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Abstract

Mechanisms related to ecological or sexual selection have favoured sympatric speciation events in African and Central
American lake cichlids. Allopatric divergence is the predominant speciation process observed in Amazonia, although, to the
best of our knowledge, no study to date has attempted to determine whether speciation processes could exist under sympatric
conditions in Amazonian cichlids. The Apistogramma agassizii species complex is an excellent model for investigating the
existence of sympatric divergence events in the Amazon, as it shares many common life history characteristics with Afri-
can Haplochromine cichlids in which sympatric speciation mechanisms are well documented. The genetic structure of A.
agassizii was analysed by genotyping 889 individuals with ten microsatellite loci, collected from 26 sites distributed among
small streams in 11 micro-basins in a very small portion of the Peruvian Amazon. It revealed 22 genetic populations identi-
fied according to panmictic criteria (Fq estimator) and strongly differentiated: Fqp estimator (0.034 to 0.356). Such a strong
genetic structuring on such small geographical areas has never been demonstrated before in an Amazonian fish. Several of
these populations may have diverged sympatrically and repeatedly in small stream networks. The results are discussed with
respect to divergence processes, including sympatric speciation, which may be associated with the observed genetic structure.
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Introduction Magalhaes, 2010; Marques et al., 2017). The identification

of these mechanisms and their role in speciation processes
Understanding the mechanisms involved in the initiation and  is key to understanding the driving force of biodiversity.
persistence of genetic divergence in speciation processes is ~ Haplochromine cichlids from the African great lakes and
a central concern in evolutionary and ecological studies  particularly from Lake Victoria have been a model of choice
(Funk, et al., 2006; Maan & Seehausen, 2010; Seehausen & for studying these mechanisms in vertebrates (Kornfield &
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Smith, 2000; Schluter, 2000; Kocher, 2004; Salzburger &
Meyer, 2004; Meier et al., 2017). Theoretical and empirical
evidence have accumulated on the prominent role of interac-
tions between ecological and sexual selection in the rapid
evolution of cichlids in the African great lakes (Gavrilets,
2004; Salzburger, 2009; Wagner, et al., 2012; Poelstra et al.,
2018), but also for those living in Central American lakes
(Wilson et al., 2000; Barluenga et al., 2006; Machado-Schi-
affino et al., 2017). These interactions, when they promote
linkage disequilibrium between genes involved in adaptation
(e.g. trophic and visual adaptation mechanisms) and those
involved in mating, facilitate the evolution of reproduc-
tive isolation (Seehausen et al., 2008; Wagner et al., 2012;
Richards et al., 2019). The genomic potential (gene pool),
through the rearrangement and recombination of ancestral
polymorphism, would also play an important role in specia-
tion processes and would have conditioned and accelerated
the most spectacular radiation observed to date, in Hap-
lochromines cichlids of Lake Victoria (McGee et al., 2020).

The role of geographical conditions (allopatric, para-
patric, sympatric) in divergence and speciation processes
are often difficult to define in nature because they are actu-
ally distributed along a continuum (Rice & Hostert, 1993;
Fitzpatrick et al., 2008). The conditions relating to sympa-
try are the most difficult in practice. Their definition was
originally based on an exclusively geographical criterion,
and populations or species found in the same geographi-
cal area were then considered sympatric (Poulton, 1904).
However, on a small geographical scale, spatial structuring
in the distribution of populations can limit gene flow and
condition their divergence. A later approach considered that
the speciation process operates from a panmictic population,
or deme, splitting into new demes that can diverge to form
new species (Fitzpatrick et al., 2008), but it only relied on
population genetic mechanisms, without taking into account
the effect of geography. In addition to the notion of “deme”,
the distribution of populations through their intrinsic dis-
persal capacities, or “normal cruising range of individuals”,
was subsequently proposed (Mallet et al., 2009). Lately, in
an effort to standardise these notions, Richards et al. (2019)
have proposed that a genetic divergence event could have
taken place under sympatric conditions if four criteria are
met: (1) the demes (panmictic populations) form a monophy-
letic clade (originating from the same ancestral and exclu-
sive deme), (2) their distribution areas (or “cruising range”)
must overlap widely (geographical criterion), (3) the popula-
tions must not be the result of secondary contacts, (4) they
must be reproductively isolated. Our study is based on this
conceptual framework.

The environmental conditions in which Amazonian cich-
lids live are markedly different from those of the African or
Central American lake cichlids. The Amazon is the world
largest hydrological basin comprising a fractal network of
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thousands of interconnected watercourses ranging from kil-
ometres-wide rivers to tiny forest brooks, larges floodplains
and myriads of temporary or permanently connected lakes
(Sioli, 1984; Goulding et al., 2003). A further complexity
comes from the chemically contrasted natures of the waters
flowing through this network: from Andean-born, nutrient-
rich and basic white waters to the nutrient-poor, acidic black-
or neutral clear- waters (Sioli, 1984). These environmental
conditions are accompanied by highly variable levels of
connectivity between ecosystems and a marked seasonal-
ity rhythmed by the flood pulse (Junk et al., 1989; Junk &
Wantzen, 2004). The Amazon basin thus offers innumerable
ecological niches that could be favourable to the appearance
of adaptive radiations, sympatric and ecological speciation
mechanisms, as observed in African rifts and Central Ameri-
can lake environments.

