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The palm Euterpe precatoria (Mart.), one of the most widely distributed species in the Amazon basin,
plays a crucial role for traditional riverine communities. It thrives in nutrient-poor, well-drained soils,
important traits for forest restoration. Additionally, the species is extensively exploited for acai
extraction. We sampled 23 natural geographic populations in the Brazilian states of Amazonas and
Rondonia, characterizing them using single nucleotide polymorphism (SNP) markers. We divided the
dataset into putatively neutral and outlier SNPs (under selection) to estimate genomic diversity and
structure. To identify potential causes of selective pressure, we explored the factors that may have
contributed to the differences and similarities between the two datasets. Our results suggest that
anthropogenic pressure may be impacting the species’ genomic diversity. We also found significant
population structure, likely shaped by limited gene flow influenced by river flow and anthropogenic
activity. Based on these patterns, we propose that sampling at least 35 individuals per site across 18
localities to capture the species’ genomic diversity. The genomic groups identified here should guide
future conservation actions, such as germplasm banking, and restoration efforts.
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The Brazilian Amazodnia has the highest diversity of palms (148) in the region!. Among the palm species that
occur in there, agai-do-amazonas or agai-solitario (Euterpe precatoria Mart.) stands out for its wide distribution
and extensive use. The species occurs from Central America to northern South America, with especially high
abundance in the central and western Amazodnia®. It is one of the most hyperdominant plant species in the
bioregion and has the highest levels of relative abundance across different forest types®. Euterpe precatoria also
thrives in nutrient-poor and well-drained latosols and ultisols, which makes it an important alternative for forest
restoration in degraded areas of the Amazénia®.
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Traditionally, the species E. precatoria has been used in construction, utensils,and medicine’, but it is especially
important as a food resource, for fruits and heart-of-palm. In the last 10 years, agai fruit production in Brazil has
grown by 80% (Instituto Brasileiro de Geografia e Estatistica)®, with 31% of the production occurring in the state
of Amazonas”®. This palm plays an essential role for traditional riverine human populations, contributing to the
economic, social, and cultural subsistence of 6 million families®. Assessing the genomic diversity patterns and
population structure of E. precatoria at the Amazodnia scale can help us understand the factors that influence the
dynamics of the species, such as selective pressure, gene flow, and inbreeding. With this information, we were
able to identify populations and sites with specific genomic variation to be used in restoration efforts within the
Amazoénia bioregion and in the creation of germplasm banks for their conservation.

Population genomics provides comprehensive molecular insights into species diversity and population
structure, as next-generation sequencing (NGS) enables the identification of millions of single nucleotide
polymorphisms (SNPs), even in non-model organisms. Although genetic diversity and population structure in
E. precatoria have been previously investigated using microsatellites’, SNP markers offer higher resolution for
detecting population structure due to their abundance and broader genomic coverage!®!!. Population genomics
is based on two main principles. First, neutral loci across the genome are similarly affected by demography and
evolutionary history, as with microsatellite markers, and can therefore be used to estimate genomic diversity and
structure. Second, it enables the identification of loci under selection that show outlier patterns, and the reliable
detection of these markers may help uncover strong signals of population differentiation!>*.

Outlier loci may present different estimates of diversity and genomic structure in natural populations, as
they may indicate putative adaptation or functionality. In addition to changes in population estimates, genomic
sequences with outlier SNPs can be annotated according to gene ontology terms. This can allow us to determine
cellular components, molecular functions, and biological processes in which each gene product is involved!,
providing insights into traits under selection in the species. By combining neutral and under selection loci, it
is possible to obtain a clearer picture of the current state of natural populations and how selection is acting on
them, helping determine which populations should be used in conservation and restoration programs for the
species'> 1. In this study, we applied a genotyping-by-sequencing (GBS) approach to identify SNP markers,
using restriction enzyme digestion followed by Illumina sequencing. This reduced-representation method
allows cost-effective SNP discovery in non-model species.

The main goal of this research is to analyze the genomic diversity and population structure of E. precatoria
using putatively neutral and outlier SNPs. The specific objectives are: (1) To identify the putative outlier SNPs
and define gene ontology terms associated with the sequences in which they occur. Our hypothesis is that the
growing and continuous extraction of agai is creating selective pressures on the sampled populations, and that the
gene ontology terms indicate functions related to productivity. (2) To estimate genomic diversity and population
structure based on both SNP datasets, identify their differences and similarities, and explore potential factors
underlying these patterns. Our hypothesis is that, since outlier markers are subject to selective pressures, the
differences between outlier and neutral markers may indicate the adaptation the species is undergoing. (3)
To establish minimum sample sizes and define factors for identifying areas to be used for the restoration and
conservation of the species. The use of two SNP datasets may improve the identification of priority sites for
initiatives involving the species.

Results

SNP discovery

A total 1,077,552 loci were genotyped in 309 individuals from 23 localities (Fig. 1) in the Brazilian Amazonia.
The mean coverage per sample was 12.6x (SD=2.8x, min=7.1x, max=28.3x), with a mean of 101.0 sites per
locus. After applying the filters in the populations module, 17,514 high-quality SNPs were retained.

Identification of putative outlier SNPs

The pcadapt approach, which uses principal components analysis (PCA) to identify SNPs associated
with population structure, identified 414 loci putatively under selection (2.36%; Supplementary Fig. Sla;
Supplementary Fig. S2a-c online). In contrast, fsthet and BayeScan methods, both based on F, outlier
detection, identifying loci with higher-than-expected genetic differentiation under neutrality'®! detected 1,049
(5.99%; Supplementary Fig. S1b online) and 2,421 (13.82%; Supplementary Fig. Slc online) SNPs, respectively.
Between pcadapt and fsthet, only one locus was found to be putatively under selection. In contrast, 357 SNPs
were identified as outliers between pcadapt and BayeScan. Fsthet and BayeScan identified 499 SNPs in common.
Among the three methods, only three SNPs were identified as outliers (see Supplementary Fig. S1d online).
These discrepancies likely reflect differences in model assumptions and the stringency of outlier classification.
To minimize false positives and account for method-specific biases, 860 SNPs (4.91%) were considered putative
outliers, while 16,654 SNPs (95.09%) were classified as neutral, forming the two analysis datasets. Using multiple
complementary approaches enhances the reliability of outlier detection by reducing Type I error'®.

