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The present study evaluated the phylogenetic relationships and the population structure in the
'‘Macrobrachivm amazonicum’ species complex, including M. amazonicum and M. pantanalense based
on Single Nucleotide Polymorphism (SNP) markers. We analyzed specimens from three main genetic
lineages (Clade I: M. amazonicum - Santarém-PA; Clade lll: M. amazonicum — Mosqueiro-PA; Clade II:
M. pantanalense - Bela Vista de Goias-GO) and one artificially isolated population (M. amazonicum
—Tucurui-PA). After ddRAD sequencing, a final set of 969 SNPs were genotyped for all populations/
species. High levels of genetic structure were observed among the populations of M. amazonicum,
particularly when individuals from inland freshwater habitats in Amazon were compared to those
from coastal basins, reinforcing the morphophysiological differences among both groups. Moreover,
differently from the phylogenetic inferences using mitochondrial DNA markers, all analyses by

SNPs confirmed the taxonomic status of M. pantanalense as a distinct species from M. amazonicum.
Therefore, we provided the first molecular evidence of speciation in this group, being useful to resolve
the taxonomic uncertainties in M. pantanalense. This study also indicates a putative process of ongoing
speciation involving the clades | and Ill of M. amazonicum, thus emphasizing the need for further
studies to better assess the relationships between both lineages.
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Freshwater prawns of the genus Macrobrachium Spence Bate, 1868 are significant both ecologically and
economically. Extensive research has been conducted on their genomics to understand their genetic diversity,
evolutionary adaptations, and responses to environmental changes!. Macrobrachium are widespread throughout
tropical and subtropical regions, being represented by more than 260 described species®”.

Nonetheless, the true species richness within this genus remains a contentious issue due to significant
taxonomic ambiguities, which are often linked to their extensive geographical distribution, substantial
morphological variability, and notably high genetic divergence rates?. Studies have demonstrated considerable
intraspecific genetic differentiation, ranging from 0.0 to 12.6%, and interspecific genetic divergence, spanning
from 15.1 to 25.5%, as revealed by DNA barcoding techniques*”’. These findings collectively illustrate the
high rates of genetic divergence within the genus Macrobrachium, which are pivotal for understanding their
evolutionary history, taxonomy, and conservation strategies. Nonetheless, these issues might determine biased
taxonomic inferences related to the description of new species and synonymization®1°.

The ability of Macrobrachium species to adapt to varying salinity levels is further demonstrated by
transcriptomic studies, which identify specific genes involved in osmoregulation, cell volume regulation, and
osmotic stress response, showing differential expression patterns under different salinity conditions!!. The
plasticity of morphophysiological features in Macrobrachium is particularly evident when species from estuarine
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regions are compared to those from inland freshwater habitats. For instance, the coastal species present greater
fecundity, smaller eggs, extended larval development (ELP) and more larvae stages. On the other hand, the
inland freshwater species are characterized by lower fecundity, larger eggs and short larval development (SLD)!2.
In addition, morphotypes have been described within some valid species, reinforcing the role of morphological
variation in taxonomic misidentification'>!4,

The Amazon river prawn Macrobrachium amazonicum (Heller, 1862) represents an uncommon case in the
genus since this taxon is widespread over most coastal and inland hydrographic basins from South America,
showing ELD in populations from both environments'®. In addition, this species is divided into three main
lineages, as follows: the hololimnetic populations from the continental Amazon basin (I), Parana-Paraguay basin
(II), and the diadromous populations from coastal systems in north/northeastern Brazil (III)°. The lineages I
e II are physiologically adapted to freshwater life cycles, being found in rivers, lakes and other inland aquatic
environments'®. The growth and fertility rates of lineages I and II are lower than those reported in coastal and
estuarine populations (lineage ITI)!7.

Furthermore, the populations from the Parana-Paraguay basin were later described as a new and endemic
species to the Pantanal region, named Macrobrachium pantanalense'®based on their unique morphological,
physiological, reproductive isolation and life history traits!!>?’. Nevertheless, molecular analyses based
on mitochondrial DNA markers revealed low levels of genetic divergence between the main lineages of M.
amazonicum (1and III) and M. pantanalense (II). For instance, the variation in the cytochrome c oxidase subunit
I (COI) and 16 S rDNA sequences ranged from 0.0 to 3.3% and 0.0 to 1.1%, respectively®?!. As a result of the
incongruencies between the genetic data because are rates considered low divergence for the Macrobrachium
group and other biological aspects, both species have been referred to as the ‘M. amazonicum complex.

