish species of relatively sedentary

habits (including cichlids) present very wide distributions, which is possibly resulting (at least
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in part) from passive drifting in floating meadows (Schiesari et al., 2003), the presumptive wide
distribution of A. agassizii throughout the Amazon is rather atypical for species of the genus.
Several authors have suggested that such a large range clearly could encompass more than one
distinct species (Britzke, 2015; Koslowski, 2002; Romer, 2000, 2006; Romer et al., 2017;
Tougard et al., 2017). Our study in the small portion of Peruvian Amazon investigated, clearly
shows that there are at least three entities that are represented as separate “genotypic clusters”,
or biological and phylogenetic species (Mayr, 1942; Hennig, 1966; Cracraft, 1989; Mayden &
Wood, 1995; Mallet 1995), presently confounded under the name of A. agassizii. Using the
dating of Genner et al. (2007), these three presumptive species would have diverged between
3.80 (fragmentation of Gondwana) and 1.31 (fossil dating) Ma ago. If another totally
independent calibration from mainly perciform reef fish based on the closure of the Panama
Isthmus (DiBattista et al., 2013, Figure 5a) is considered, then the three species would have
diverged between 1.17 Ma (mutation rate for COIl of 1% per Ma) and 0.59 Ma ago (mutation
rate for COI of 2% per Ma). The mutation rate of 1% per Ma found by DiBattista et al. (2013)
is consistent with that estimated by Genner et al. (2007) with the fossil calibration.

The DAPC shows three totally disjointed clusters and indicates that there have not been
any recent nuclear introgression or any migrant between the three genetic entities. The COI
phylogeny also does not show any mitochondrial introgression between the three entities and
mate choice experiments indicate pre-zygotic isolation between at least two of them. According
to the genetic concepts of reproductive isolation and monophyly, these three genetic entities
will therefore be considered as different species and referred to as Spl, Sp2 and Sp3 in the
following. These results support the hypothesis of a mosaic distribution of biological species
having reached reciprocal monophyly, rather than a complex of species with recent genetic

introgressions or current hybridisations.

4.2 GEOGRAPHICAL DISTRIBUTION OF THE THREE SPECIES

Species Sp2 and Sp3 have significantly reduced distribution areas compared to species
Spl. Based on available samples, they are found exclusively on the left bank of the Amazon
(going downstream) and are separated from each other by the Napo River (Figure 1). Species
Spl appears to have a much larger distribution area than the other two; it occurs on the left
bank of the Marafién River and the right banks of the Ucayali and Amazonas rivers.

The high Fst values found between geographically close popsites (especially in Spl)
belonging to the same stream system (Figure 1b) indicate a low dispersal capacity of A. cf.
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agassizii (Frankham et al., 2002; Waples, 1987; Ward, Woodwark & Skibinski, 1994). For
example, Jenaro Herrera's popsites JH13 and JH20, which are less than 1 km apart from each
other (following the stream), have an Fst value of 0.13. Another example, still in the same
stream network, the JH20 popsite is less than 2 km from the JH12 popsite, yet the Fst value is
0.21. The intraspecific Fst values observed in species Spl are of the same magnitude or higher
than populations of Apistogramma gephyra (Fst value of 0.128) and A. pertensis (Fst value of
0.228) belonging to two catchments of the Negro River, separated since the middle or late
Pleistocene and with almost no gene flow (Leitédo et al., 2017). They also are similar to those of
populations of Cichla temensis from the Negro and Orinocco basins (range 0.2-0.5, Willis et
al., 2015). Within a same time frame, they are also similar to the values observed between
species belonging to different genera in some Haplochromine cichlids: 0.14 between
Astatotilapia nubila and Lipochromis maxillaris for example (Odhiambo, Mautner, Bock &
Sturmbauer, 2012). The popsites of Jenaro Herrera (Spl) city are found exclusively in small
stream systems that tend to reduce or even dry out on some sections during the dry season; this
phenomenon is amplified by the intense deforestation for livestock and food crops around the
city. For instance, popsite JH12 (Figure 1b) was sampled in November 2016, but the following
year at the same time (October), the previously sampled section had completely dried out and
the sampling of this popsite (n = 16) could not be completed. Between these two years a parcel
of forest of several hectares was deforested around this popsite. It is likely that popsites near
the city of Jenaro Herrera, which have the lowest allelic richness compared to other popsites of
species Spl, regularly experience population bottlenecks due to seasonal drying out of the
habitat and deforestation. Such bottlenecks would directly affect allelic frequencies within the
popsites, which could partly explain the high Fst values observed in the same stream networks
near the city of Jenaro Herrera.