Among the 552 sequences generated by Stacks that contained outlier SNPs - sequences in which at least two
of the three methods (pcadapt, fsthet, or BayeScan) identified an outlier SNP - 173 showed BLAST hits, 156 were
successfully mapped, and 132 were functionally annotated (Supplementary Table S1; Supplementary Fig. S3a
online). The species with the highest number of top hits with E. precatoria were the palms Elaeis guineensis Jacq.
(54 hits), Cocos nucifera L. (40 hits), and Phoenix dactylifera L. (27 hits; Supplementary Fig. S3b online). A total
of 307 genes were identified within these sequences. Based on GO terms, 111 are linked to molecular function,
104 to biological processes, and 92 to cellular components (Supplementary Fig. S3¢ online). Genes associated
with binding and catalytic activity were prominent in the molecular function category, while those involved in
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Fig. 1. Sampling locations. Localities were named according to the nearest municipality. Map colors represent
predominant Vegetation Denomination/Natural Area or Anthropic Area according to the Instituto Brasileiro
de Geografia e Estatistica’*. Base map from IBGE (https://geoftp.ibge.gov.br/informacoes_ambientais/veget
acao/vetores/escala_250_mil/versao_2021/). Map created by A.EE in QGIS version 3.34.10-Prizren (QGIS
Development Team, https://qgis.org).

cellular and metabolic processes stood out in the biological process category. In the cellular component category,
genes related to cellular and membrane structures were the the predominant group.

Genomic diversity of Euterpe precatoria based on SNP markers

Based on 16,654 putatively neutral loci, the highest levels of genomic diversity, measured by observed
heterozygosity (H,), gene diversity (Hy), and allelic richness (AR), were found in the localities along the Alto
Solimoes River, Sdo Paulo de Olivenga, and Santo Anténio de I¢a. In contrast, localities along the Uatuma and
Amazonas River, such as Sdo Sebastido do Uatuma and Parintins, consistently exhibited lower diversity estimates
(Hy Hg and A). Private alleles (Ap) were more frequent in Porto Velho and Manicoré. Fixation indices were
generally low or zero across localities (Table 1), indicating an excess of heterozygotes relative to Hardy-Weinberg
expectations.

Resampling based on minimum sample size using the SaSii approach indicated stability in the estimates
with 60 individuals (Supplementary Fig. S4). According to the results, 15 individuals per site were sufficient
to capture 90% of the genomic diversity estimates for E. precatoria. This suggests that our sampling reflects the
actual species composition at most sites, except for four sites in the Alto Solimdes (Table 1), where sampling
was lower. To capture all possible rare and common alleles, a sample size of 35 individuals was the ideal value
(Supplementary Fig. S4).

When analyzing the 860 putative outlier SNPs, an overall increase in diversity metrics was observed, with
the same localities from Alto Solimdes maintaining the highest H, H, and AR values. Conversely, the lowest
diversity estimates shifted to Urucurd (Uatuma River) and localities from Rondénia. Fixation indices remained
negative across all sites (Table 2).

Population structure of E. precatoria based on SNP markers

The analysis of 16,654 putatively neutral SNPs indicated a clear population divergence, as reflected by F, values,
which measure genetic divergence among localities. The low but positive F,;, contributing alongside Fj;. to a
positive F,,, indicates a slight heterozygote deficit within populations, possibly due to mild deviations from
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Localities (State) Codes River N |H, Hg A Ay A, f

Sao Paulo de Olivenga (AM) SPd_Olivenca | Alto Solimoes | 4 | 0.153 | 0.154 | 22,460 | 1.338 7 | -0.020 (-0.004; 0.025)
Santo Antonio de I¢a (AM) SAd_Ica Alto Solimées | 10 | 0.151 | 0.155 | 24,079 | 1.34 223 | 0.022 (0.018; 0.035)
Coari (AM) Coari Solimdes 16 | 0.147 | 0.144 | 24,468 | 1.318 485 | -0.015 (-0.028; -0.014)
Tabatinga (AM) Tabatinga Alto Solimdes | 14 | 0.146 | 0.145 | 24,382 | 1.32 31 | -0.005 (-0.020; -0.003)
Fonte Boa (AM) F_Boa Alto Solimdes | 6 | 0.145 | 0.145 | 23,001 | 1.319 51 |-0.003 (-0.007; 0.016)
Tefé (AM) Tefe Alto Solimdes | 4 |0.141 |0.13 |21,448 [ 1.283 | 12 | -0.101 (-0.101; -0.067)
Atalaia do Norte (AM) Ad_Norte Alto Solimdes | 14 | 0.139 | 0.139 | 24,031 | 1.308 6 | 0.013 (-0.004; 0.014)
Benjamin Constant (AM) B_Constant Alto Solimées | 23 | 0.137 | 0.143 | 24,638 | 1.317 47 1 0.040 (0.032; 0.048)
Presidente Figueiredo (AM) P_Fiqueiredo | Uatumi 14 | 0.128 | 0.134 | 24,173 | 1.299 2 | 0.041 (0.035; 0.053)
Anori (AM) Anori Solimdes 13 1 0.126 | 0.127 | 23,530 | 1.281 1 |0.012 (-0.001; 0.017)
Codajas (AM) Codajas Solimdes 15 | 0.122 | 0.134 | 24,167 | 1.298 26 | 0.083 (0.078; 0.096)
Porto Velho (RO) P_Velho Madeira 17 | 0.12 | 0.12 |22,641 | 1.259 | 3,622 | 0.005 (-0.016; 0.004)
Manicoré (AM) Manicore Madeira 13 | 0.115 | 0.113 | 22,381 | 1.247 | 1,041 | -0.009 (-0.031;-0.012)
Novo Airdo (AM) N_Airao Negro 18 1 0.113 | 0.111 | 22,624 | 1.245 481 | -0.006 (-0.023; -0.005)
Nova Mamoré (RO) N_Mamore Madeira 15 10.112 | 0.11 | 22,361 | 1.24 461 | -0.011 (-0.032; -0.011)
Guajara Mirim (RO) G_Mirim Madeira 13 | 0.109 | 0.107 | 22,189 | 1.235 341 | -0.01 (-0.029; -0.008)
Borba (AM) Borba Madeira 14 | 0.096 | 0.102 | 21,875 | 1.223 262 | 0.053 (0.048; 0.070)
Manacapuru (AM) Manacapuru | Solimdes 15 | 0.089 | 0.088 | 21,586 | 1.195 65 | -0.002 (-0.025; -0.003)
Itapiranga (AM) Itapiranga Amazonas 14 | 0.069 | 0.064 | 20,278 | 1.142 4 1 -0.049 (-0.095; -0.068)
Urucurd (AM) Urucura Uatuma 15 | 0.068 | 0.067 | 20,138 | 1.147 152 | -0.015 (-0.041; -0.015)
ITtacoatiara (AM) Itacoatiara Amazonas 13 | 0.061 | 0.059 | 19,773 | 1.135 29 | -0.010 (-0.046; -0.015)
Sao Sebastiao do Uatuma (AM) | SS_Uatuma Uatuma 15 | 0.061 | 0.061 | 19,894 | 1.134 62 | 0.006 (-0.019; 0.013)
Parintins (AM) Parintins Amazonas 14 | 0.059 | 0.055 | 19,353 | 1.118 282 | -0.049 (-0.088; -0.056)