More than a third of the 258 cichlid species described for
the Amazon basin (Dagosta & Pinna, 2019) belong to the
genus Apistogramma (Cichliformes: Cichlidae). Endemic
to South America, it currently totals 94 valid species, usu-
ally small (often < 8 cm), mainly distributed in the Amazon
basin (Romer, 2000, 2006). The dwarf cichlids of the genus
Apistogramma offer the opportunity to test the existence of
speciation or sympatric divergence events in the Amazon.
Indeed, they share many similarities with the Haplochromine
cichlids of the African great lakes: high morphological vari-
ability, marked sexual dimorphism, colour polymorphism
associated with differential mate choice, parental care, high
endemicity, and trophic adaptations (Romer, 2000, 2006;
Romer & Beseinherz, 2005; Ready et al., 2006; Engelking
et al., 2010). Whereas most species within this genus have
extremely small distribution areas, the morphological spe-
cies Apistogramma agassizii has the widest geographical
distribution in the Amazon basin. It has colonised many
aquatic environments in fluvial or lacustrine systems, can
live in all types of water (white, clear, black), although it
is found preferentially in areas where plant debris accumu-
late. This species shows a marked sexual dimorphism, a sig-
nificant colour polymorphism on a local and regional scale
and provides intense parental care for its offspring (Romer,
2000, 2006). For the Peruvian Amazon, in a small portion
of the Loreto region alone, Estivals et al. (2020) have shown
that A. agassizii is actually composed of at least 3 biologi-
cal species reproductively isolated by prezygotic barriers
through preferential mate choice and the barrier effect of riv-
ers. These three species occur in an extremely reduced geo-
graphical area compared to the range originally described for
A. agassizii. The authors suggest that the important genetic
variations within each of these three species may in fact
be composed of diverging populations, or even constitute a
species complex. Here, the geographical distribution of the
genetic polymorphism of A. agassizii Spl, the most widely
distributed species within this complex, was analysed with
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the objectives of (1) assessing the link between the genetic
structuring of the species identified as A. agassizii Spl and
the organisation of the hydrographic network into micro-
basins and streams, and (2) identifying the geographical
conditions that may have favoured the observed genetic
structure.

Fig. 1 Elevation map of: a in 7400 W
red, the area where Apisto-
gramma agassizii is expected in
Amazonia, b the complete study
area, Loreto (Peru) with the 26
sample sites, ¢ the sampling P
area in Jenaro Herrera region.

Each stream network (micro-

basin) connected to Ucayali, 00°s
Maraifion or Amazon rivers are

identified by one letter from A

to K and a colour code. Each

sample site is identified by a

number and preceded by the

letter and the colour of the cor-

responding micro-basin

0 126 25

— KT

5'000"S

4'65'0"S

73740'0"W

Methods
Study Sites and Field Methods

The biological species Apistogramma agassizii (Spl) was
sampled between 2015 and 2018 at 26 geographical sites
spread over 11 different micro-basins (stream networks)
(Fig. 1). Eight of the micro-basins are tributaries of the
Ucayali River (A-H), two of the Marafion River (J,K) and
one of the Amazon River (I). The sampling sites are all
located outside the floodplain of the Ucayali, Marafion and

73 00"W

T3735'0"W
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Amazon rivers. The width of the sampled streams ranged
approximately from 20 to 0.5 m with a depth of less than 2 m
and covered a wide range of white, clear, black water types,
according to Sioli (1984) (Figure SI 1). Fish were caught by
professional aquarium fishers using beach seines or dip nets
mainly in lentic areas where plant debris accumulated. Fish
caught in the same stream and along a transect of less than
100 m were considered to belong to the same sampling site.
A total of 889 individuals were collected (mean per site =34,
o=12). At the camp, all individuals were anaesthetised with
eugenol following the protocol of Chanseau et al., (2002)
until respiratory arrest, then preserved in a tube with its own
identification code and filled with 96% ethanol. The ethanol
in each of the tubes was renewed after 24 h, before conser-
vation in the collection of the “Laboratorio de Biologia y
Genética Molecular del Instituto de Investigaciones de la
Amazonia Peruana” (LBGM-IIAP, Iquitos, Peru).

Genotyping

DNA from the samples was extracted from 10 mg of tail fin
using a modified protocol from Doyle & Doyle (1987). The
10 microsatellite loci (SSRs) were organised and amplified
in 4 multiplexes using the Qiagen Multiplex polymerase
chain reaction kit and the primers defined by Quérouil et al.
(2015) for Apistogramma. All selected SSRs correspond to
highly polymorphic dinucleotide motifs. For more details
of the DNA extraction methods, amplification conditions
and genotyping consult Estivals et al. (2020), as they are
identical to those presented there. The ten SSR markers were
genotyped on 889 individuals and each run was composed
of samples from at least two different geographical locations
and positive controls consisting of reference genotypes to
correct for possible shift problems in allelic size assignment.
The negative controls used in the amplifications were ana-
lysed for possible contamination.

Allele sizes were obtained using the Geneious 9.1.8 pro-
gram (Kearse et al., 2012). For each locus, when the chro-
matic signal of an allele was difficult to interpret, a new
amplification and reading was performed. Individuals with
missing values for more than three loci were removed from
the analyses.