Looking exclusively at popsites of species Spl from the four largest streams (An;
JH3+JH4+JH5; Ya2+Ya3; Or8+0r9) with little or no deforestation, allelic richness tends to
decrease from upstream (Ucayali, popsite An, AR = 9.818) to downstream (Amazon, posites
Or8+0r9, AR = 7.821). Moreover, the Mantel test between the geographical distance and the
genetic distance of Rousset (1997) between these four streams indicated a significant isolation
by distance (p-value = 0.042; Figure 6b). Apistogramma Spl, in the study area, therefore most
likely dispersed from upstream (Ucayali) to downstream (Amazon), a result corresponding to
proposals on dispersal for another species of the genus by Romer (1992, 2000).

According to molecular dating, the three species started diverging from the MRCA

during the Plio-Pleistocene, a period known for its glacial and interglacial cycles. These glacial
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events have affected river dynamics, particularly erosion/sedimentation phases (Baker & Fritz,
2015) and species distributions (Dumont, Lamotte & Kahn, 1990; Hubert & Renno 2006).
During the Quaternary period, terraces appeared along the Amazon and some of its tributaries
like the Nanay River (Dumont & Garcia 1989; Dumont, Lamotte & Fournier, 1988; Dumont,
Deza & Garcia, 1991; Dumont, 1992; Gonclaves, Soares, Tatumi, Yee & Mittani, 2016;
Wesselingh & Salo 2006). The popsites where the three species of A. cf. agassizii were found
seem to be restricted to these Quaternary terraces and floodplains. The dispersion of the most
recent common ancestor (MRCA) and the formation of the three species may have been
favoured by these geologic and climatic events. As an effect of it, the MRCA population may at
least temporarily have been split up in different refuges (Ab”Saber cited in Sick, 1993; Grabert,
1991; Haffer, 1969; Romer, 2006) and undergone further development (and genetic drift) under
more or less strict geographic isolation.

Although the role of large rivers as a barrier to species distributions (Wallace, 1854)
was recently challenged for many animal groups in the Amazon basin (Santorelli, Magnusson
& Deus, 2018), the distribution of the three species is consistent with the barrier effect of large
rivers, as previously shown in other Amazonian fish groups (Hubert & Renno 2006).
Depending on taxon vagility, large rivers can prevent gene flow between populations of
different regions favoring allopatric speciation. Species Sp2 and Sp3, which are
phylogenetically closest, are found on the left side of the Amazon River and apparently are
separated from each other by the Rio Napo, whereas species Spl is observed on the right side
of the Amazon River only. Despite several samplings in the main rivers between their
respective distribution areas (Figure S1), these three species have never been, so far,
encountered in strict sympatry, i.e. in the same watercourse. Given that popsites Nal, Na2 and
Na3 with species Spl are located on the left bank of the Marafion River could a priori seem
inconsistent with the barrier effect of large rivers. Concomitant with glacial events, however,
the reactivation of tectonics, particularly in the Ucamara depression (delimited by the Marafién
and Ucayali rivers), has favoured rapid changes in the course of the Ucayali and Marafion
rivers (i.e. avulsion; Sébrier, Mercier, Mégard, Laubacher & Carey-Gailhardis, 1985;
RADAMBRASIL, 1977; Raséanen, Salo & Kalliola, 1987). Furthermore, according to Dumont
(1991), the Ucayali was once connected to the Marafion River above the city of Nauta (above
the popsites Nal, 2 and 3, Figure 1), which could explain the presence of species Spl on the
left side of the Marafion.

4.3 VARIATION OF COLOUR PATTERNS
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The three species are distinguished at genetic (nDNA and mtDNA), behavioral (mate
choice), and geographic levels (i.e., allopatric distributions). Once the three species were
clearly identified on genetic criteria, phenotypic variation could also be observed a posteriori
among the genetically identified species, particularly on color patterns of the caudal fin (Figure
7). Further studies will be needed to investigate whether distinct colour and morpho-meristic
patterns are diagnosable, and possibly, working as diagnostic phenotypic characters, may be
used to segregate these new species.