Table 1. Genomic diversity in 309 Euterpe precatoria (agai palms), based on 16,654 putatively neutral SNPs
from the States of Amazonas and Ronddnia. N = Number of individuals, HO = Observed heterozygosity; HS =
Gene diversity; A = Total number of alleles; AR = Allelic richness; AP = Number of private alleles; f = Fixation
index (Confidence intervals).

random mating. In contrast, the 860 outlier SNPs identified population subdivisions as the primary structuring
factor, with positive F. and negative F values (Table 3).

AMOVA results showed that variation was predominantly within populations (58.81%). However, when
considering outlier SNPs, within-population variation increased to 66%. The AMOVA-based analogue of Fj;,
(d4;) was higher for neutral markers (0.412, p<0.001) compared to outlier SNPs (0.342, p<0.001), indicating
stronger population differentiation with neutral SNPs (Table 3).

Pairwise F, calculated from neutral SNPs revealed the greatest genomic divergence between Atalaia do
Norte (Alto Solimdes River) and Parintins (Amazonas River, Fg. = 0.612), two sites located at opposite ends
of the state of Amazonas, near the borders with the state of Pard and Peru (Fig. 2a). The lowest divergence was
observed between Presidente Figueiredo (Uatuma River) and Anori (Solimdes River, F. = 0.011). Comparing
neutral and outlier markers, a general trend toward reduced divergence was observed, although Atalaia do
Norte, Benjamin Constant, and Tabatinga showed increased F, values in the outlier dataset (Fig. 2b). The order
of the sites was similar in the heatmaps for both datasets, a pattern further reinforced by NJ dendrograms, which
grouped populations along the Uatuma and Amazon Rivers, followed by sites from the Madeira and Solimées
Rivers, with a distinct cluster formed by Alto Solimédes River (Fig. 2¢,d).

In the map of Fig. 3a, we observe the results of the SNMF analysis based on neutral SNPs, which identified 16
genomic groups. This number of clusters was defined using the cross-entropy criterion, selecting the value of K
that minimized model error (see Supplementary Fig. S5 online). The analysis revealed a high degree of genetic
structuring among localities and captured signals of introgression between groups. Nearby sites tended to share
similar group compositions, as observed in the Alto Solimées River region, where Atalaia do Norte, Benjamin
Constant, and Tabatinga all shared genomic Group 9. However, some sampling sites formed exclusive clusters,
such as those located along the Solimédes River.

In the DAPC analysis by K-means, also based on neutral SNPs, 12 genomic groups were identified, based on
the lowest Bayesian Information Criterion (BIC) (Fig. 3b; Supplementary Fig. S6a-d online). Similarly, nearby
localities generally shared group compositions, but some differences emerged. Atalaia do Norte, in the Alto
Solimées River, formed an exclusive cluster (Group 3). Codajas, Anori, and Presidente Figueiredo were grouped
together in a single cluster (Group 2), while Manicoré, Novo Airdo, Manacapuru, and Borba shared Group 7.
The combination of Groups 2 and 7 in this region suggests distinct and localized patterns of gene flow compared
to other areas.

In the map of Fig. 3¢, we observe the results of the SNMF analysis based on 860 outlier SNPs, which identified
eight genomic groups (Supplementary Fig. S7 online). Compared to the 16 groups detected with neutral SNPs,
the number of groups was reduced by half. Several previously exclusive clusters became shared among localities.
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Localities (State) Codes River N |H, Hg A Ay f