Accordingly, the utilization of traditional molecular markers based on mitochondrial (mtDNA) and nuclear
sequences for phylogenetic inferences has proved to have some limitations to resolve the taxonomic uncertainties
of some groups, including Macrobrachium, since these markers allow analyzing the polymorphic sites from
restricted DNA regions??. For instance, the COI marker in M. amazonicum encompasses only ~4% (650 to
15000 bp) of the total mtDNA, which in turn is remarkable smaller that the nuclear genome®. Other issues that
interfere in the accuracy of mtDNA-based inferences include the occurrence of heteroplasmy and the presence
of nuclear insertions of mitochondrial DNA or Numts?*. Both events have been reported in populations of M.
amazonicum®*. Therefore, the true status of species differentiation and reliable phylogenetic reconstructions
among the main lineages M. amazonicum should rely on alternative and refined approaches to elucidate their
evolutionary history.

In this sense, the analyses of Single Nucleotide Polymorphisms (SNPs) stand out as a powerful tool to genetic
studies since these markers are highly abundant and provide a broad coverage of genomes, besides being usually
associated with neutral loci®>. Because of these features, the SNPs enable a more accurate assessment of genomic
variability, being particularly efficient to estimate the levels of intraspecific genetic diversity and population
structure?>?®, Recently, these markers have been easily obtained via Next Generation Sequencing (NGS), using
techniques such as Restriction Site Associated DNA Sequencing (RADseq) and its variations such as ddRAD?"%5,
As expected, the large dataset generated by these methods have been helpful in solving phylogenetic problems in
cryptic species complexes. In Macrobrachium, this approach has been successfully applied to population studies
of M. rosenbergii in Asia®® and to the delimitation of closely related species along African coast®.

Therefore, the aim of the present study was to obtain an SNP dataset based on the ddRAD technique to
reassess the population structure of the main lineages of the M. amazonicum complex in Brazil, including the
hololimnetic and diadromous populations of M. amazonicum and M. pantanalense. The results provided new
insights into the taxonomic status of M. pantanalense, as well as the structure patterns and genetic diversity
levels in coastal and inland populations of the Amazon river prawn. Additionally, these findings contributed
to a deeper understanding of the evolutionary relationships among the distinct lineages within this species
complex, while also providing data to support the proper management and conservation of the group’s natural
populations. This is particularly relevant as some of these populations are extensively exploited by artisanal
fisheries in northern Brazil, highlighting the potential need for differential management strategies based on
genetic parameters and population structures.

Results

Molecular identification of specimens

A total of 39 samples of Macrobrachium were sequenced and analyzed using the gene mitochondrial COI marker,
with mean fragment size="572 base pairs (bp). The identification of specimens of Macrobrachium amazonicum
(N=35) from Mosqueiro, Tucurui, and Santarém, as well as M. pantanalense (N=4) were confirmed, revealing
94 to 100% of similarity with the available sequences in GenBank (Supplementary Table S1). Lower levels of
similarity were recorded mainly in Mosqueiro, associated with higher percentages of heteroplasmies in the
generated sequences. The pairwise genetic distance between populations of M. amazonicum ranged from
0.00 (Santarém x Tucurui) to 0.32% (Santarém x Mosqueiro). In comparison to M. pantanalense, the genetic
divergence varied from 0.03 to 0.23% in relation to samples of M. amazonicum from Mosqueiro and Santarém,
respectively (Supplementary Table S2).

Identification of SNP loci

The sequencing of ddRAD libraries generated a total of 260,096,350 raw paired-end reads from 39 sequenced
individuals corresponding to M. amazonicum and M. pantanalense. The variation in the number of reads per
sample ranged from 2,029,956 to 6,863,355; except for a single sample that presented a lower amount of data,
comprising 842,738 sequences. After applying quality filters, approximately 99,6% of the data were retained, and
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all sequences were standardized to 143 bp, resulting in a total of 259,206,820 reads (Fig. 1; Supplementary Table
S3).

A total of 3,676 SNPs was identified using the software STACKSs (refmap). From this number, we selected the
SNPs that have been successfully genotyped in, at least, 70% of individuals from each population (r=0.7) and

ACTGTACATAGT
260,096,350 CGATCGTAGCAT
GGCATGCATATC
raw reads AATTGACTAGAT
L CAGATGCAGTTG
paired-end GCTATGCATTGC
ACTGTACATAGT
259,206,820 CGATCGTAGCAT
filtered reads GGCATGCATATC
AATTGACTAGAT
(99,69%) CAGATGCAGTTG
GCTATGCATTGC
STACKS
RAD loci
o 3,676 | | e
6,637 variant sites remained
RAD loci
~ 969 | | e
1,347 variant sites remained
(retrieved in 70% of the samples)
(MAF > 0.05)

Fig. 1. Overview workflow of the data obtained from ddRAD sequencing, highlighting the quantity of SNP
markers obtained at each filtering stage, and the final set of markers (969 SNPs) for the M. amazonicum and M.
pantanalense species.
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presenting a minor allele frequency (MAF) above 0.05. In the end, 969 SNPs were obtained, encompassing 562
transitions, 407 transversions (Supplementary Figure S1) and 36% of missing data.