4.4 BIODIVERSITY OF THE GENUS APISTOGRAMMA IN THE AMAZON REGION
AND CONSERVATION IMPLICATIONS

In eastern Amazonia, Ready et al. (2006) demonstrated the existence of three species in
what was previously identified as A. caetei from unconnected small river basins. Here, a similar
situation is described in A. agassizii, but in a much smaller area of interconnected streams and
river network. At least three species, and potentially four (popsites Nal, Na2 and Na3) were
observed in a small area of the Peruvian Amazon. This clearly demonstrates that A. agassizii
cannot be considered a widespread species any longer; this nominal taxon appears to represent
a mosaic of many species whose precise geographical distribution remain undefined.
Considering the highly dynamic geo-hydrological changes occurring in its extensive
distribution area, it is most likely that the nominal A. agassizii actually holds tens of species. As
the type locality for A. agassizii (Steindachner, 1875) is in Manacapuru area near the city of
Manaus in central Amazonia, all three species identified in the Peruvian Amazon could actually
be new species. The present results also suggest that two out of the three newly identified
species could be endemic to very localized regions: the Apayacu and Ampiyacu systems for
species Sp2 and the Nanay basin for species Sp3. Despite several samplings in rivers and
streams around the Nanay (Figure S1), A. Sp3 was never observed and seems to be endemic to
the Nanay, which is a small basin but the largest black water river in the Peruvian Amazon
(Ortega & Castro, 1998; Sioli, 1984). The Nanay is also the most heavily exploited river for the
ornamental fish trade owing to its close proximity to the city of Iquitos, where most Peruvian
fish exporters are operating (Gerstner, Ortega, Sanchez & Graham, 2006; Tello & Canepa,
1991). This situation puts further pressure on A. Sp3, which currently supports most of the local
ornamental fishing for A. agassizii. Although the aquarium trade has the advantage of attracting
the general public’s awareness on these species that often inhabit environments that are almost

invisible to the public attention when compared to large rivers (Frederico, Zuanon & De Marco
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Junior, 2018; Olden, Hogan & Zanden, 2007), it may also imperil their survival by over-
harvesting when their distribution or population sizes are limited (Raghavan, Ali, Philip &
Dahanukar, 2018). The present results should foster adaptive management actions to take this
situation into account and avoid local extirpations and loss of genetic variability, which is one
of conservation's ultimate goals. Potential conservation actions could be the implementation of
quotas or specified licenses for extraction/exportation. For such controls to be easier to
implement, this study needs to be extended and the new species described to provide export
inspectors with clear diagnostic characters, although this study shows that simple barcoding
could already be used. Officially describing the new species identified and advertising their
presence to aquarium exporters and fishermen in Iquitos could also help diverting part of the
pressure exerted on Sp3 in the Nanay, by offering new species for export. An additional
measure could be incentives to culture the species and export certified, sustainably bred F1
specimens.

The ornamental fish trade probably has fewer effects on A. Spl and Sp2. Both species,
however, and especially species Spl, live in forest streams that are highly sensitive to primary
effects of deforestation, as previously emphasized for popsite JH12 in Jenaro Herrera. This
further emphasizes the interdependence of freshwater and terrestrial habitat for conservation
(Frederico, Zuanon & De Marco Junior, 2018). Increasing water temperatures resulting from
deforestation can also affect Apistogramma species (Beninde, Romer, Vela Diaz &
Duponchelle, in press). Deforestation will likely further impact the ability of Apistogramma
species and other stream fishes to support expected climate-induced changes in water quality
and quantity (Frederico, Olden & Zuanon, 2016; Freitas, Siqueira-Souza, Humston & Hurd,
2013). Additionally, Apistogramma species are facing other threats: during our field trips,
recipients/canisters used by fishermen to fish with barbasco, an ichthyotoxic substance
naturally found in plants of the genera Lonchocarpus, Paraderris, and Tephrosia (Andel, 2000)
were often observed. Rural communities in Amazonia traditionally use barbasco in small to
medium-sized streams to catch food fishes quickly and indiscriminately. The problem is that it
kills almost all fishes in the influence area, although its active ingredient seems to degrade
quickly. Its use appears widespread in the Peruvian Amazon, and its consequences on aquatic
communities have not been assessed.