Sao Paulo de Olivenga (AM) SPd_Olivenca | Alto Solimdes | 4 | 0.628 | 0.375 | 1,516 | 1.775 | -0.643 (-0.711; -0.633)
Santo Antonio de I¢a (AM) SAd_Ica Alto Solimées | 10 | 0.619 | 0.388 | 1,577 | 1.787 | -0.536 (-0.635; -0.560)
Fonte Boa (AM) F_Boa Alto Solimdes | 6 | 0.593 | 0.349 | 1,505 | 1.723 | -0.627 (-0.735; -0.660)
Tefé (AM) Tefe Alto Solimdes | 4 | 0.566 | 0.324 | 1,404 | 1.663 | -0.725 (-0.790; -0.708)
Coari (AM) Coari Solimdes 16 | 0.559 | 0.308 | 1,456 | 1.62 | -0.723 (-0.843;-0.788)
Manicoré (AM) Manicore Madeira 13 | 0.557 | 0.302 | 1,409 | 1.606 | -0.784 (-0.868; -0.817)
Tabatinga (AM) Tabatinga Alto Solimdes | 14 | 0.556 | 0.308 | 1,510 | 1.632 | -0.647 (-0.830; -0.776)
Codajas (AM) Codajas Solimdes 15 | 0.553 | 0.308 | 1,440 | 1.618 | -0.713 (-0.827;-0.768)
Anori (AM) Anori Solimoes 13 | 0.552 | 0.303 | 1,424 | 1.608 | -0.755 (-0.848; -0.793)
BenjaminConstant (AM) B_Constant Alto Solimdes | 23 | 0.55 |0.305 | 1,530 | 1.627 | -0.607 (-0.825;-0.775)
Nova Airdo (AM) N_Airao Negro 18 | 0.55 |0.303 | 1,397 | 1.606 | -0.746 (-0.843; -0.788)
Presidente Figueiredo (AM) P_Fiqueiredo | Uatuma 14 | 0.55 |0.305 | 1,424 | 1.615 | -0.688 (-0.830; -0.773)
Atalaia do Norte (AM) Ad_Norte Alto Solimoes | 14 | 0.549 | 0.3 1,485 | 1.615 | -0.674 (-0.853; -0.805)
Manacapuru (AM) Manacapuru | Solimdes 15 | 0.547 | 0.295 | 1,407 | 1.59 | -0.780 (-0.879; -0.824)
Borba (AM) Borba Madeira 14 | 0.544 | 0.297 | 1,386 | 1.594 | -0.779 (-0.860; -0.800)
Sdo Sebastido do Uatuma (AM) | SS_Uatuma Uatuma 15 | 0.53 |0.278 | 1,353 | 1.552 | -0.878 (-0.928; -0.890)
Itapiranga (AM) Itapiranga Amazonas 14 | 0.529 | 0.278 | 1,364 | 1.555 | -0.842 (-0.920; -0.880)
Parintins (AM) Parintins Amazonas 14 1 0.529 | 0.276 | 1,365 | 1.548 | -0.864 (-0.934; -0.898)
Ttacoatiara (AM) Itacoatiara Amazonas 13 1 0.528 | 0.278 | 1,347 | 1.556 | -0.844 (-0.919; -0.883)
Nova Mamoré (RO) N_Mamore Madeira 15 | 0.528 | 0.281 | 1,384 | 1.562 | -0.807 (-0.899; -0.857)
Porto Velho (RO) P_Velho Madeira 17 | 0.527 | 0.284 | 1,367 | 1.569 | -0.781 (-0.877;-0.831)
Guajara Mirim (RO) G_Mirim Madeira 13 | 0.521 | 0.277 | 1,372 | 1.558 | -0.806 (-0.900; -0.860)
Urucura (AM) Urucura Uatuma 15 | 0.519 | 0.273 | 1,355 | 1.546 | -0.831 (-0.918; -0.882)

Table 2. Genomic diversity in 309 Euterpe precatoria palms, based on 860 putatively outlier SNPs from the
States of Amazonas and Rondonia. HO = Observed heterozygosity; HS = Gene diversity; A = Total number of
alleles; AR = Allelic richness proportion; f = Fixation index (Confidence intervals).

Wright’s F-statistics | Fj. B | ¥
Putative neutral SNPs | 0.326 | 0.316 | 0.021
Putative outlier SNPs | -0.134 | 0.367 | -0.493

Source of variation | Sum of squares | Variance of components | % of variation ‘ bor ‘ p-value
AMOVA/ Putative neutral SNPs

Among populations | 316,198.533 523.765 41.194 0.412 | <0.001
Within populations | 432,303.412 747.707 58.806

Total 748,501 1271.47

AMOVA/ Putative outlier SNPs

Among populations | 27,521.328 44.66 34.213 0.342 | <0.001
Within populations | 49,623.182 85.876 65.787

Total 77144.5 130.537

Table 3. Wright's F-statistics and molecular analysis of variance (AMOVA) based on 16,654 neutral SNPs
and 860 putatively outlier SNPs, with 309 Euterpe precatoria individuals from the States of Amazonas and
Rondénia.

For instance, sampling sites at the beginning of the Uatuma River and along the Amazon River now clustered
together in Group 4. Overall, the SNMF results with outlier SNPs revealed broader groupings, possibly reflecting
selection-driven convergence across distant sites.

In the DAPC analysis by K-means, the number of genomic groups also decreased, from 12 (neutral markers)
to nine (Fig. 3d; Supplementary Fig. S8a-d online). Atalaia do Norte joined other Alto Solimdes River localities
in Group 3, while Urucura and Parintins clustered with Amazon River sites (Group 9). Porto Velho grouped
with other sites from Rondonia in Group 4. Additionally, localities that previously formed a single group (Group
7) with neutral SNPs—such as Manicoré, Novo Airdo, Manacapuru, and Borba—were now split into two
distinct groups: Manicoré and Novo Airdo in Group 5, and Manacapuru and Borba in Group 2. Compared to
sNME, K-means identified one additional group, although the general patterns of regional clustering remained
consistent.
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Fig. 2. Heatmaps of pairwise F,.. values and neighbour-joining dendrograms for 309 acai palms (E. precatoria)
sampled across 23 localities in the states of Amazonas and Rondénia. (a) Genomic divergence estimated from
16,654 putatively neutral SNPs; (b) Genomic divergence from 860 putatively outlier SNPs; (¢) Dendrogram
based on Nei’s distance and the agglomerative neighbor-joining method using neutral SNPs; (d) Dendrogram
based on outlier SNPs. Consensus topologies were generated from 1,000 bootstraps with the Cavalli-Sforza and

Edwards (1967) chord distance.

Finally, using both neutral and outlier SNPs, a significant correlation was found between genetic and
geographic distance, according to Mantel’s test. For the neutral SNPs, the test resulted in a p-value=0.0001 and
r=0.906; for outlier SNPs, p-value=0.0001 and r=0.729. Thus, regardless of selection, geographically closer

individuals were also genetically closer.