Data Analysis
Population Structure

The program STRUCTURE version 2.3.4 (Pritchard et al.,
2000) was used as it allows to minimise deviation from pan-
mixia to define clusters of individuals independently from
their geographic location and then to evaluate the admixture
between geographic populations, most of which are close to
each other.
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The chosen model accepted admixture (i.e. gene flow),
correlated allele frequencies and did not take into account
the geographical origin of individuals. In order to search for
panmictic units integrating the largest possible number of
individuals, the analysis was performed in several steps. The
first step was performed on all individuals. The ‘optimal’ K
value was determined from the AK measure (Evanno et al.,
2005). The deviations from panmixia within these clusters
were estimated by calculating the theta value of the Weir
& Cockerham (1984) F;g and considered significant when
P <0.025. At the end of this first step, the clusters which did
not show significant deviations from panmixia were con-
sidered as representative of genetic populations (demes). In
a second step, a new STRUCTURE analysis was carried
out independently for each cluster with remaining signifi-
cant deviation to panmixia. This process was repeated until
obtaining panmictic clusters or until STRUCTURE was no
longer able to partition the analysed cluster.

For each STRUCTURE analysis 15 independent itera-
tions were performed for each partitioning K (K from 1 to
27), with a burn-in period of 100,000, followed by a num-
ber of Markov chain Monte Carlo (MCMC) repetitions of
500,000. At each step analysis, each individual was placed
in the cluster for which it had the highest percentage assign-
ment value (inferred ancestry).

Allelic and Genetic Diversity

Allelic and genetic diversities were evaluated for each clus-
ter highlighted by structure, considering: total number of
alleles (k), allelic richness (Ar), total number of private
alleles (priv) and their proportion (priv/k), expected hete-
rozygosity (He), unbiased expected heterozygosity (Hn.b.)
and observed heterozygosity (Hobs.), using the GENETIX
software (Belkhir et al., 2004) and the ‘PopGenKit’ R pack-
age (Paquette, 2012).

Population Descriptors: Measuring Differentiation

The degrees of genetic differentiation between clusters were
calculated for each pair of clusters from the Fgp theta esti-
mator (Weir & Cockerham, 1984) using the GENETIX pro-
gram (Belkhir et al., 2004). Then, genetic distances (Nei,
1972) were calculated for each pair of clusters from which
an unrooted dendrogram was constructed using the Neigh-
bour Joining method. The robustness of the nodes of the
dendrogram was tested by a bootstrap test following 1000
draws. Genetic distance calculations were performed using
the R package ‘adegenet’ (Jombart, 2008).
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Isolation by Distance

The hypothesis of isolation by distance between clusters
predominant at one site, was tested using their genetic
distances (Rousset, 1997) calculated with the program
Genetix (Belkhir et al., 2004) and their geographical dis-
tances (km), measured by following the streamlines calcu-
lated from ArcMap version 10.4.1 (ArcMap™, 1995-2015)
and Imagel version 1.49 (Rasband, 1997-2012). A Mantel
test 1967(1967) was first performed on the entire dataset
from 10* replicates using the mantel.randtest function of the
‘ade4’ package (Dray & Dufour, 2007; Bougeard & Dray,
2018; Chessel et al., 2004; Dray et al., 2007). A Mantel cor-
relogram test (package ‘vegan’, Oksanen et al., 2015), was
then performed to search for the presence of isolation by
distance at different geographical scales, defining kilometre
classes at the intra-micro-basin (0-5 km) and inter-micro-
basin (5-82 km, 82—200 km, 200—400 km) levels, consider-
ing their positioning on the hydrographic network (Ucayali,
Marafion, Amazon).

Genetic Relatedness/Kinship

Genetic relatedness (kinship) was searched for in the clusters
for which a deviation from panmixia could not be rejected at
the end of the STRUCTURE analyses. The null hypothesis
(absence of relatedness) was tested by permutations (1000),
by comparing the average value of genetic identity (Mathieu
et al., 1990) obtained on all pairs of comparisons between
individuals belonging to the tested cluster, with the distribu-
tion of values of genetic identity expected in an unstructured
population, using the identix version 1.1 program (Belkhir
et al.,2002).

Results
Genetic Structure

Four steps and 16 STRUCTURE analyses were required to
identify the set of genetic clusters closest to panmixia and
that best approximate the demes (or genetic populations)
(Fig. 2, Table SI 1). At the end of the first step analysis,
STRUCTURE identified 6 clusters showing a deviation to
panmixia (Fig. 2, Table SI 1). After the second step analysis,
carried out independently on these six clusters, STRUCTU
RE identified a total of 16 clusters with six of them showing
a deviation to panmixia. In the third step analysis, carried
out on each of these six new clusters showing a deviation
to panmixia, STRUCTURE identified a sub structuration in
four clusters for which a total of 10 new clusters were identi-
fied. Among these 10 new clusters, 3 clusters still showed
a deviation to panmixia at the end of the step analysis. At

the end of the fourth step analysis carried out on the 3 last
clusters showing a deviation to panmixia, STRUCTURE
was no longer able to identified a sub structuration. A total
of 22 clusters were then identified, with 17 for which pan-
mixia could not be rejected (Fjg estimator min = — 0.093,
p <0.072; Fi4 estimator max =0.059 p <0.045; at signifi-
cance level 0.025 (Table SI 1). The remaining 5 clusters (3,
11, 13, 15 and 18) all have significant heterozygote deficits
(Table SI 1).