The small geographic area sampled during the present study appears to be a hotspot of
biodiversity and endemism for Apistogramma species, given the existence of at least 3 new
species within the nominal A. agassizii and the presence of a complex of closely related species

in the Pebas area (Fig. 1), most of them not described, albeit known of the aquarium trade
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(Tougard et al., 2017). Centres of vertebrate endemism are excellent surrogates for identifying
conservation priorities in the Amazon (Loyola, Kubota & Lewinsohn, 2007). This highlights
the critically urgent need for further research in a biodiversity and endemism hotspot located to
the immediate vicinity of one the most rapidly expending cities of the Amazon basin, lquitos.
Large cities in the Amazon basin can cast defaunation shadows over hundreds of km (Tregidgo,
Barlow, Pompeu, de Almeida Rocha & Parry, 2017). The rapid expansion of deforestation,
pollution, habitat degradation, overexploitation, invasive species (such as tilapia or gourami,
which could compete with Apistogramma in small streams) around Iquitos could lead to
undetected and irreversible biodiversity losses, particularly for restricted range species such as
Apistogramma and other stream-dwelling species, even before they have the chance to be
discovered, let alone described. As restricted range species also are key indicators of
biogeographic patterns and underlying evolutionary mechanisms (Nogueira et al., 2010) they
should de facto warrant research and conservation prioritization (Rosenfield, 2002). Further
studies emphasizing the extent of biodiversity and endemism in the potential hotspot around
Iquitos might foster the interest of conservation NGOs and public awareness, and ultimately
trigger actions from the regional government to limit the already mentioned threats exerting on
the small streams around lquitos, and particularly local-scale deforestation.

The present study focused on the nominal A. agassizii, but it is also very likely that the
two other nominal Apistogramma species known to have very wide distributions in the Amazon
basin, A. bitaeniata and A. cacatuoides, also encompass many species, as suggested by Rémer
(2000, 2006), Romer et al. (2015, 2017), and Britzke (2015). The genus Apistogramma could
then be made up of hundreds of species if we add the numerous species whose taxonomical
status has not been molecularly assessed (e.g. A. caetei, Ready et al., 2006). This situation
might also apply to the other highly diversified cichlid taxa such as Crenicichla (Burress et al.,
2018; Pialek, Ri¢an, Casciotta, Almirén & Zrzavy, 2012; Ri¢an, Pialek, Dragova & Novék,
2016). Such estimates have no reference value, but may illustrate the limitations of our
knowledge regarding the biodiversity of Amazonian stream fishes (Frederico, Zuanon & De
Marco Janior, 2018; Nogueira et al., 2010). Knowledge of aquatic biodiversity patterns is an
essential prerequisite for the conservation of freshwater ecosystems, which are the most
threatened in the world (Abell, Thieme & Revenga, 2008). This also holds true for the Amazon
basin (Nogueira et al., 2010; Castello et al., 2013; Castello & Macedo 2016) and even more so
for streams (Frederico, Zuanon & De Marco Junior, 2018), where most species-rich taxa, such
as Apistogramma live (Romer, 2000, 2006). Freshwater fish are among the most threatened

vertebrates in the world (Pimm et al., 2014), which also is likely the case in the Amazon basin
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owing to habitat degradation or loss and the still limited knowledge about fish ecology and
systematics (Nogueira et al., 2010; Castello et al., 2013; Castello & Macedo 2016). Small
streams are among the most vulnerable ecosystems in the Amazon basin and the lack of
information on stream fishes biodiversity hampers conservation efforts (Frederico, Zuanon &
De Marco Junior, 2018). The vulnerability of stream fishes is further aggravated by the inherent
connectedness structure of river networks that can propagate anthropogenic disturbances over
long distances (Dudgeon et al., 2006). Further in depth studies are urgently needed to
understand the extent of biodiversity in the many small-bodied, species-rich, yet understudied
Amazonian taxa (Barletta et al., 2010), such as Apistogramma or other highly speciose cichlid
groups (e.g. Crenicichla, Pilek et al., 2012; Ri¢an, Pialek, Dragova & Novak, 2016; Burress et
al., 2018). By providing detailed information about the distribution of three new taxa in a
localized region of the Peruvian Amazon, this study contributes to improving the biodiversity

knowledge in the Loreto region and fuels baselines for conservation actions.
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TABLES