Population genetic differentiation

The highest number of private alleles (Ap) was recorded in individuals of M. pantanalense (n=4), totaling
Ap=235. As for M. amazonicum, three populations were analyzed, corresponding to the collection sites in
Mosqueiro (n=11), Tucurui (n=11) and Santarém (n=12). The individuals from Mosqueiro and Santarém
showed similar values of private alleles (Ap=107 and Ap =105, respectively). The lowest value was observed in
the individuals from Tucurui (Ap =89) (Table 1).

The values of observed heterozygosity (H,) were lower than those estimated for the expected heterozygosity
(Hy) in all populations of both species (Table 1). M. pantanalense exhibited the highest H, value (0.423), while
the Hy was equal to 0.445. Even lower values of H, and H were recorded in M. amazonicum populations,
with H, ranging from 0.211 (Mosqueiro) to 0.121 (Tucurui), while the H, varied between 0.247 (Santarém)
and 0.142 (Tucurui). In general, significant differences were reported between H and Hj values (Bartlett’s
K-squared =267.97, df =1, p-value < 2.2e-16), indicating an excess of homozygotes within populations.

The fixation indexes (F,;) were positive in the three populations of M. amazonicum (0.075-0.180),
corroborating the excess of homozygotes estimated by heterozygosity values assuming random mating within
populations. In the case of M. pantanalense, a negative F,; was recorded (-0.1375). The nucleotide diversity
ranged from 0.026 to 0.034 in M. amazonicum and equal to 0.018 in M. pantanalense (Table 1).

Population genetic structure

The fixation coefficient values (Fy;) indicated significant differences among all groups (p-value <0.05), revealing
a high genetic structure within M. amazonicum (0.184 to 0.237). The lowest value was reported in pairwise
comparisons between the populations from Tucurui and Santarém populations (Fg = 0.184), whereas the
highest divergence was identified between samples from Mosqueiro and Santarém (Fg, = 0.237). The three
populations of M. amazonicum showed remarkable high F,. values when compared to M. pantanalense (Fy; =
0.870-0.928), being the highest divergence recorded between the latter and the population from Mosqueiro in
northern/northeastern Brazil (Fg. = 0.928) (Fig. 2). These data reveal a deep genetic differentiation between M.
amazonicum and M. pantanalense. The Mantel’s test indicated a strong but no signification correlation (0.9454;
p-value=0.204) between the genetic and geographic distances among populations (Supplementary Figure S2).

The Bayesian analysis in the software STRUCTURE was carried out to test the partitioning of the 39
individuals from both species into distinct genetic clusters (K=1-6). Accordingly, four genetic clusters were
identified based on the method suggested by Puechmaille*!with an optimal value of K=4 (Supplementary Figure
S$3). It should be pointed out that the presence of the four genetic groups remained unchanged, regardless of the
tested K values (K=4 to 6) (Supplementary Figure S4).

Three out of the four genetic clusters identified in the present study corresponded to different populations
of M. amazonicum, as follows: (1) Mosqueiro; (2) Tucurui; and (3) Santarém. In addition, a greater admixture
was observed within the population from Tucurui (cluster 2), particularly with samples from Mosqueiro (cluster
1). The cluster 4 was strictly composed of samples of M. pantanalense, revealing no shared alleles with any
population of M. amazonicum (Fig. 3a).

The inferences based on Discriminant Analysis of Principal Components (DAPC) also identified four genetic
clusters, with 100% of probability of assigning the samples to their clusters (K=4; BIC=164). Again, these
results reinforce the genetic division among the three populations of M. amazonicum (clusters 1 to 3) and M.
pantanalense (cluster 4) as well (Fig. 3b).

The genetic clusters identified by the abovementioned approaches are reinforced by the divMigrate analysis
(Fig. 3¢), which revealed high rates of gene flow between the samples from Mosqueiro (cluster 1) and Tucurui
(cluster 2), resulting in a greater admixture between both clusters. In turn, the estimated gene flow between M.
pantanalense (cluster 4) and the populations of M. amazonicum was extremely low (0.04-0.07), suggesting that
M. pantanalense represents a distinct group in relation to M. amazonicum.