Geographical Distribution of Clusters

Clusters have a geographic distribution that is highly depend-
ent on micro-basins and their streams (Fig. 3). Indeed, at
least 76% and up to 100% of the individuals within a cluster
come from a single micro-basin: 12 clusters out of 22 are
endemic to a single micro-basin and the remaining 10 are
overwhelmingly present in one micro-basin (median = 100;
mean 95.6, 6="7.2). When multiple clusters are endemic or
predominant in a single micro-basin, each cluster predomi-
nates in a single stream that harbours at least 64% and up
to 100% of the total cluster size (median=94; mean 90.1,
6=9.7) (Table 1). Of the 26 streams sampled, 18 have at
least 2 clusters.

Allelic and Genetic Diversity

The numbers of individuals in the 22 clusters are hetero-
geneous, ranging from 16 to 106 with a mean value of 40
and a standard deviation of 19 (Table 2). Allelic richness is
also variable, ranging from 3.3 to 10.0 (mean=5.9, 6=1.9)
approximately. Private alleles are present in low frequen-
cies and generally correspond to rare alleles. Cluster 14, in
addition to having the highest allelic richness (= 10.0), has
the highest number of private alleles. Clusters 1 and 2 show
the lowest genetic diversity compared to the other clusters.

Genetic Differentiation

The Fgp values between cluster pairs range from 0.034 to
0.356, all of which are significant (p-value <0.001). The
median value of the theta estimator of Fqr is high: 0.151
(Table 3). Clusters 1 and 2 are the two most differentiated
and correspond to individuals from micro-basins J (cluster
2) and K (clusters 1), both tributaries of the Marafion River.

Genetic Relationship Between Clusters (Genetic
Distance)

The dendrogram of genetic distances reveals an organisation
of clusters by both micro-basins and geographic distances
(Fig. 4, note that colour codes are different from those of
Fig. 3). The nodes are all supported by bootstrap values
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First step analysis (1 analysis)

5 =16

1 * 1 | * : : * I *

: : Third step analyslis (6 analyses) Lo

320 0 Va2 I k=1 k=1 k=3
1(AK = 150.2)! (AK = 24.1) (AK = 308.5)

5=22

o |

I k=1|

5=22

Fig. 2 Illustration of the 4 steps-analysis with STRUCTURE and the
histograms of the corresponding clusters according to de higher value
of AK. O=mean ancestry to cluster. The red stars below clusters

between 6 and 100. The grouping of clusters 1 and 2 is sup-
ported by a bootstrap value of 100 and gathers all individuals
sampled in micro-basins K and J (tributaries of the Mara-
fion) plus 2 individuals from micro-basins B and G.

Clustering of clusters 14, 12, 9, 8, and 13 corresponds
primarily to individuals sampled in micro-basins A (31/35),
B (98/123), F (38/39), H (41/47), and I (60/60), respectively.
These micro-basins are tributaries of the Ucayali (A, B, F
and H) and the Amazon (I). Clusters 13 and 14 are among
the least genetically differentiated (Fgp = 0.092), yet they
mainly gather individuals from the most geographically dis-
tant micro-basins.

Clusters 19, 20, 21, and 22 form a set supported by a
bootstrap value of 64, which primarily collects individu-
als sampled in micro-basin C (C1=42/77; C2=25/30;
C3=26/30; C1=27/77, respectively). Stream C1 gathers
42 of the individuals from cluster 19 (N=43) and 27 of
the individuals from cluster 22 (N =28): hence these two
clusters predominate and coexist sympatrically in the same
small stream (Fig. 3, Figure SI 1).
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*
Second step analysis (6 analyse:s) '
k=4 (MK =86.2)

Fourth step ianaly#is (3 analyses)

k=2 (K =102.0)] k=2 (AK=676.0)

indicate deviation to panmixia. Y, = sum of clusters found for each
step analysis. Colour code is independent between each step analysis

The grouping of clusters 3, 4, 5, 6 and 7 is supported by
a bootstrap value of 65 and gathers mainly individuals sam-
pled in micro-basin D (D3 =50/52; D2=12/12; D4 =34/40;
D5=35/39; D1 =27/30, respectively; Fig. 4).

Clusters 16, 17, and 18 form a set supported by a boot-
strap value of 64 and groups mainly individuals sampled
in micro-basin E (E4=33/38, E2=26/26; E3=26/32,
respectively).

Clusters that are endemic or predominant in a micro-basin
form a single genetic set. This means that clusters such as in
C, D or E are genetically closer to each other than they are
to clusters in other micro-basins.

Nevertheless, cluster 15, which gathers all the individu-
als sampled in stream E1, does not group together with the
other endemic or predominant clusters of micro-basin E.
Similarly, clusters 10 and 11, which correspond mainly to
individuals sampled in stream G2 (42 individuals of cluster
11; N=43) and G1 (23 individuals of cluster 10; N=28),
do not group together.
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Table 1 Distribution of each cluster, in percentage, according to micro-basins and streams (sample site)