Table 1: Genetic diversity indices in Apistogramma agassizii popsite based on 10
microsatellite loci. N, samples size; TNA, total number of alleles; MNA, mean number of
alleles; AR, allelic richness; NPA, number of private alleles; Hobs., observed heterozygosity;
Hexp., expected heterozygosity, Hn.b., expected heterozygosity without bias; Fis, inbreeding
coefficient of cluster; * = p-value<0.050.

Allelic Diversity Genetic diversity

Popsite N TNA MNA AR NPA Hexp. Hn.b. Hobs. Fis
JH3 48 140 14.0 9.512 6 0.754  0.762  0.708 0.072*
An 35 138 13.8 9.818 19 0.754  0.765 0.762 0.003
JH4 39 132 13.2 9.537 1 0.749  0.758  0.761 -0.003
JH5 36 130 13.0 9.349 2 0.739  0.749 0.737 0.017
Or8 30 101 10.1 7.904 4 0.710 0.722  0.654 0.096*
Or9 30 98 9.8 7.738 2 0.707  0.719  0.747 -0.040
Ya3 24 92 9.2 8.147 2 0.715 0.730 0.729 0.001
JH7 29 88 8.8 7.146 4 0.644  0.655 0.682 -0.042
JH17 39 88 8.8 6.803 3 0.686  0.695  0.690 0.007
JH10 30 83 8.3 7.259 1 0.706  0.718 0.703 0.021
JH13 52 79 7.9 6.015 2 0.681 0.688  0.650 0.055*
Or4 30 78 7.8 6.337 3 0.588 0.598  0.600 -0.004
Ya2 23 77 7.7 6.991 1 0.694 0.709 0.735 -0.037
Or5 30 75 7.5 6.115 1 0.537 0547 0.514 0.061
JH2 48 74 7.4 5.738 2 0.636  0.643 0.581 0.096*
JH9 77 74 7.4 6.091 1 0.658 0.662  0.657 0.007
Or3 30 73 7.3 5.910 2 0.555 0.564  0.560 0.007
Or2 30 71 7.1 5.559 0 0.496 0.504 0.493 0.022
Orl 30 66 6.6 5.482 4 0.531 0.540 0.557 -0.032
JH11 30 63 6.3 5.524 0 0.655 0.667 0.621 0.069*
Ped 27 60 6.0 5.198 5 0.488  0.497  0.500 -0.006
JH16 32 58 5.8 5.166 0 0.632 0.642 0.578 0.101*
JH19 38 56 5.6 4.908 0 0.618 0.627  0.657 -0.050
JH15 26 55 5.5 5.168 0 0.650 0.663  0.700 -0.058
Na2 24 55 5.5 4.675 0 0.391 0.399 0.425 -0.067
JH20 39 53 5.3 4.567 1 0.549 0.556  0.536 0.036
JH14 28 50 5.0 4.647 0 0.613  0.624 0.539 0.138*
PU16 30 48 4.8 4.144 3 0.410 0.417 0.430 -0.032
Nal 24 47 4.7 4.164 0 0.391 0.399 0.408 -0.023
JH18 40 45 4.5 4.184 0 0.611 0.618 0.605 0.022
JH8 30 42 4.2 3.963 0 0.564 0.574 0.563 0.019
JH12 16 37 3.7 3.700 0 0.544  0.562 0.613 -0.093
Na3 22 34 3.4 3.253 0 0.425 0435 0.436 -0.004
PUSA 25 32 3.2 3.028 1 0.358 0.365 0.364 0.003
Or7 30 24 2.4 2.317 1 0.350 0.356  0.387 -0.089
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Table 2: Alleles with frequencies > 0.5 (in bold) for at least one of the three clusters.