Phylogenetic inference by SNPs

The phylogenetic reconstruction based on the 969 SNPs by Maximum Likelihood (ML) (Supplementary Figure
S5) and Bayesian Inference (BI) (Supplementary Figure S6) also corroborated the results obtained from other
analyses. Both methods supported the presence of two distinct groups: M. amazonicum and M. pantanalense,
with maximum support levels (100 for ML and 1 for BI). The former comprised the 35 representatives from

Species Samples location N |Ap |Np |Hj,+sd Hp+sd Fg mt+sd
Mosqueiro - Para 11 | 107 | 378 | 0.211 £0.177 | 0.221 £ 0.138 | 0.1804 | 0.026 + 0.014

M. amazonicum | Tucurui - Para 12 |89 | 348 | 0.121 £0.071 | 0.142 +0.086 | 0.0754 | 0.027 +0.015
Santarém - Para 12 | 105 | 316 | 0.203 £ 0.188 | 0.247 £ 0.136 | 0.1448 | 0.034 £0.018

M. pantanalense | Bela Vista de Goids - Goids | 4 | 235 |75 | 0.423+0.413 | 0.445+0.144 | -0.1375 | 0.018 +0.010

Table 1. Information regarding individuals from the M. amazonicum and M. pantanalense species used in
ddRAD sequencing and statistics of genetic diversity estimated based on the final set of 969 SNP markers. N:
Number of individuals per population, Ap: number of private alleles, Np: number of polymorphic loci, H:
observed heterozygosity, Hy;: expected heterozygosity, F,¢: inbreeding coefficient, n: nucleotide diversity.
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Fig. 2. Pairwise Fg; values between the different populations of the two species M. amazonicum and M.
pantanalense, indicating high genetic structuring in M. amazonicum, as well as a clear separation between M.
amazonicum and M. pantanalense (highlighted in gray). The comparison between all groups showed significant
differences (p-value <0.05).

distinct populations of M. amazonicum (Mosqueiro, Tucurui, and Santarém), while the latter encompassed the
four specimens of M. pantanalense (Fig. 3d). In addition, the population from Santarém showed high genetic
structure (posterior probability=1 in BI) in relation to the other samples of M. amazonicum.

Species delimitation test

The delimitation test measuring the limit of species boundaries, conducted with Bayes Factor Delimitation
(BFD*), showed strong support from the Marginal Likelihood (ML) for the model with the hypothesis of the
existence of three distinct species (ML: —3881.7764): M. pantanalense (Bela Vista de Goids), M. amazonicum
coastal cluster (Mosqueiro and Tucurui) and M. amazonicum continental cluster (Santarém). The models with
hypotheses of two species (I: Mosqueiro, Tucurui, Santarém +II: Bela Vista de Goids) and a single species were
the poorly supported (ML: 2940.8119 and 3165.5122, respectively) (Table 2).

Discussion

In the present study, we performed a new evaluation of the phylogenetic relationships within the ‘Macrobrachium
amazonicum’ complex, using SNP markers obtained via ddRAD sequencing for representatives of the three
main lineages of the group, including M. pantanalense. Our findings revealed new perspectives on patterns of
differentiation, genetic diversity and high population structuring within the complex, allowing us for the first
time, based on genetic data, to classify M. pantanalense as a distinct species from M. amazonicum, as well as
providing evidence of a potential new case of ongoing speciation in the continental Amazon population.

Species complex in M. amazonicum

Previous molecular reports based on COI sequences have identified three main lineages within M. amazonicum,
distributed as follows: cladeI - continental Amazon basins, clade IT - Parana-Paraguay basin, and clade ITI - coastal
systems from northern and northeastern Brazil. The clades I and II are represented by hololimnetic populations
from inland regions, and clade III is composed of diadromous animals dependent on brackish water for their
larval development. Such environmental variation across the range of these lineages implies distinct patterns of
osmotic regulation accompanied by differential selective pressures that can lead to speciation'®. Furthermore,
the Amazon river prawn also presents a remarkable reproductive plasticity. In fact, some populations from clade
III (coastal lineage) have been found in areas with no access to estuarine waters (Rio Grande-Sao Paulo and
Tucurui-Pard) and are characterized by reduced growth rates, thus resembling inland specimens and hindering
the definition of their taxonomic status?!>4,