Discussion
As E. precatoria is one of the most hyperdominant species in the Amazonia region®, and since 17% of the

Amazonia’s territory has already been lost since pre-Columbian times?’, we aimed to provide applied results from
population genomics that can contribute to its use in the restoration of the biome. This palm has also become
the main harvested species for NTFP in recent years?!, making the results applicable to future conservation
programs. For this reason, efforts have been made to re-evaluate and expand the sampling areas of E. precatoria
in the Brazilian Amazdnia. GO terms were identified in the DNA sequences with outlier SNPs, and genomic
diversity and population structure were estimated using both neutral and outlier markers.

The identification of putatively outlier SNPs revealed loci associated with a range of adaptive responses,
suggesting that selective pressures are acting on multiple functional traits across the studied populations. Although
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Fig. 3. Genetic structure of 309 E. precatoria palms based on 16,654 putatively neutral SNPs and 860 outlier
SNPs. (a)Geographic Distribution of the genomic groups defined by DAPC with K-means clustering in

the states of Amazonas and Rondonia, with K=12 (neutral SNPs) and K=9 (outlier SNPs); (b) Bar plot of
sNMF ancestry coeflicients for K= 16, based on neutral SNPs; (c) Bar plot of sSNMF ancestry coefficients for
K =8, based on outlier SNPs. Localities selected to represent the main genomic clusters (see in Discussion)
are highlighted with a rectangle around their names in panel a and c. Base map from DIVA-GIS repository
(https://diva-gis.org/data.html; Brazil, Inland Water). Map created by A.EFE. in QGIS version 3.34.10-Prizren
(QGIS Development Team, https://qgis.org).
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the methods applied rely on distinct mechanisms and assumptions and detected distinct sets of markers??, a
consistent set of outlier SNPs was recovered, supporting the hypothesis that human-driven extraction may be
influencing genetic variation. Despite the limited proportion of annotated sequences - partly due to the absence
of a reference genome?>?* and the BLASTX program’s focus on coding regions**- the identified GO terms offer
important insights into ongoing selection processes.

Notably, we found loci associated with heat stress tolerance and enhanced photosynthetic efficiency (Loci
1507, 14540 and 28678), as well as resistance to fungal infection and response to jasmonic acid signaling (Loci
7191 and 10984). Genes involved in the hormonal regulation of root growth, such as auxin signaling and root
morphogenesis, were also detected (Loci 2728, 515 and 3018; Supplementary Table S1 online). These traits
may reflect selective pressures favoring increased stress tolerance and photosynthetic efficiency, ultimately
contributing to greater energetic efficiency and fruit production. Additionally, these functions point to broader
adaptive responses, likely driven by habitat disturbance and climate-related stress. Given that this is the first
genome-wide scan for E. precatoria, we prioritized a broad perspective to capture candidate loci potentially
relevant across multiple environmental and anthropogenic contexts. Future studies could build on these findings
by testing hypotheses of local adaptation under specific land-use regimes.

Neutral markers are shaped by mutations, recombination, genetic drift, and gene flow. In contrast, outlier
SNPs are also influenced by selective forces'® and may provide insights into adaptive advantages!”?6%7.
Consequently, the evolutionary processes acting on these two sets of markers differ, and the genomic patterns
defined by outlier SNPs may not mirror those revealed by neutral markers!'>?’.

In our study, we observed that the population structure analysis based on outlier SNPs identified fewer genomic
groups compared to analysis with neutral markers (Fig. 3). Although this may initially seem contradictory, such a
pattern is expected when directional selection acts similarly across geographically distinct populations, favoring
shared adaptive traits and reducing genomic divergence at loci under selection. This could explain why localities
that were initially structured into distinct genomic groups based on neutral SNPs became clustered when
outlier SNPs were considered. The functional annotation of outlier loci supports this interpretation, revealing
associations with GO terms related to traits that may confer adaptive advantages potentially enhance fruit yield
(Supplementary Table S1 online). While we hypothesize that such traits are under selection due to high demand
for acaf fruits®®, our current approach does not account for environmental predictors or phenotypic validation.
Therefore, further studies integrating genotype-phenotype associations and ecological data are needed to
confirm this relationship.

The study by Ramos et al.”, which analyzed 19 populations of E. precatoria also included in our sampling,
identified high genetic diversity across all localities, providing important information on the species’
conservation status. By expanding the geographic coverage and analyzing both neutral and outlier SNPs, our
study provides additional insights into how ongoing NTFP extractivism may be influencing this status. This
interpretation is supported by the consistency observed between the results obtained from neutral and outlier
markers. The localities along the Uatumé and Amazon Rivers, where lower genomic diversity was detected, are
more anthropized and located closer to the capital city of Manaus (Fig. 1). In contrast, populations from the
Alto Solimées region, which exhibited higher diversity, are more geographically isolated and subject to lower
extraction rates (Producdo da extragdo vegetal e da silvicultura®; see Supplementary Table S2). Although we did
not perform a formal correlation analysis, this spatial pattern suggests a possible link between anthropogenic
pressure and reduced genomic diversity. This may be associated with the logistical advantages of harvesting
closer to urban centers, where the perishability of the fruit and reduced transportation times encourage higher
extraction volumes®. Further analyses integrating extraction intensity, landscape features, and genomic data
could help clarify this relationship.