Frequencies > 0.5

Locus Allele Cluster 1 Cluster 2 Cluster 3
Loc01 0 0.5049 0.9182
Loc06 138 0.0628 06014 -
Loc06 144 0.0006 0.0048 0.5648
Loc08 138 0.1195 0.0558 0.7909
Loc09 129 0.5209 012903 -
Loc09 131 0.2863 06024 -
Locll 123 07099 -
Locll 127 0.0655 05145 -
Locll 137 0.0040 0.0942 0.5833
Loc14 116 0.0074 07937 -
Loc16 142 0.2649 0.9082 0.9364
Loc16 144 0.5676 0.0024 0.0455
Loc28 196 0.1020 - 0.9727
Loc28 200 0.0353 05631 -
Loc30 187 0.0045 0.0048 0.8364
Loc32 201 02035 - 0.6636
Loc32 203 05609 0 - 0.3091
Loc32 209 0.0023 0.6401 0.0273

Cluster 1 is composed of popsites JH2, JH3, JH4, JH5, JH7, JH8, JH9, JH10, JH11, JH12,
JH13, JH14, JH15, JH16, JH17, JH18, JH19, JH20, An, Ya2, Ya3, Nal, Na2, Na3, Or8, Or9;
Cluster 2 of popsites Pe4, Orl, Or2, Or3, Or4, Or5, Or7, and Cluster 3 of popsites PU5A, PUL.
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Table 3. Pairwise value of Fst estimator of Weir & Cockerham (1984) between 26 popsites from cluster 1.

JH2
JH3

JH5
JH7

Or8

JH3 JH4 JH5 JH7 JH8 JH9 JHI10 JH11 JH12 JH13 JH14 JH15 JH16 JH17 JH18 JH19 JH20 An Ya2 Ya3 Nal Na2 Na3 Or§ Or9
0.08 0.07 0.08 0.07 0.6 014 008 012 022 012 012 015 014 014 014 018 016 013 016 0.11 0.4 024 021 0.17 0.8
----- 0.00 0.00 0.05 0.11 0.08 003 006 013 007 011 008 008 006 009 010 012 0.06 0.07 005 019 0.18 0.16 0.08 0.09
0.00 ----- 0.00 005 0.12 0.09 003 006 015 008 011 008 009 007 009 011 011 007 008 0.05 0.19 019 017 0.10 0.11
0.00 0.00 - 0.05 0.12 0.10 0.04 008 014 007 011 008 009 007 010 011 012 0.07 0.08 005 020 0.20 0.18 0.09 0.10
0.05 0.05 0.05 ----- 0.8 008 006 009 020 011 015 010 042 010 0.5 016 017 009 0.2 008 018 017 0.15 0.1 0.13
011 0.2 0.12 0.18 - 020 014 019 047 013 021 018 018 018 005 019 010 020 0.20 0.180.32 0.32 0.32 0.21 0.21
0.08 0.09 0.10 0.08 0.20 --- 005 007 022 014 020 013 015 013 047 018 021 013 014 0.3 018 0.18 018 0.12 0.15
0.03 0.03 0.04 0.06 0.14 0.05 --- 0.05 016 009 013 010 009 009 012 012 014 010 0.2 0.09 020 020 0.19 0.2 0.13
0.06 0.06 0.08 0.09 0.9 0.07 0.05 --- 020 012 019 013 012 013 016 045 021 011 0.3 011 021 021 0.20 0.15 0.16
0.13 0.15 0.14 0.20 0.17 0.22 0.09 024 018 018 022 016 018 021 020 024 021035 034 036 021 0.22
0.07 0.08 0.07 011 0.3 014 009 012 009 ---- 016 012 014 013 010 017 013 012 015 0.1 0.25 025 0.22 0.15 0.15
011 011 011 0.15 021 0.20 016 - 017 013 015 017 016 019 0.4 0.16 0.13 0.18 0.22
0.08 0.08 0.08 0.10 0.18 0.13 012 017 - 009 012 013 011 049 0.3 014 0.11 0.24 0.23 0.15 0.16
0.08 0.09 0.09 0.12 0.18 0.15 0.14 015 0.6 005 019 014 0.16 0.14 0.18 0.19
0.06 0.07 0.07 0.10 0.18 0.13 013 015 012 015 ---- 014 018 05 0.0 0.07 0.08 024 0.24 022 012 0.14
0.09 0.09 0.10 0.15 0.05 0.17 0.10 Y — 017 0.08 0.6 0.14 0.13 0.18 0.20
0.10 0.11 011 0.16 0.19 0.18 0.17 018 017 - 022 0.7 0.18 0.16 0.19 0.20
012 011 012 017 0.10 0.21 0.13 015 008 022 - 0.18 0.20 0.18 0.23 0.24
0.06 0.07 0.07 0.09 0.20 0.13 0.12 010 016 017 018 --- 011 0.08 024 0.23 020 0.10 0.12
0.07 0.08 0.08 0.12 0.20 0.14 0.15 007 014 018 020 011 - 0.04 0.10 0.13
0.05 0.05 0.05 0.08 0.18 0.13 0.11 008 013 016 018 008 0.04 ---- 0.25 0.21 0.08 0.10
0.19 0.19 0.20 0.18 0.18 0.25 0.24 24028 026 - 0.00 0.16 0.24