Most likely, the group M. amazonicum complex has undergone a recent separation or speciation that was
insufficient to determine deep morphological changes or high levels of genetic divergence in the COI marker.
In addition, all populations in this group share an ELD (extended larval development), typical of coastal
prawns. On the other hand, our results present population analysis based in SNPs markers revealed, for the
first time, significant levels of genetic divergence between M. pantanalense and M. amazonicum, corroborating
the speciation in this species complex. The three structured populations of M. amazonicum showed high levels
of divergence when compared to M. pantanalense, being compatible with interspecific differentiation and
reinforcing that both taxa should represent distinct species, corroborating the previous morphological and
reproductive analyses!'®20.
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Fig. 3. Structuring of genetic clusters among the 39 individuals of the M. amazonicum and M. pantanalense
species, defined with optimal K =4, using the Puechmaille method (a) and DAPC (b), with an extremely low
gene flow recorded between the two species (c), wherein M. pantanalense does not share ancestral alleles

with M. amazonicum (a). The two species exhibited clear separation in the phylogeny constructed through
Maximum Likelihood (support=100) and Bayesian Inference (posterior probability=1) based on the 969 SNPs
(d).
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Likewise, this evidence was further supported by the phylogenetic inferences, resulting in maximum support
values independent of the tested method. The four sequenced samples from Bela Vista de Goids (GO) were
previously defined as belonging to clade II, now validated as M. pantanalense. Nevertheless, since the recognition
of M. pantanalense as a distinct species is a recent debate associated with the low divergence in COI marker, most
of the sequences available in NCBI are referred to as M. amazonicum (last access on April, 2nd 2024). In turn, the
identification of samples used in the present study as M. pantanalense were confirmed based on their high levels
of similarity with a single haplotype from Avaré-Sao Paulo (GU929532.1), showing that the genetic divergence
herein inferred could not be attributed to artifact or misidentification. Currently, the M. pantanalense lineages
comprises regions recorded in Mato Grosso do Sul (Aquidauana and Miranda), Goids (Bela Vista de Goids),
Minas Gerais (Araguari) and Sio Paulo (Avaré)®!821,

Accordingly, biological, physiological and morphological reports also support the allocation of M.
pantanalense as a distinct species from the M. amazonicum complex. In relation to their morphology, the
populations of the M. pantanalense are characterized by shorter total length in relation to other lineages along
with the presence of unique structures in the carapace and telson of adults'®2, and a distinct larval development
pattern'®. Another peculiarity of M. pantanalense refers to their reproductive biology since females exhibit lower
fecundity associated with the production of large eggs and a similar sex ratio between males and females?!:3334,
Furthermore, experimental hybridization between hololimnetic individuals from both species within the M.
amazonicum complex proved to be unfeasible, representing a reproductive barrier putatively associated with
recent speciation®.

In general, the relationships inferred by SNPs among the lineages within the M. amazonicum complex were
significantly different from those based on COI and 16 S sequences. Previous reports recovered M. amazonicum
as a monophyletic group whose origin was associated with the continental population of the Amazon region
(clade 1), followed by subsequent diversification of populations in the Pantanal (Clade II) and northern and
northeastern coastal systems (clade III)°. The phylogenetic inferences based on SNPs also revealed three main
clusters in this group, but characterized by higher levels of genetic differentiation. These data were also reflected
in the BFD* species delimitation test, which recorded the highest support for the three-species scenario, grouping
M. pantanalense as a distinct species, also supporting the separation of the coastal (Mosqueiro and Tucurui) and
continental Amazon groups (Santarém). Furthermore, the model with the hypothesis of a single species in the
M. amazonicum complex has the lowest support value.

The separation between M. pantanalense and M. amazonicum in the phylogenetic inferences was supported
by maximum support values. The separation between M. pantanalense and M. amazonicum in the phylogenetic
inference was supported by maximum support values. The Santarém population (Clade I) was defined as an
internal group within M. amazonicum, with a branch having the maximum posterior probability value from
the BI, being another insight into the potential speciation event®. Despite the absence of the outgroup, the F.
differentiation values, as well as the BFD* analysis, corroborate the phylogenetic arrangement obtained.

Population structure and genetic diversity

In turn, the populations belonging to M. amazonicum are genetically structured, particularly when inland and
coastal Amazon lineages were compared to each other, evidenced by the high Fg;. values and high number of
private alleles. Contrary to the pattern observed in M. pantanalense, the specific status of the lineages from
Santarém, Tucurui and Mosqueiro in Para could not be resolved because they shared several ancestor alleles
with evidence of gene flow. However, the lower levels of gene flow recorded between Santarém and the other M.
amazonicum populations (Mosqueiro and Tucurui) were reflected in the reduction of ancestral alleles shared
with these populations. Additionally, the high F. values and BFD* support recorded between Santarém and
the other locations reinforce the question of whether the continental Amazon populations (clade I) might be
involved in an ongoing speciation process.