Cluster

Micro-basin 1 2 3 4 5 6 7 8 9 0 11 12 13 14 15 16 17 18 19 20 21 22

N 22 50 60 16 36 38 33 54 40 28 43 106 62 39 27 39 27 31 43 39 28 28
A 2 3 79

B 2 7 17 5 92 2 8 3 10

C 3 6 100 85 100 100
D 88 100 100 100 100 3

E 2 100 97 100 100

F 95 3

G 2 2 100 98 4 3

H 76 1 2 10

1 97

J 96

K 100

Site

A 2 3 79

B1 3 4 5 35 2 5 5

B2 2 2 11 25 3 3 5

B3 2 2 32

C1 98 18 4 96
Cc2 2 2 2 64 4 4
C3 2 4 3 93
D1 3 5 82

D2 100

D3 83 3 3

D4 94 3 15

D5 5 922 3

El 2 100

E2 96

E3 13 4 84

E4 85 16

F 95 3

Gl 2 18 98

G2 2 82 4 3

H1 43

H2 33 1 2 10

11 48

12 48

I 48

2 48

K 100

Percentages in bold correspond to the predominant part of clusters, in a micro-basin, and in a site

Isolation by Distance level. For all other comparisons, isolation by distance was
rejected (p-value =0.385).

A significant (p-value =0.003) isolation by distance was

observed only for the smallest geographic distance class

(0-5 km; Table 4), which corresponds to intra-micro-basin
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Fig. 3 Distributions of the 22
clusters identified by STRU
CTURE in the sampling sites

of Apistogramma agassizii. The
pie charts show the proportion
of each cluster in a sampling
site. Each cluster is identified by
its number and its colour code
(Color figure online)

1 2 3 45 6 7 8 91011121314 1516 171819 20 21 22

Genetic Relatedness/Kinship Discussion

Among the 5 clusters with significant heterozygote deficits ~ Cluster Reality/Signification?

at the end of the analysis (3, 11, 13, 15 and 18), only clus-

ters 11 and 15 could correspond to genetic relatedness (11:  The identified clusters respond to both a geographical and

p-value =0.006; 15: p-value =0.005). biological logic. Indeed, the information carried by the
clusters is consistent with the geographical distribution of
individuals by stream or by micro-basins. Most of the clus-
ters (17 out of 22) did not show significant deviations from
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Table 2 Allelic diversity

Cluster N k Ar priv priv/k He Hn.b. Hobs.
1 22 34 3.253 0 0.000 0.425 0.435 0.436
2 50 71 4.747 2 0.028 0.409 0.413 0.424
3 60 89 6.157 3 0.034 0.687 0.692 0.650
4 16 37 3.700 0 0.000 0.544 0.562 0.613
5 36 45 4.185 0 0.000 0.618 0.627 0.625
6 38 52 4.526 2 0.038 0.541 0.548 0.521
7 33 45 4.011 0 0.000 0.557 0.566 0.579
8 54 121 8.266 3 0.025 0.729 0.736 0.715
9 40 88 6.806 3 0.034 0.688 0.696 0.695
10 28 81 6.813 4 0.049 0.653 0.665 0.653
11 43 67 5.432 1 0.015 0.632 0.640 0.579
12 106 184 9.520 16 0.087 0.753 0.757 0.736
13 62 126 8.127 19 0.151 0.723 0.729 0.701
14 39 147 9.951 19 0.129 0.759 0.769 0.751
15 27 49 4.616 1 0.020 0.610 0.622 0.548
16 39 60 5.040 0 0.000 0.624 0.632 0.658
17 27 58 5.346 0 0.000 0.656 0.668 0.700
18 31 53 4.827 0 0.000 0.614 0.624 0.574
19 43 62 5.404 0 0.000 0.644 0.651 0.670
20 39 99 7.808 1 0.010 0.720 0.729 0.710
21 28 60 5.385 0 0.000 0.647 0.659 0.621
22 28 63 5.659 0 0.000 0.611 0.622 0.637

(N sample size, k total alleles, Ar allelic richness, priv private allele, priv/k proportion of private allele; He
expected heterozygotie, Hn.b. heterozygotie without bias, Hobs.observed heterozygotie)

panmixia. They would thus correspond to geographical units
in which individuals reproduce randomly, forming reproduc-
tive units representing genetic populations in A. agassizii
and that we will consider hereafter as being the represen-
tation of demes (Fitzpatrick et al., 2008). For five (3, 11,
13, 15 and 18) out of the 22 clusters, the deviation from
panmixia could not be rejected. Two of them (cf. clusters
11 and 15) would correspond to family structures (related
individuals). However, the significant heterozygote deficits
observed in these “clusters” could be the consequence of
a mixing of different demes (Wahlund effect, 1928) not
detectable by STRUCTURE owing to the small size of the
data matrix to analyse. This hypothesis could be tested by
increasing our sampling sites (including new streams) within
the micro-basins.

The demes are all endemic or predominant to a micro-
basin or to a stream within a micro-basin. If we consider
only individuals from demes endemic to a stream and those
that represent the predominant fraction at a given site, it
totals 797 individuals out of 889 analysed. The average
assignment value obtained for these individuals for their
respective clusters is 0.923 (6=0.11) while that obtained for
the remaining, minority fraction at one site (92 individuals)
is 0.74 (6 =0.175). This lower value of the assignment rate

could be explained by current or past gene flow (introgres-
sions) between some demes.