0.18 0.19 0.20 0.17 0.18 0.25 024 027 029 034 023 027 025 0.00 ---- 0.15 o.23.
0.16 0.17 0.18 0.15 0.18 0.22 0.23 0.22 015 - 022 0.25
0.08 0.10 0.09 0.1 021 012 012 015 021 015 018 015 018 012 018 019 023 010 0.10 0.08 0.24 023 0.22 ----- 0.02

FST values < 0.05 (highlighted in green), 0.05 < yellow < 0.15, 0.15 < Orange < 0.25 and 2 0.25 (blue).
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Table 4. Pairwise value of Fst estimator of Weir and Cockerham (1984) between 7 popsites from cluster 2.

Pe4 Orl Or2 Or3 Or4

Oor5 Or7

Pe4 ----- 0.13 0.08 0.12 0.08
Orl 013 ----- 0.07 0.11 0.06
Or2 0.08 0.07 ----- 0.05 0.01
or3 0.12 0.11 0.05 ----- 0.03
Or4 0.08 0.06 0.01 0.03 -----
Or5 0.07 0.07 [0.00 0.04 0.02

0.07 [0:33

0.07 0.23

0.00
0.04

0.02 0.21

FST values < 0.05 (highlighted in green), 0.05 < yellow < 0.15, 0.15 < Orange < 0.25 and 2 0.25 (blue).
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Table 5. Genetic parameters for COI sequences in Apistogramma agassizii, clade 1, clade 2

and clade 3.
Apistogramma.
- Clade 1 Clade 2 Clade 3

agassizii
Number of sequencies (N) 32 14 10 8
Number of haplotypes (H) 12 5 4 3
Haplotypic diversity (Hd) + SD(Hd) 0.917 £0.023 0.780 £ 0.085 0.733+£0.12 0.679 £0.122
Nucleotic diversity ()  SD(m) 0.015+0.00059 0.00615 + 0.00055 0.00137 +0.000354 0.00089 * 0.00022
Total number of sites 924 924 924 924
Total number of polymophic sites 37 13 4 2
Mean nucleotidic differenciation

13.857 5.681 1.267 0.821

between pairwise sequences (K)
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FIGURE LEGEND

Figure 1: Elevation map of: a) the complete study area, Loreto (Peru) with the 35 population
collecting sites (popsites), b) the sampling area in Jenaro Herrera region, ¢) the sampling area
in Oran region. Popsites with different colours: blue (JH2, JH3, JH4, JH5, JH7, JH8, JH9,
JH10, JH11, JH12, JH13, JH14, JH15, JH16, JH17, JH18, JH19, JH20, Pe9, An, Ya2, Ya3,
Nal, Na2, Na3, Or8 and Or9), green (Pe4, Orl, Or2, Or3, Or4, Or5 and Or7) and red (PU5A

and PU16) correspond to distinct genetic units. Main river channels are highlighted in brown.

Figure 2: Illustration of the aquarium setting for mate choice experiments. Each aquarium
(100x30x30cm) is divided in three compartments: central one for females (50x30x30cm) and
each extremity (25x30x30cm) for one male of each reproductive unit. Separations between the
female and the male’s compartments are perforated with 8mm holes to allow for all three types
of communication: sound, chemical and visual. Filtering is performed with an internal sponge-
filter and lightning with LED tubes on a 12 L : 12 D cycle. Spawning sites are 10cm long and

4.8 cm diameter PVC tubes cut lengthwise and fixed to each side of the glass separations.