Recently, Pereira et al.®® investigated the phylogenetic relationships of isopod parasites of the genus
Probopyrus that infect the gills of M. amazonicum and revealed the existence of one species strictly related to
coastal (P, bithynis) and other to continental (Probopyrus sp.) populations in the Amazon. This report reinforces
the hypothesis of isolation among the populations of the Amazon river prawn related to the species-specific
coevolution between both genera of hosts and parasites (coastal M. amazonicum x P. bithynis; M. acanthurus
x P. pandalicola)®*-3%. These authors also recorded a divergence of ~3% in COI sequences between the prawn
samples from Santarém and the coastal groups of M. amazonicum, considered one of the highest levels of
genetic differentiation ever reported for this marker in the M. amazonicum complex. Moreover, the lineage from
continental Amazonian regions is composed of unique haplotypes®*>suggesting a reduced rate of gene flow with
the remaining lineages. Thus, the genetic structuring inferred from the SNPs in the present study corroborates
previous studies suggesting a new speciation event among the eastern Amazon populations.

On the other hand, even though the lineages I and III identified in rivers along the Amazon showed high
levels of connectivity, they are differentiated by their life histories. The individuals from coastal regions depend
on estuarine environments to complete their larval development, where adults reach a larger final length (94
to 160 mm). On the other hand, the prawns from inland waters have osmoregulatory adaptations to complete
their whole life cycle in freshwater habitats'>**-4!. The adults from continental regions are also differentiated,
presenting smaller sizes (44 to 136 mm) and early sex maturation. However, the samples from Tucurui can
be regarded as an artificial population since they have become isolated in a lake after the construction of the
Tucurui hydroelectric power Station (UHE) in the 1980s. This event has drastically changed some traits in
this local population of the Amazon river prawn, including early sex maturation, reduction in body size and
deviation in the sex ratio for females!>42-44,

The changes in the biological characteristics of the animals from Tucurui, accompanied by the development
of trade-off strategies between energy allocation and reproductive success**may be associated with some level of
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genetic diversity loss. However, the F¢ value indicated a low level of inbreeding. On the other hand, short-term
isolation events generally have minimal effects on species diversity and genetic structure. The impacts of habitat
fragmentation may take hundreds of years to become identifiable through population genetic parameters,
depending on factors such as generation intervals, effective population size, and migration rates*.

Another factor to be discussed is the Fg,. values recorded between Mosqueiro and the artificially isolated
Tucurui population, which were similar to those observed between Mosqueiro and Santarém, representing
distinct clades, indicating that the Tucurui population could represent a genetic stock alternative to clades I and
III, as the Fg, values do not align with the isolation period of approximately 40 years. Another factor supporting
this hypothesis is that the number of polymorphic loci identified in Tucurui is similar to those observed in other
M. amazonicum populations. Additional studies on the Upper Tocantins populations are necessary to more
consistently assess the genetic diversity of this group.

The high population structure within the M. amazonicum complex recovered in the present study is likely
to reflect the increased resolution of SNPs**8thus providing a deeper understanding about the evolutionary
history and the partition of genetic diversity among populations and species. Another aspect to be considered is
the absence of Numts and heteroplasmy events in present analyses. On the contrary, both events are frequently
recorded in the mtDNA sequences of M. amazonicum, which jeopardize the phylogenetic inferences of this group
using traditional markers such as COI and 16 $*%. Furthermore, incomplete lineage sorting of the mtDNA might
also account for the relatively low levels of genetic divergence previously recorded in this complex®*!as usually
observed by the utilization of mitochondrial markers in related lineages under recent speciation processes®.
Based on our results, it is necessary to expand the sampling regions for the application of this approach, in
order to verify if the genetic differentiation recorded with the SNPs is consolidated in different areas of species
occurrence, as well as to increase the sampling of coastal and continental populations of M. amazonicum.

The genetic diversity indices obtained from the SNPs corroborate that the population clades of M. amazonicum
(Mosqueiro, Tucurui, Santarém), as well as M. pantanalense (Bela Vista de Goids), may represent distinct genetic
stocks and should be treated differently based on population characteristics and group structure, as previously
proposed®. These findings may also aid in the proper management of natural populations of both species, being
useful for the selection and assembly of breeder panels, as well as for capture management. Furthermore, this
study provides data that may serve as a reference for future comparisons with other populations.

Therefore, the analyses of SNP profiles represent a potential tool to resolve the controversial phylogenetic
relationships in the M. amazonicum complex and other cryptic congeneric groups in the Americas, characterized
by high morphological similarity and low molecular divergence in mtDNA markers. Among them, we highlight
the debate about M. americanus and M. carcinus, as well as the putative synonyms between M. petronioi vs. M.
potiuna®*® and M. tenellum vs. M. acanthurus®>! or the M. olfersi species complex*”->2,

Conclusion

We conducted the first analysis of the population structure among the main lineages of M. amazonicum in Brazil
based on 969 SNPs obtained via ddRAD sequencing. The preset dataset showed a clear separation between M.
amazonicum and M. pantanalense at species level from a genetic perspective, corroborating the bioecological
aspects of each, thus addressing one of the ultimate inconsistencies regarding the taxonomic status of this recently
described species, evidencing a recent speciation process. Furthermore, we revealed a high genetic structure
among populations of M. amazonicum, indicating ongoing speciation processes between inland and coastal
groups. These results reinforce the need of further studies comprising an increased number of populations to
assess the connectivity and levels of effective genetic diversity in populations of M. amazonicum.