Deme Structure in the Study Area

Differentiation values (Fqp) between the 22 demes vary
between 0.034 and 0.356 (median=0.151; mean=0.157,
0=0.064). These very high values are comparable to those
found by Amado et al., (2011) but at an interspecific level
in cichlids of the genus Symphysodon (range 0.02-0.38;
mean=0.242, 6 =0.110) or comparable to those found by
Willis et al. (2015) between geographically distant popula-
tions in the cichlid species Cichla temensis (Cichliformes:
Cichlidae) (0.157 vs. 0.186). Furthermore, it should be noted
that this genetic structuring into 22 demes is observed in a
much more restricted geographical area (49,000 km?) than
those of the previous two studies, carried out at the scale of
the Amazon and Orinoco basins (Fig. 5).

Role of Geographical Factors on Genetic
Differentiation

It is interesting to note that the genetic distance between

the 22 demes distributed in the different streams is not
correlated with their geographical distance. This lack of

@ Springer
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Fig.4 Dendrogram of genetic
distances between clusters using
Nei (1972) genetic distance

and a Neighbour joining
construction. Numbers in dark
blue, within the dendrogram,
correspond to clusters. Only
node values greater than 60 are
shown. The pie charts illus-
trate in which sampling sites

the clusters were identified

and in which proportion. Each
sampling site is identified by its
own colour code but different
from Fig. 3. Each large coloured
triangle corresponds to a micro-
basin (A to K)

Table 4 Mantel correlogram

A B _C D E FG H 1 J K

AB1B2B3C1C2C3D1D2D3D4DS EiE2 E3 B4 F GLG2H{1H2 11 12 J1 J2 K1

Kilometre class Class index (km)  Number of Mantel correlation Pr(Mantel)  Pr(corrected)

distance
[0-5] 2.5 50 0.18628 0.003 0.003 **
[5-82] 43.5 296 —0.14345 0.136 0.136
[82-200] 141.0 118 0.15797 0.165 0.272
[200—400] 300.0 88 —0.12754 0.245 0.408

Test performed between genetic and geographic distance at different geographical scales, defining kilom-
eter classes at the intra-micro-basin (0-5 km) and inter-micro-basin (5-82 km, 82-200 km, 200-400 km)
levels, considering their positioning on the hydrographic network (Ucayali, Marafion, Amazon)

**Significant, p-value < 0.05

correlation could be explained by the presence of barriers  located in micro-basins distributed on the right bank of the
to dispersal in the study area. Indeed, the demes of micro-  Ucayali and the Amazon. The courses of the large rivers
basins J (cluster 2) and K (cluster 1) on the left bank of the could therefore play the role of barrier to dispersal and to
Marafion correspond to the most differentiated from all the  gene flow in A. agassizii between the left bank of the Mara-
others demes, even those geographically close to them but  fion and the right bank of the Ucayali and Amazon rivers.

@ Springer
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Fig.5 Comparison of the
geographical area covered by
the present study in Peru (red
ellipse) with those of Willis

et al. (2015, free-form) and
Amado et al., (2011, rectangle)

Moreover, even when the micro-basins are located on
the same bank and geographically close, all the demes are
endemic or predominant in a single micro-basin. Compara-
ble to what was proposed by Wallace (1876) for terrestrial
animal species, the course of large rivers could therefore
also play the role of a structural or ecological barrier to the
dispersal of fishes, here A. agassizii, even between micro-
basins located on the same bank.

Additionally, we have observed that some streams par-
tially dried out during the dry season, which could entail
severe population decrease or trigger local extinctions of
genetic clusters. These environmental fluctuations could
therefore lead to multiple bottlenecks or founding effects,
driving genetic differentiation under genetic drift effect. The
effect of genetic drift is even more pronounced when the
distances between demes are large (geographical isolation
between demes within a micro-basin) or when geographi-
cal barriers limit gene flow (role of barrier rivers between
micro-basins).

Evidence of a Sympatric Divergence Process
in Cichlids in the Amazon?

In each of the micro-basins C, D and E in the Jenaro Her-
rera region, the demes are more closely related genetically
to each other than to other micro-basins. This means that for
these micro-basins, the endemic or predominant demes in
the same micro-basin would have diverged from the same
ancestral deme. It seems very unlikely that on three occa-
sions, the predominant demes within these micro-basins
would have diverged into different micro-basins (that our

@ Springer

Willis et al. (2015)

Amado et al. (2011)

sampling failed to collect) and then that they would have met
following secondary contacts in the same micro-basin. The
interpretation of our observations by multiple divergence
events (from a same ancestral deme, but different in each
micro-basin) having occurred independently in the three
micro-basins seems to be the most likely interpretation. Fur-
thermore, for the demes corresponding to clusters 19 and
22, quasi-endemic to stream C1, as well as for the demes
that have an overlapping “normal cruising range of individu-
als”, the observed differentiation seems to have operated in
perfect sympatry.

