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Abstract: The Amazonian shrub Myrciaria dubia (camu-camu) produces vitamin C-rich fruits of
growing commercial interest. However, sustainable utilization requires assessment and protection of
the genetic diversity of the available germplasm. This study aimed to develop and apply microsatellite
markers to assess genetic diversity and construct a core collection of M. dubia germplasm from the
Peruvian Amazon. Sixteen polymorphic microsatellite loci were developed using an enrichment
approach. The evaluation of 336 genotypes from 43 accessions of the germplasm bank, originating
from eight river basins, was conducted using these newly developed markers. Genetic diversity
parameters, including observed and expected heterozygosity, were calculated. Analysis of molecular
variance (AMOVA) was performed to assess the distribution of genetic variation within and among
accessions and river basins. Bayesian clustering analysis was employed to infer population structure.
A core collection was constructed to maximize allelic richness. High genetic diversity was observed,
with heterozygosity values ranging from 0.468 to 0.644 (observed) and 0.684 to 0.817 (expected) at
the river basin level. AMOVA indicated significant genetic variation within (73-86%) compared
to among (14-27%) accessions and river basins. Bayesian clustering detected ten genetic clusters,
with several degrees of admixture among river basins, except for the genetically homogeneous
Putumayo River basin. A core collection comprising 84 plant genotypes (25% of the full collection)
was established, representing 90.82% of the overall allelic diversity. These results have important
implications for M. dubia conservation strategies and breeding programs, in demonstrating a need for
genetic connectivity between populations but preserving unique genetic resources in isolated basins.
These results validate the expected levels of diversity and population subdivision in a crop and stress

Forests 2024, 15, 1873. https:/ /doi.org/10.3390/£15111873

https://www.mdpi.com/journal/forests


https://doi.org/10.3390/f15111873
https://doi.org/10.3390/f15111873
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/forests
https://www.mdpi.com
https://orcid.org/0000-0003-0794-3178
https://orcid.org/0000-0002-6279-450X
https://orcid.org/0000-0002-1199-1191
https://orcid.org/0000-0002-5036-4190
https://orcid.org/0000-0003-4716-0098
https://orcid.org/0000-0002-2935-2830
https://orcid.org/0000-0001-9299-7781
https://orcid.org/0000-0001-7063-0436
https://orcid.org/0000-0001-7711-6288
https://orcid.org/0000-0002-6371-1083
https://doi.org/10.3390/f15111873
https://www.mdpi.com/journal/forests
https://www.mdpi.com/article/10.3390/f15111873?type=check_update&version=1

Forests 2024, 15, 1873

2 0f 22

the need to secure genetically diverse germplasms, underscoring the importance of thorough genetic
characterization for ex situ germplasm management.

Keywords: Amazonian crop; ex situ conservation; core collection; molecular markers; plant genetic
resources; simple sequence repeats

1. Introduction

Myrciaria dubia (Kunth) McVaugh, commonly known as camu-camu, is a shrub native
to the Amazon rainforest [1]. It is a diploid Myrtaceae species, with 2n = 22 chromo-
somes [2]. Its complex reproductive biology includes hermaphrodite flowers and a mainly
allogamous mating system. The latter is ensured by longistyly, a form of heterostyly where
the style is extended beyond the stamen filaments. This is the main morphological feature
that promotes cross-pollination between different plants, carried out almost entirely by
stingless bees, mainly Melipona fuscopilosa Moure & Kerr and Scaptotrigona postica Latreille
& Moure [3,4]. Though allogamy is the primary reproduction mode, self-compatibility is
manifest in this plant to a certain extent. Geitonogamy—pollen transfer from one flower to
another on the same plant—is possible, although less frequent [4]. A mixed mating strategy
like this would combine the benefits of cross-pollination with potential self-fertilization,
therefore helping to contribute to the genetic diversity and adaptability of the M. dubia
populations in their native habitats. Investigations into its genetic structure showed that
there were moderate-to-high levels of genetic diversity within populations, while sig-
nificant differentiation among populations from different river basins in Amazonia was
indicated [5,6].

M. dubia is an underutilized crop that produces one of the richest natural sources of
vitamin C, as its fruits have up to 7355 mg L-ascorbic acid per 100 g of their pulp [7,8]. Be-
yond its exceptionally high vitamin C content, camu-camu fruits are abundant in bioactive
compounds with antioxidant and anti-inflammatory properties, including anthocyanins,
flavonoids, and phenolic acids [9-12]. The growing demand for natural sources of antioxi-
dants and functional foods has sparked interest in domesticating and commercializing this
species [13,14].