Materials and methods

Ethics statement

All sampling activities were conducted under the permanent license for the collection of zoological material
(SISBIO License No. 12773-1), granted by the Instituto Chico Mendes de Conservagdo da Biodiversidade
(ICMBio) and the Instituto Brasileiro do Meio Ambiente e dos Recursos Naturais Renovaveis (IBAMA),
authorizes the collection of specimens in accordance with Brazilian environmental regulations.

Sampling and DNA extraction

A total of 39 samples belonging to the two species of the ‘Macrobrachium amazonicum’ complex (M. amazonicum
and M. pantanalense) was analyzed. The specimens of M. amazonicum were collected along three regions in
Eastern Amazon Basin, Northern Brazil: Mosqueiro-PA (N=11) (01°04’17.3” S, 48°18'36.3” W), Tucurui-
PA (N=12) (03°4822.9” S, 49°44’1.3” W), and Santarém-PA (N=12) (02°24’58.5” S, 54°33’54.0” W). The
individuals of M. pantanalense (N =4) were obtained in Bela Vista de Goias-GO (16°34'49.7” S, 49°18'38.1” W),
Parand River basin. Afterwards, ~100 mg of muscle tissue from each specimen was stored in 70% ethanol for
further molecular analyses.

The total genomic DNA was isolated using the Wizard" Genomic DNA Purification kit (Promega, USA),
following the manufacturer’s instructions. The DNA quality was assessed via agarose gel electrophoresis and
quantified using the Qubit 4.0 Fluorometer (Thermo Fisher Scientific, USA), standardized to 6.00 ng/pl. The
extracted DNA was used as template for the amplification of COI fragment and preparation of the genomic
library.

Amplification and sequencing of the COl gene
A partial fragment of the COI gene was amplified using the COI-A and COI-F primers™ to confirm the identity
of samples. The amplicons were verified by electrophoresis in 1% agarose gel. Subsequently, they were purified
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using PEG 8000 following Paithankar and Prasad (1991). The Sanger’s sequencing was performed in ABI Genetic
Analyzer 3500 XL automatic sequencer (Applied Biosystems).

The COI sequences were aligned in the software Bioedit 7.0.9.0 (Hall, 1999) and compared to the available
datasets from the National Center for Biotechnology Information (NCBI) to confirm their identities (https:
/Iwww.ncbi.nlm.nih.gov/, accessed on March 12th, 2023). Next, the genetic distances were estimated using
the Kimura 2-parameter (K2P) model in the software MEGA X*. All sequences were submitted to GenBank
(PQ426859.1 - PQ426897.1).

Preparation of ddRAD libraries and NGS sequencing

The ddRAD genomic libraries were constructed using EcoRI and MpsI enzymes for genome fragmentation
according to the methodology reported by?® and adapted by>>. After digestion, P1 and P2 adapters were ligated
to the fragments. Subsequently, the amplification was carried out using the Illumina I5 and 17 index set. The
purification process was performed after each step using the AMPure” XP beads (Beckman Coulter, USA) to
eliminate residual reagents such as enzymes and primers.

The final products were quantified and standardized for pool construction. Next, size selection of fragments
(300-500 bp) was carried out in 1% agarose gel. After being selected, the fragments were purified from the
agarose gel using the Wizard' SV Gel and PCR Clean-Up System kit (Promega, USA).

Finally, the library was quantified using the Step One Real-Time PCR System (Applied Biosystems) for
normalization of the data to be sequenced. The generated product was sequenced along with 2 x 150 bp paired-
end (PE) reads following a high-output flow cell, using the Illumina NextSeq500 NGS platform.

Bioinformatic Analyses - SNPs

The quality of the sequenced data was evaluated using FastQC>® and MultiQC®” on the distribution of read
size, GC%, and presence of adapters. Initially, low-quality reads (Q<20), residual adapters, and reads were
standardized to 143 bp using the software TRIMMOMATIC v.0.32%8.

The construction of SNP profile was performed using the pipeline STACKS v.2.66*°, where SNP calling
and genotype identification were established under a reference-based approach using the ref_map.pl tool. The
reference genome of the Macrobrachium nipponense, available in NCBI (accession number: GCA_015110555.1),
was used to accomplish this step. Subsequently, the database was mapped and organized for SNP calling using the
software packages Bowtie2 v.2.2.4%° and SAMtools®'respectively. After being identified, the steps of SNP filtering
were carried out using the Populations module implemented in Stacks by (i) selecting the genotyped SNPs in
more than 70% of samples (r=0.7) and (ii) excluding those SNPs with minimum allele frequency (MAF) <0.05.