The presence of strongly differentiated demes between
micro-basins, between streams within the same micro-
basin and within the same stream, suggests the existence
of pre-zygotic or post-zygotic barriers favouring divergence
between these demes. Otherwise, gene flow between demes
would oppose the forces of divergence and tend towards
genetic homogenisation. However, the evolution of intrinsic
postzygotic isolation among fish species usually takes mil-
lions of years (review in Seehausen & Wagner, 2014). It is
also a rare phenomenon in cichlid species, where divergence
is usually maintained through prezygotic barriers such as
behavioural mate choice (Seehausen et al., 1997; Wilson
et al., 2000; Romer & Beisenherz, 2005). Behavioural mate
choice has been widely demonstrated in African (Seehausen
et al., 1997; Danley & Kocher, 2001; Wagner et al., 2012)
and Central American cichlid species (Barlow & Siri, 1997;
Wilson et al., 2000; Barluenga & Meyer, 2004), but also
in many species of Apistogramma (Romer & Beisenherz,
2005; Ready et al., 2006; Engelking et al., 2010), includ-
ing A. agassizii (Estivals et al., 2020). Moreover, during
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mating experiments, it was demonstrated that females of
Apistogamma species choose males of their own morph far
more precisely when males of closely or sympatric species,
populations, or even colour morphs are presented (Romer &
Beisenherz, 2005; Romer, 2006; Engelking et al., 2010; Esti-
vals et al., 2020). In spite of results showing that this mecha-
nism may not be completely fixed (Romer et al., 2014), it
therefore seems likely that pre-zygotic barriers through mate
choice play an important role in the maintenance and diver-
gence of A. agassizii demes in sympatry.

Interestingly, for each stream network with white water
types (B, I, J, and K), only one predominant cluster was
identified, whereas in most stream networks with clear or
black water, several predominant clusters were identified.
Seehausen et al. (1997) showed that when the turbidity of
the environment increases, sexual selection between closely
related species no longer occurs. Similarly here, reproduc-
tive isolation between demes could therefore be due to mate
choice and its strength could be directly conditioned by envi-
ronmental conditions (i.e. water transparency) of the habi-
tat. Differential selection between habitats could have initi-
ated the differentiation process between demes in contact
(Gavrilets, 2004). However, we cannot reject the hypothesis
that disruptive ecological selection, without mate choice,
could be involved in reproductive isolation (Schluter, 2000;
Van Doorn et al., 2009; Elmer et al., 2010). An interaction
between sexual and ecological selection ‘facilitating’ the
evolution towards reproductive isolation is also possible
(Seehausen et al., 2008; Wagner et al., 2012; Richard et al.
2019; McGee et al. 2020).

In addition to the criterion of sharing the same geograph-
ical area, the demes present in micro-basins C, D and E
meet the three conditions required for sympatric speciation
(Mallet et al., 2009): (1) they would have diverged from an
ancestral deme, (2) they would not result from secondary
contacts, but would be distributed where they formed, and
(3) they would be reproductively isolated.

Deme Structure in the Micro-basins

The high values of genetic differentiation (Fqp) observed
in the Jenaro Herrera region (up to 0.223) have never been
observed before in such a small region of the Amazon for
a fish species. In micro-basins C, D and E, the geographi-
cal distances between the sampled streams do not exceed
5 km following the course of the river networks (mean
(C,D,E)=2.77 km, 6 =0.98). The genetic differentiation
observed between the predominant demes within streams
is correlated with geographical distance, which may reflect
poor dispersal abilities of the demes.

Between streams within the same micro-basin, the
extreme Fgp values observed are of the same order of mag-
nitude as those observed between demes of Apistogramma

gephyra (Cichliformes: Cichlidae) (Fgr = 0.128) or Apisto-
gramma pertensis (Cichliformes: Cichlidae) (Fgp = 0.228)
that are at least 55 km apart and are thought to have diverged
since the Middle or Late Pleistocene, as a result of the sepa-
ration of their original watersheds (Leit@o et al., 2017). The
differentiation values observed in A. agassizii are therefore
extremely strong both at the scale of the micro-basin and
between micro-basins and despite the proximity of their
confluences (a few hundred meters for C, D and E), their
demes did not mix.

It is worth emphasizing that the demes corresponding to
clusters 19 and 22 are both abundant in stream C1, with 42
individuals for cluster 19 (N=43) and 27 individuals for
cluster 22 (N=28). They are genetically differentiated (Fgp
=0.051; p<0.001), but are more closely genetically related
to each other than to other demes, suggesting they could
be sister demes originating from a common ancestor deme.
The individuals in stream C1 were sampled over a fraction
of the stream less than 100 m long and ~ 1 m width (Figure
SI 1), so if there was even partial gene flow between these
two demes, one would expect them to homogenise rapidly.
There is therefore a barrier to reproduction between these
two perfectly sympatric demes. According to Mayr’s (1942)
species definition, “Species are groups of actually or poten-
tially interbreeding natural populations, which are isolated
from other such groups”, these demes would constitute bio-
logical species.

What Would Fall Under Allopatric, Parapatric
and Sympatric Condition in the Study Area?

We do not know the extent of the distribution areas of the
observed demes, nor those of their overlaps. However, we do
know the geographical location of the individuals sampled
from the 22 demes, and we can therefore understand their
“normal cruising range of individuals” (Mallet, 2008) in
relation to the geographical conditions in which they evolve.
According to Mallet et al. (2009)’s definition of allopatry:
“Where groups of populations are separated by uninhabited
space across which dispersal and gene flow occurs at very
low frequency”, micro-basins could correspond to distinct
geographical units between which gene flow is very reduced,
similar to allopatric or ‘micro-allopatric’ conditions. The
genetic divergence between demes of different micro-basins
could depend on ecological and physical constraints (barrier
role of a river to dispersion inter-banks or along the same
bank) which would favour genetic differentiation phenomena
by vicariance.