Although the higher genomic diversity of the populations in the Alto Solimées River may result from lower
extractive pressure, isolation by distance (IBD), driven by pollination and seed dispersal, may also affect the
species’ diversity and structure patterns. Pollination of E. precatoria is primarily carried out by beetles from
Staphylinidae, Chrysomelidae, and Curculionidae families, as well as bees from the Halictidae familyzg, with an
average distance of 447 m*. Dispersal can range from 4 to 1400 m, with an average of 400 m, and the majority
of seeds are deposited close to the parent palm. This behavior characterizes the species’ primary dispersal
syndrome, which occurs through precipitation?. Additionally, there are reports of dispersal occurring via rivers>.
As pointed out by Ramos et al.” pollination and dispersal syndromes can limit gene flow and promote IBD. The
fact that diversity was mostly concentrated in one region highlights how geographic constraints can influence
the genomic diversity of E. precatoria. The influence of IBD was also observed in population structuring, as
subdivisions and differences within localities were the main factors identified by overall F;.and AMOVA (Table
3), in both SNP datasets. The results of Mantel’s tests, supported by pairwise F,. and NJ dendrograms (Fig. 2)
indicated that the gene flow was proportional to geographic distances, with the species being dispersed mainly
across nearby regions’.

Reinforcing the importance of rivers for gene flow (Fig. 3), we found that the distribution of genomic groups
often aligned with the directionality of river flow, forming a geographic gradient. Nearby localities tended to
share genomic clusters with neighboring sites, as previously observed with microsatellite markers’. Like E.
precatoria, the palm Mauritia flexuosa L.f., also hyperdominant in the Amazonia®, exhibited an IBD pattern
in population structure when analyzed with microsatellite markers®"*2, Population plots indicated that genetic
structure followed watersheds boundaries, with populations in the same basin being genetically closer. In
contrast, another Amazonian palm, Astrocaryum aculeatum G.Mey., did not exhibit IBD in the 15 populations
analyzed using microsatellites. However, genetic groups were still formed according to the hydrographic basin
in which the populations were located®’. According to the authors, one of the main factors responsible for
this structuring was the human-mediated transport of products along the rivers®’. Along with short-distance
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dispersal by rodents and birds*?, human transport has been identified as a secondary dispersal mechanism for E.
precatoria, carried out by local harvesters, who help disperse genetic material over long distances*.

This dispersal can occur due to various factors, including preferences for fruit quality. Consequently, sites
that did not show genomic structures consistent with their river patterns may be experiencing anthropogenic
dispersal. This was the case, for example, with the genomic groups from Presidente Figueiredo, identified by
DAPC with K-means on both types of SNPs. The management of E. precatoria by humans may have intensified
in recent decades®. However, there is evidence that the species has been managed for centuries by Amerindian
populations®. One of the main indications is its abundance and richness, which are likely the result of
transformation caused by pre-Columbian societies**’. This long and continuous process has shaped gene flow
patterns, creating a genomic structure distinct from that expected based solely on river dynamics. While our
results point to the importance of both natural and anthropogenic factors in shaping gene flow, future studies
integrating extraction records and hydrological connectivity could provide a more detailed understanding of
these dynamics.

In recent years, the highest levels of deforestation in the Amazodnia occurred in the states of Para, Mato
Grosso, Ronddnia, and Amazonas?’, with the latter two included in this study. Promoting the sustainable use
of biodiversity and monetizing ecosystem services are among the strategies that may help reverse this trend'.
Due to its hyperdominance across various forest types, as terra-firme (upland areas), non-floodable areas, and
varzeas (lowland areas)®, and soil conditions within the Amazonia bioregion“, E. precatoria stands out as a
valuable resource for restoration programs. Moreover, as shown in this study, extractive pressure driven by high
demand for agaf fruits may be contributing to a decline in the species’ genomic diversity in certain regions of
Amazonas.

A comprehensive understanding of the factors influencing genomic diversity and population structure is
crucial for making informed decisions about the use of species. Funk et al.!® suggested that combining data
from neutral and outlier markers improves restoration and conservation strategies, as these markers provide
complementary insights. Therefore, the information presented here can support the identification of locally
adapted genotypes and the genetic similarities among them, ultimately contributing to the preservation of the
species’ gene pool and enhancing its resilience in ongoing and future efforts'”. Analyses of population structure
and individual assignment can be used to estimate gene dispersal, detect immigrants, and evaluate the influence
of natural or anthropogenic barriers on connectivity*®. Notably, we observed a greater number of genomic
groups when using neutral SNPs compared to outliers. This likely reflects the influence of directional selection
on outlier loci, which can reduce variability within groups, whereas neutral markers better capture population
structure.

Given the pronounced genomic structuring observed among the sampled localities - likely driven by IBD
and limited gene flow — we identified specific sites that serve as source regions representing the main genomic
clusters of E. precatoria, primarily guided by neutral SNPs and further confirmed by outlier SNPs. When multiple
localities belonged to the same genomic group, we prioritized those with the highest genomic diversity, primarily
based on observed heterozygosity. We opted for observed heterozygosity (H,) as it directly reflects realized
genetic variation within populations and is not dependent on assumptions of Hardy-Weinberg equilibrium.
Additionally, we avoided metrics such as number of alleles and private alleles, which are highly sensitive to
sample size and thus less reliable for meaningful comparisons across populations?.

Thus, the genomic clusters identified here not only reflect evolutionary processes but also offer practical
guidance for conserving E. precatoria genetic diversity across its distribution range. Accordingly, Atalaia do
Norte, Tabatinga, Sdo Paulo de Olivenga, and Fonte Boa were selected to represent the diversity of the Alto
Solimées River region. Coari, Codajis, Anori, and Manacapuru captured the genomic variation of the Solimées
River basin. In the Amazon basin, Itapiranga and Parintins showed distinct genomic profiles. In the Negro River
basin, Novo Airdo was the only sampled site and represented that region. In the Uatuma River region, all three
localities — Sdo Sebastido do Uatuma, Urucurd, and Presidente Figueiredo - exhibited distinct genomic groups.
Finally, in the Madeira basin, Borba and Manicoré (Amazonas state), along with Porto Velho and Guajara-
Mirim (Rondoénia state), stood out due to their unique genomic structure. In Fig. 3, these selected localities
are highlighted with a rectangle around their names to facilitate identification. Nevertheless, we acknowledge
that additional sampling across other regions of the species’ distribution, particularly in the western and non-
Brazilian portions of its range, could further refine the genomic landscape and conservation recommendations.