Population genetic differentiation

For population analyses, we initially identified the private alleles and the polymorphic sites using the Populations
tool. The software PGDSpider v.2.1.1.5% was employed to convert the data into input matrices for analysis in the
software packages ARLEQUIN v.3.5.2.2%° and GENEPOP®!. In ARLEQUIN, we estimated the observed (H,))
and expected (H}) heterozygosity values, as well as pairwise F. genetic distances. In GENEPOP, we calculated
the population inbreeding coefficients (F,(). The Mantel’s test was carried out to verify the genetic isolation
by distance (IBD) by comparing the Fg; values and geographical distances between groups based on 1,000
randomizations.

Population genetic structure

The number of genetic clusters within populations was assessed using the software ADEGENET v.2.1.1®° in
R package based on Discriminant Analysis of Principal Components (DAPC). Subsequently, the number of
clusters within groups was evaluated by Bayesian Analysis using the software STRUCTURE v.2.3.4% following
the methodology by Puechmaille’!. Distinct K values (K=1 to 6) were tested based on 1,000,000 Markov chain
Monte Carlo (MCMC) steps, 10% of burn-in (100,000) and 10 independent iterations for each k-value, assuming
the Admixture model and correlated frequencies. The summary of the STRUCTURE results and plot generation
were performed using the software Structure Selector®’.

Phylogenetic inferences based on SNPs

Phylogenetic trees were built to represent the relationships among lineages of the ‘M. amazonicum’ complex
based on Maximum Likelihood (ML) and Bayesian Inference (BI) methods. The phylogenetic reconstruction
by ML was performed in the software RAXML v.8.2.1%® following the GTR-GAMMA evolutionary model from
an initial maximum parsimony tree and bootstrap analysis using the autoMRE function to obtain the best tree.
The BI tree was generated in the software MrBayes v.3.2.7¢°by performing four simultaneous runs with four
Markovian chains each. Initially, a random tree search was performed over 50 million generations, sampling at
every 5000 generations and assuming a burn-in of 25%.

Bayes factor delimitation (BFD*)

The Bayes Factor Delimitation (BFD’’; analysis modified for genome-wide SNP data (BFD*!; was carried out
to validate the different species identified, using BEAST v2.6.672, by SNAPP method” to estimate the number
of species directly from the SNPs. Due to SNAPP’s extensive computational time, a reduced dataset was built
containing only four samples from each population group (Mosqueiro, Tucurui, Santarém and Bela Vista de
Goids - Supplementary Table S1). The different species number scenarios were chosen based on the group’s
recent definitions and problems, with four distinct scenarios being tested (Table 2). Marginal likelihoods were
estimated for each model using 24 path sampling steps, an a-value of 0.3 and a MCMC chain length of 1 000
000 generations (20% burn-in). Tracer v1.7.27* was used to check whether the number of generations was
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Species scenario Number of species | Rank | Marginal Likelihood | Bayes Factor
Ma(M,T,S,G) * 1 4 3165. 5122 14,094.578
Ma (M, T, S) + Mp (G) 2 3 2940.8119 13,645.176
Ma (M, T) + Ma (S) + Mp (G) 3 1 -3881.7764 -

Ma (M) + Ma (S) + Ma (T) + Mp (G) | 4 2 -3525.6437 712.265

Table 2. Summary of the BFD* species scenarios, including the number of species, rank, marginal likelihood
and the Bayes factor. Species in the delimitation scenarios are depicted as initials, as follows: Ma =M.
amazonicum; Mp = M. pantanalense; m =mosqueiro, t=tucurui, s=santarém, b=bela Vista de goids. *Current
scenario by genetics data (mtDNA).

sufficient for the trees to converge. The support for each alternative species delimitation model was assessed
by calculating and comparing Bayes Factors (BFs) according to the equation: BF=2 X (marginal likelihood of
model 1 — marginal likelihood of model 2). In this comparison, model 1 represents the alternative that is richer in
species. A negative BF value indicates support in favor of model 1, whereas a positive BF value indicates support
in favor of model 2.

Data availability

The SRA datasets analyzed during the current study are available for academic purposes upon signing a Mate-
rial Transfer Agreement with the corresponding author (cmaciel@ufpa.br; vanessa.paes@unesp.br). The COI
sequences generated in this study has been deposited at the National Center for Biotechnology Information
(NCBI) under the access numbers PQ426859 - PQ426897. The sequences are currently private and will be made
public with the publication of this study.
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