In river systems, the dispersal of individuals tends to be
asymmetrical, following the direction of the current (Han-
fling & Weetman, 2006; Crispo et al., 2006). In a few cases
dry season anadromous as well as catadromous migratory
movements of Apistogramma species have been reported by

@ Springer
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different observers as well (summarized in Romer, 2000,
2006). Some fish species, particularly Apistogramma, may
disperse by taking refuge in rafts of floating vegetation, dis-
persing passively over long distances (Schiesari et al., 2003).
However, between micro-basins we do not observe any gra-
dient of genetic polymorphism in the differentiation of the
demes or in their number: on the contrary, each identified
deme is endemic or predominant in a single micro-basin
and no movement of dispersion can clearly be demonstrated
between micro-basins. Under the assumption that the demes
were mostly formed where they are now, there may be an
ecological barrier to their dispersal. The morphological
species A. agassizii prefers shallow areas with little cur-
rent (lentic) where plant debris and especially dead leaves
accumulate (Romer, 2000). This type of habitat is mostly
found in small streams, such as those in micro-basins and
in lakes. On the contrary, large rivers correspond to lotic
and deep environments that are not very favourable to the
presence of A. agassizii. It has been shown in cichlids from
the African great lakes that a habitat discontinuity of only a
few tens of metres can sometimes be sufficient to isolate two
demes (Rico & Turner, 2002). The reduction in gene flow
between micro-basins, whose mouths in the main river are
separated by only a few hundred metres following a shore-
line dispersal, could also be reinforced in lotic environments
by inappropriate habitats and higher predation in large rivers
(Dodrill et al., 2016; Deacon et al., 2018).

Sympatric Conditions

Within a micro-basin we would be under the conditions
of sympatry as described by Mallet et al. (2009): “where
individuals are physically capable of encountering one
another with moderately high frequency. Populations may
be sympatric if they are ecologically segregated, as long
as a fairly high proportion of each population encounters
the other along ecotones; and they may be sympatric, yet
breed at different seasons”. Indeed, habitats suitable for the
presence of A. agassizii were observed along the networks
of streams that make up these micro-basins. Each sampled
stream is represented by a single collection site that groups
individuals sampled over a section of stream of only about
100 m. Our representation of the distribution of demes in
the streams and a fortiori in the micro-basins is therefore
very fragmented. However, although the endemic or pre-
dominant demes identified in the micro-basins are usually
predominant in a single stream, they are also often present in
other streams of the same micro-basin, which extends their
actual distribution (“normal cruising range of individuals”
according to Mallet et al., 2009) outside the stream where
they are predominant. The cruising ranges of the demes may
therefore overlap between streams of the same micro-basin,
which supports the hypothesis of sympatry.

@ Springer

Apistogramma, the Model for Amazonian Cichlids?

In this Amazonian cichlid species, we show here a com-
plex genetic structure, compatible with multiple divergence
events that could have taken place in different geographical
situations, from allopatry to sympatry and under the con-
straint of different ecological characteristics ranging from
those of large rivers to those of small streams. Although
speciation processes in Amazonian ichthyofauna are thought
to be mainly based on allopatric conditions (Hubert et al.,
2007; Albert & Reis, 2011; Dias et al., 2013), part of this
biodiversity could also be based on sympatric speciation.
In addition to sharing many characteristics with the Hap-
lochromines of the African great lakes, A. agassizii presents
an important genetic structuring that tends to be organised
according to different geographical scales, thus allowing us
to study the influence of geographical, but also ecological
and historical conditions on the divergence process. The
important levels of differentiation observed between demes
and their maintenance in sympatry raise questions about the
status of the species Apistogramma agassizii. Our observa-
tions reinforce the hypothesis that A. agassizii represents
a complex of species and demes in the process of diver-
gence at diverse geographical scales (Estivals et al., 2020).
It seems very likely that comparable studies on other species
of the same genus, such as Apistogramma bitaeniata (Cich-
liformes: Cichlidae) and Apistogramma cacatuoides (Cich-
liformes: Cichlidae), which have a wide distribution in the
Amazon basin, could bring such a genetic structuring to light
and thus would reinforce the hypothesis of sympatric specia-
tion. The potential number of biological species grouped in
the morphological species A. agassizii, and more broadly
in the genus Apistogramma, could then be by several hun-
dreds of species (Ready et al., 2006; Estivals et al., 2020).
This might also be true for other highly diversified cichlid
taxa such as Crenicichla, for which sympatric divergence
has been suggested in the Neotropics (Burress et al., 2018;
Pidlek et al., 2012; Rican et al., 2016). In order to unravel
the mechanisms involved in their evolution, a particular
effort should be made to study mechanisms related to eco-
logical and sexual selection that have played an important
role in the rapid evolution of cichlids in the African great
lakes and Central American lakes (Van Doorn & Weiss-
ing, 2001; Gavrilets, 2004; Salzburger, 2009; Wagner et al.,
2012; Machado-Schiaffino et al., 2017). Additionally, several
recent studies have shown that secondary gene flow, hybrid-
ization and introgressions events are common in cichlids
(Malinsky et al., 2015; Meier et al., 2017; Brock & Wagner,
2018; Poelstra et al., 2018; Richards et al., 2018), and are
thought to have conditioned and accelerated species diver-
gence (McGee et al., 2020). Given the paradigm constituted
by the cichlids of African and Central American lakes, the
genus Apistogramma thus appears to be an excellent model
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for the study of specific and adaptive radiation events in
cichlids at the scale of Amazonian dendritic networks.

Supplementary Information The online version contains supplemen-
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