While the nutritional and economic potential of M. dubia has driven interest in do-
mestication, long-term conservation and sustainable utilization of this genetic resource
requires securing representative germplasm ex situ. Establishing ex situ field gene banks
and seed banks is an important strategy, but maximizing captured genetic diversity remains
a major challenge [15,16]. Many ex situ collections, however, have been founded based
on comprehensive sampling in the native distribution area of plant species. This can give
a better representation of the gene pool and mitigate genetic erosion in successive gener-
ations [17,18]. Questions relating to these concerns are discussed in several publications
about ex situ conservation and genetic diversity [19-24]. Thus, comprehensive assessments
of genetic diversity in available ex situ germplasms become very critical in optimizing man-
agement practices, identifying unique accessions, and delineating subsets that maximize
diversity for breeding and long-term conservation [15,25]. For M. dubia, however, genetic
diversity assessments within and among ex situ collections have been limited.

Microsatellites, or simple sequence repeats (SSRs) offer a powerful tool for genetic
analysis in plant species. These highly polymorphic codominant molecular markers have
been widely used to assess genetic diversity, population structure, gene flow, and mating
systems [26]. While several studies have successfully developed and applied SSR mark-
ers for assessing the genetic diversity of various Myrtaceae species [27-31], only a few
have been published for M. dubia [5,6], potentially limiting comprehensive germplasm
characterization.

Given the wide geographic distribution of M. dubia across the Amazon basin, we
hypothesize that the ex situ germplasm collection assembled from multiple regions in
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the Peruvian Amazon harbors substantial genetic diversity. However, potential sampling
biases may result in an unrepresentative collection with underrepresented or missing
genotypes. To address this, we aim to develop informative microsatellite markers for robust
quantification of genetic diversity parameters and the creation of a rationally selected core
collection with maximum allelic richness. Such a core collection will be an important
resource for germplasm management, conservation, and breeding of this species.

This study represents the first comprehensive assessment of genetic diversity and
core collection development for M. dubia germplasm from the Peruvian Amazon. Our
objectives were to (1) develop a set of novel polymorphic SSR markers for M. dubia suitable
for characterizing the germplasm bank, (2) evaluate the genetic diversity and population
structure of an ex situ M. dubia germplasm collection assembled from multiple locations
across the Peruvian Amazon, and (3) construct a core collection that maximizes genetic
diversity within this collection to facilitate conservation and breeding efforts.

The results of this study confirmed expected levels of diversity and population struc-
ture, ensuring genetically diverse germplasm accessions and demonstrating the importance
of effective genetic characterization for ex situ germplasm management. This nutritionally
and economically promising Amazonian crop species will also benefit from the newly
developed microsatellite markers and the genetically characterized core collection. These
will be invaluable genomic resources for future research, conservation efforts, and genetic
improvement initiatives.

2. Materials and Methods
2.1. Plant Materials

A total of 336 genotypes of M. dubia were obtained from the ex situ germplasm
bank maintained by the National Institute of Agrarian Innovation (INIA) in Peru. The
germplasm bank, established in 1988 (36 years ago), contains exclusively diploid plants
with a chromosomal count of 2n = 22. These genotypes represent 43 accessions originating
from eight major river basins (Nanay, Itaya, Napo, Ucayali, Putumayo, Curaray, Tigre, and
Amazonas) across the Loreto region of the Peruvian Amazon (Figure 1, Table 51). Young
leaf samples were collected from each plant genotype and immediately transported to
the laboratory facilities at the Natural Resources Research Center of UNAP (CIRNA) in
containers with dry ice to preserve the tissue integrity. Leaf samples were stored at —20 °C
until further processing.

2.2. DNA Isolation and Analysis

Genomic DNA was isolated from young leaf tissues following a cetyltrimethylammo-
nium bromide (CTAB) extraction protocol with minor modifications [32]. Approximately
100 mg of fresh leaf material was ground to a fine powder in liquid nitrogen using a
pre-chilled mortar and pestle. The powdered tissue was then incubated in pre-warmed
CTAB extraction buffer supplemented with 2% {3-mercaptoethanol at 65 °C for 60 min with
intermittent mixing. Cell debris was removed by centrifugation, and the supernatant was
extracted with a chloroform:isoamyl alcohol solution (24:1). Nucleic acids were precipitated
from the aqueous phase by adding ice-cold isopropanol and centrifugation. The resulting
DNA pellet was washed twice with 70% ethanol, air-dried briefly, and resuspended in
1X TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0) for long-term storage. The integrity
and purity of the extracted DNA were evaluated using a combination of agarose gel elec-
trophoresis and UV-Vis spectrophotometry. Agarose gel electrophoresis was performed
by loading an aliquot of each DNA sample onto a 0.8% agarose gel containing 0.5 ug/mL
ethidium bromide [33]. After electrophoresis in 1X TBE buffer, the gels were visualized
under UV illumination to assess DNA integrity based on the presence of a prominent
high-molecular-weight band without significant smearing or degradation. DNA purity
was determined by measuring the absorbance ratios at 260/280 and 260/230 nm using a
NanoDrop 2000c UV-Vis spectrophotometer (Thermo Fisher Scientific, Inc., Pittsburgh, PA,
USA). Only DNA samples exhibiting an A260/280 ratio between 1.8-2.0 and an A260/230
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ratio greater than 1.8, indicative of high purity with minimal protein/polysaccharide
contamination, were considered suitable for downstream applications and selected for
microsatellite genotyping.