Figure 3. Unrooted neighbor-joining dendrogram of pairwise genetic distances of Nei (1972).
Codes on branches are the popsites and numbers on nodes are the bootstrap value > 60. Each
popsite is identified by a colour code corresponding to a distinct genetic group, as in Figure 1:
blue for cluster 1, green for cluster 2 and red for cluster 3. The map is the same as in the figure
1a).

Figure 4. a) Scatterplot of the DAPC of 1151 individual’s genotypes (based on 10
microsatellite loci) collected from 35 popsites of Apistogramma cf. agassizii. It shows the first
two principal components of the DAPC for k=3. Each cluster has a colour code (blue, green
and red for clusters 1, 2 and 3, respectively) and an inertia ellipse (dots represent individual
genotypes). b), ¢) and d) Contingency tables between popsites and clusters for k=3, k=2 and

k=4, respectively. Square size reflects the number of individuals.

Figure 5. Maximum likelihood trees of COI gene. a) Tree of haplotypes, including 32
Apistogramma specimens of agassizii phenotype from the Loreto region (Peruvian Amazon)
and rooted with two species as outgroups (A. eremnopyge and A. bitaeniata) using the TN93+G

model (LogL= -1541.89). Each haplotype is identified with a colour corresponding to a clade:
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Hap. 1 to 4, clade 2 (green); Hap. 5 to 7, clade 3 (red) and Hap. 8 to 12, clade 1 (blue). Below
the nodes, years before present (Ma) are indicated: dates in bold estimated from Genner et al.
(2007) taking in to account the Gondwana fragmentation (left) and fossil data (right); in italic
bold datation estimated from DiBattista et al. (2013) taking into account a mutation rate of 1%
(left) and 2% (right). b) Tree of species. The three entities (species Spl-clade 1 in blue, Sp2-
clade 2 in red, Sp3-clade 3 in green) and the Haplotype 8 from species Sp1 (clade 1) are placed
in the genus Apistogramma partial phylogeny of Tougard et al. (2017), using the TN93+G
model (LogL= -2821.79). Both trees are drawn to scale, with branch lengths measured in
number of substitution per site. Bootstrap values established after 1000 replicates are indicated
with black circle when value is >90. The real and bootstrap consensus trees have the same

topology.

Figure 6. a) Data distribution simulated from Mantel correlation under the null hypothesis of
no isolation by distance. The dot represents the observed correlation. b) Relationship between
the geographic distance (following the river channels) and the genetic distance of Rousset
(1997) between popsites from specie Spl: p-value = 0.042 based on 1000000 permutations.

Figure 7. Colour morph “Blue” and “Yellow” of Apistogramma cf. agassizii from different
localities. Colour code used in boxes are the same as those used in all the other figures: blue for
species Sp1l, green for species Sp2 and red for species Sp3. The last picture in the “blue” colour
morph of species Sp2 is a pattern from the Ampiyacu River identified by Koslowski (2002).
Specific phenotypes identified a posteriori for each of the three species, on colour pattern of
the caudal fin are: All males of Spl have a blue (white in picture) "V"-shaped band between
two relatively wide dark bands (distal and proximal) at the submarginal part of the caudal. By
contrast, the blue band is particularly visible. The dark proximal band is not always clearly
defined, so it partially mixes with blue (blue colour moph) or yellow (yellow colour moph)
patterns distributed down to the proximal part of the caudal fin. In species Sp2, the thin blue
"V"-shaped band is very irregular in blue individuals while it is non-existent or sparse in yellow
individuals. Individuals of this specie exhibit only one dark band on the distal part of the caudal
fin. All blue males have very well defined blue patterns on the central and proximal part of the
caudal fin. These patterns tend to merge with the blue stripe giving a "lace™ pattern. These blue
patterns are generally absent or spotted in yellow individuals. This colour pattern has been
identified by Koslowski (2002). In species Sp3, for the blue colour moph, the blue "V"-shaped

band always seems to be present; it is thin, straight and always seems to be between two dark
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bands (distal and proximal). While in the yellow colour moph, the blue band may be absent and
the proximal dark band is absent. In blue males, the blue patterns of the central and proximal
part of the caudal are diffuse and tend to follow the rays of the fin. In yellow males, the colour
is solid.
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