To translate these genomic insights into practical guidelines for restoration and conservation, it is important
to consider both the distance between locations and the number of individuals per site when planning such
initiatives!. To minimize the chances of collecting genetically related seeds, a safe distance for collection should
be greater than 470 m*. A sampling size of 35 individuals was found to be sufficient to capture a representative
set of both common and rare alleles in the populations. Euterpe precatoria has a predominantly allogamous
mating system with cross-pollination?>%3. Previous studies have shown that for cross-pollination, collecting 30
unrelated individuals will capture 95% of the diversity, although it may not capture the rarest alleles in the
populations. This percentage can be increased to 99% by collecting 45 individuals**-*3. We recommend including
35 to 45 individuals per location, especially considering the spatial genetic structure influenced by pollination
and primary seed dispersal®.

Conclusion

This study provides a comprehensive overview of the genomic diversity and population structure of E. precatoria.
The analysis of outlier SNPs revealed loci associated with traits that may reflect selective pressures related to
fruit productivity, as well as broader adaptive responses to environmental stress. The comparison between
neutral and outlier SNPs identified divergences and similarities. Regarding divergence, fewer genomic groups
were identified with outlier SNPs, which may reflect directional selection. This interpretation is supported by
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functional annotation, particularly of GO terms related to traits enhancing fruit productivity. However, further
studies incorporating genotype-phenotype associations are needed to confirm this link. As for similarities,
both SNP datasets revealed areas of lower genomic diversity, especially in more anthropized regions. Although
no formal correlation was done, this spatial pattern suggests association between anthropogenic pressure and
reduced diversity. Moreover, gene flow appears to be shaped by the species’ syndromes, along with river flow and
human-mediated movement, explaining the highly structured genomic groups across the species’ distribution.
This strong structuration poses a challenge for sampling: at least 18 of the 23 localities and 35 individuals per site
are needed to fully capture the species’ diversity. Proper sampling strategies are therefore essential to ensure the
representation of this diversity in conservation and restoration programs. In the future, modeling efforts based
on the SNPs characterized here — or using whole genome sequencing —will be important to identify individuals
with greater resilience to critical climate change scenarios.

Materials and methods

Sampling

We collected adult leaves from 309 individuals of E. precatoria across 23 localities between 2011 and 2015: 20 in
the state of Amazonas and three in the state of Rondonia, with 4 to 15 individuals sampled per site (Fig. 1). The
sampled regions are located within the basins of the Alto Solimdes/Solimdes, Amazonas, Negro, Madeira, and
Uatuma Rivers. It is important to note that the individuals sampled belong to E. precatoria var. precatoria, as all
sampled areas fall within the distribution range of this variety, corresponding to Central and Western Amazdnia.
The other recognized variety, E. precatoria var. longevaginata, occurs in the Andean region®. The appropriate
permissions for the collection of plant material were taken, and the collections were registered according to the
National System for the Management of Genetic Heritage and Associated Traditional Knowledge (SISGEN),
as stated by Brazilian Decree No. 8,772 (May 11, 2016) and regulated by Brazilian Law No. 13,123 (May 20,
2015; SISGEN numbers: AA9537B and A411583, Brazil). The plant material was taxonomically identified by
specialists of the genus Euterpe at the Universidade Federal do Amazonas (UFAM), Dr. Santiago L. F. Ramos and
Dr. Doriane Picango-Rodrigues, who are co-authors of this study.

DNA extraction and genotyping-by-sequencing library

The DNA was extracted from adult plant leaves using 2% CTAB*. DNA quantification was performed by
electrophoresis on a 1% agarose gel with GelRedTM (Biotium, Hayward) and by using a Qubit fluorometer
(Thermo Fisher Scientific, US).

We applied the genotyping-by-sequencing (GBS) approach to obtain SNP markers. This technique uses
restriction enzymes to reduce DNA complexity, followed by sequence identification via adapters (barcodes),
enabling multiplex libraries for NGS®'. Specifically, we used the restriction enzymes Msel and Pst] for double
digestion of the samples, as described by Poland et al.”2. Barcodes were added to the digested fragments for
individual identification. Polymerase chain reaction (PCR) was used to enrich the barcoded fragments, with
primers complementary to the adapters in the GBS library. Sequencing of PCR products was performed on the
Ilumina NextSeq 2000 platform.

SNP identification

FastQC> was used to verify the overall quality of the raw reads. The Stacks 2.62 pipeline>* was applied in
several steps of the SNP calling process: sample demultiplexing, filtering, catalog building, and SNP markers
identification.

The process_radtags module was used to demultiplex all individuals according to their barcodes and quality
filters were applied, including quality scores (-q) and reads with non-called bases. Correction of over-represented
sequences was also performed. FastQC was again used to check the quality of the sequences for each individual,
and the results were summarized by MultiQC™. Due to the unavailability of a reference genome for Euterpe spp.,
the ustacks processing was done de novo. For the minimum depth of reads to form a stack, the parameter m = 4
was considered. The number of nucleotide variations accepted for stack alignment was M = 3, and the number
of secondary reads considered was N = 5. The catalog was built using cstacks, based on the identification of
consensus sequences for each SNP locus. The maximum number of mismatches allowed between loci (n) was set
to the same value as the M parameter used in ustacks. Population-level filters were applied using the populations
module, considering the minor allele frequency (min-maf) equal to 1%, the occurrence of the alleles (r) in 75%
of the individuals in the population, and the occurrence of the alleles in all but one population.

Identification of putative loci under selection

We applied three different methods (pcadapt, fsthet, and BayeScan) to detect outlier SNPs putatively under
selection. Following the recommendations of Luikart et al.!%, who suggest using multiple complementary
statistical tests to confirm outlier behavior and minimize false positives, we considered SNPs to be outliers if
they were simultaneously identified by at least two of the three methods. This conservative approach increases
confidence in the identified outliers by reducing method-specific biases and avoiding misleading results caused
by demographic effects or technical issues. The overlap of outlier SNPs detected by different methods was
visualized using a Venn diagram, generated with the R package VennDiagram 1.7.3%¢ in R 4.2.1%’. After detecting
the outlier SNPs, two datasets were retained for analysis of genomic diversity and population structure: one
consisting of putatively neutral SNPs and the another of outlier SNPs.

The R package pcadapt® is based on principal components analysis (PCA) and determines vectors with
z-scores, measuring the relationship between the SNPs and the first principal component®®. Using the
Mahalanobis distance®, each SNP was analyzed according to the z-scores to identify those that did not follow
the majority point distribution®®, which were considered outliers. We applied pcadapt 4.0.3% and tested K
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principal components (with K ranging from 1 to 20). After computing the p-values, we applied a false discovery
rate (FDR) threshold of 10% (q < 0.1). Loci with g-values below this threshold were considered outliers.

Both the R package fsthet®® and BayeScan'® apply Wright's fixation index, F,. Following the island migration
model®, fsthet quantified the expected F,-H, ratio and identified the SNPs with excessively high or low Fg5".
The fsthet 1.0.1°° was used to calculate the Fg, and H, values based on allele frequency variation, with 500
bootstrap replications generating confidence intervals. Candidate outlier SNPs were identified at both extremes
(lower and upper) of the distribution, using an alpha level of 0.05.

Finally, BayeScan'® decomposed F,. into beta (population-specific) and alpha (locus-specific) components,
according to a logistic regression. For each locus, the posterior probability of including or not the alpha
component in the selection model was estimated. This was determined using reversible-jump Markov chain
Monte Carlo (R]-MCMC), considering the migration island model and allele frequency uncertainty'®. For this,
BayeScan 2.118 generated 20 pilot runs, each with 5,000 RJ-MCMC iterations, followed by a burn-in of 50,000
iterations, and then 150,000 RJ-MCMC additional iterations with a thinning interval of 10. Outlier SNPs were
considered those with an FDR threshold of 5% (q < 0.05), the default recommend by BayeScan.

After identifying the outlier SNPs that were detected by at least two methods, a BLASTX search was performed.
Using blast2GO®, genomic data were analyzed against the NCBI database, and the species with the highest
number of annotation-associated top hits were identified. Sequences with significant BLASTX results had their
associated functional annotation mapped using the gene ontology terms which summarize information about
cellular components, molecular functions, and biological processes in which each gene product was involved.
The results were compiled with the use of the online tool WEGO®,

Analysis of genomic diversity and minimum sample size

Genomic diversity analysis was estimated for putatively neutral and outlier SNPs. To define the estimates of
observed heterozygosity and gene diversity (H, and Hy), allelic richness (AR), fixation index (f), and their
confidence intervals (determined with 1,000 bootstraps), we used the R package hierfstat 0.5.11%%. The number
of alleles (A) and private alleles (A,) were estimated using the R package adegenet 2.1.1%° and the R package
poppr 2.9.6%.

Using only the putatively neutral SNPs, the minimum sample size was defined with Sample Size Impact, SaSii
1.0%7. Neutral loci were selected for this analysis because they reflect background levels of genetic variation, not
directly influenced by selection, and provide accurate estimates of genetic diversity, which are appropriate for
sampling strategies. SaSii is an R script used to infer the effect of sample size on genetic diversity. The program
randomizes subsamples from an original dataset and estimates genetic parameters for each subsample, such as
the average number of alleles, allele frequencies, expected and observed heterozygosities, as well as the genetic
distance (Fg,;) between the subsample and the original dataset®”. SaSii was used with two objectives: (1) to detect
whether the original sampling size was sufficient to obtain the genetic parameters, and (2) to define the ideal
sampling size for conservation and restoration projects with E. precatoria.

The parameters used were “sample_size” = 5, “resampling” = 20, “min_frequency” = 0.05 (minimum allele
frequency), and “max_indv_pop” = 100 (individuals used in each population; https://sasii.readthedocs.io/en/lat
est/index.htm). For the last parameter, however, the analysis was carried out until the graphs stabilized.

Population structure

Population structure analyses were conducted separately on both putatively neutral and outlier SNP datasets.
First, the overall Wright’s F-statistics (FET Fp F IS) were calculated, as well as the pairwise Fg, between the 23
localities, using the R package hierfstat®. Heatmaps of the pairwise F,. results were created using the R package
heatmaply 1.5.0%,

We assessed the genomic variation within and between groups using 20,000 permutation-based Molecular
Analyses of Variance (“locus-by-locus” AMOVA), performed with Arlequin 3.5.2.2%. Agglomerative analysis
was conducted using Nei’s genetic distance’® and the Neighbor-Joining (NJ) clustering method. For this, we
used the R package poppr®. Dendrograms were generated with confidence intervals based on 1,000 bootstrap
replications.

To investigate the patterns of genomic structure, we used two methods: Discriminant Analysis of Principal
Components (DAPC) and the sparse non-negative matrix factorization (SNMF). DAPC analyses were performed
using the R package adegenet®®. We applied DAPC with the K-means clustering to identify the optimal number
of genomic groups (K), increasing K in successive runs. The optimal K was selected based on the Bayesian
Information Criterion (BIC)”!. We then used the a-score function to determine the optimal number of principal
components (PCs) to retain, and generated scatter and bar plots.

The sSNMF method assumes that the genomic population data result from an admixture of K parental
lineages, estimating the ancestry coefficients from multilocus genotypes. We tested values of K from 1 to 23,
corresponding to the 23 sampled localities, using 200,000 iterations and ten repetitions for each K. To visualize
the results of the simulations, we used the cross-entropy criterion. This analysis was performed with the R
package LEA 3.16.072.

Additionally, we assessed the correlation between Cavalli-Sforza and Edwards’ genetic distances and
geographical distances (in km) among localities using the Mantel test’?, implemented in the R package adegenet®.

Data availability

The datasets generated during and/or analysed during the current study are available in the NCBI repository,The
datasets generated during and/or analysed during the current study are available in the NCBI repository, PRJ-
NA1289687. https://www.ncbi.nlm.nih.gov/bioproject/PRINA1289687.
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