600400

600400 720400 840400

Figure 1. Geographical locations of the eight river basins in the Peruvian Amazon where INIA
germplasm bank accessions of M. dubia were collected from wild populations. Each river basin is
represented by a different color, with the Cuaray River basin in orange, the Tigre River basin in gray,
the Itaya River basin in purple, the Nanay River basin in yellow, the Napo River basin in turquoise,
the Amazonas River basin in red, the Putumayo River basin in blue, and the Ucayali River basin in
green. The circles with numbers correspond to the accession numbers for the samples collected from
those sites.

2.3. Isolation of Microsatellite DNA Loci and Analysis

SSR markers were isolated from the genomic DNA of a single M. dubia individual
following a described enrichment protocol [34] that resulted in the identification of 16 poly-
morphic SSR markers that were used in this genetic diversity assessment study. Detailed
information on these 16 SSR markers, including their GenBank accession numbers, primer
sequences, annealing temperatures (Tm), repeat motif sequences, size ranges, number of
alleles, and polymorphic information content (PIC) values, is provided in Supplementary
Table S2.

Plants were genotyped following Schuelke [35] with all forward primers tagged with
M13-tails (5-TGTAAAACGACGGCCAGT-3) to incorporate fluorescently labeled M13
primers. Reverse primers were developed with a “pigtail” (5’-GTGTCTT-3") on the 5" end
to facilitate the addition of an adenine to all PCR products. SSR markers were amplified
individually in 10 pL reactions with the following final concentrations: ~25 ng of genomic
DNA, 1 U Taq DNA polymerase, 1x PCR buffer (10 mM Tris-HCL, 50 mM KCL), 0.5 mM
dNTPs, 2.0-2.5 mM MgCl,, 1x BSA, 0.16 uM fluorescently labeled M13 primer (VIC, PET,
NED, or 6-FAM), 0.04 uM forward primer, and 0.16 uM reverse primer. The thermal profile
for all PCRs consisted of an initial denaturation step at 94 °C for 4 min, followed by 30 cycles
at94 °Cfor 15 s, 62 °C for 15 s, 72 °C for 45 s, followed by 8 cycles at 94 °C for 15 s, 53 °C
for 15s, 72 °C for 45 s, and a final extension step for 10 min at 72 °C. PCR reactions (1 pL)
were combined with 8 uL. formamide and 1 pL of a custom standard [36] and run on an
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ABI 3730x]1 DNA analyzer (Applied Biosystems, Foster City, CA, USA) at the Pritzker DNA
Laboratory for Molecular Systematics and Evolution (Field Museum, Chicago, IL, USA).
Alleles were visualized and called using the microsatellite plugin v1.4.7 in Geneious Prime
v2024.0.5 [37].

2.4. Data Analysis
2.4.1. Analysis of the Genetic Diversity and Population Structure

Standard genetic diversity parameters, including the number of alleles (Na), the
effective number of alleles (Ne), Shannon’s information index (I), observed heterozygosity
(Ho), expected heterozygosity (He), and Wright’s fixation index (Fs), were calculated
using GenAlEx v6.5 [38]. Analysis of molecular variance (AMOVA) was implemented
in GenAlEXx to partition genetic variability within and among populations [39]. Pairwise
genetic differentiation (Fst) and gene flow (Nm) among river basins were estimated using
GenAIlEx. Nm values among river basins were determined based on the equation [40,41]:

Nm = 0251 —551) (1)
Fst

Clustering based on Bayesian analysis was performed using the number of clusters
(K), in the “find.cluster” function of the R package adegenet v1.3.1 [42,43], which does not
take Hardy-Weinberg equilibrium into account. The basic algorithm and extensions to the
method were previously described [44—47]. Twenty independent runs were performed for
each K value ranging from 1 to 34, with a burn-in of 100,000 iterations and 500,000 Markov
Chain Monte Carlo repetitions [44—47]. The best value of K is the first break in the curve
that corresponds to the lowest value of the Bayesian Information Criterion (BIC) [48].

The number of genetic clusters was further corroborated using discriminant analysis
of principal components (DAPC), an effective method for visualizing population structure
that enables us to ascertain the most influential factors contributing to variation among the
populations under investigation. To accomplish this, the R package adegenet v1.3.1 [42,43]
was used, which comprised 200 principal components and a priori grouping of the number
of river basins.

To visualize the genetic relationships among populations of river basins, a neighbor-
joining tree based on Nei’s genetic distances [49,50] was constructed. A distance matrix
was first generated using the R package StAMPP v1.6.3 [51] and a tree was built with
1000 bootstrap replicates using the R package Poppr v2.9.6 [52,53].

2.4.2. Construction of the Core Collection

To capture the maximum allelic diversity in a representative core collection, Core-
Hunter3 v3.2.2 [54] was used to select a core subset of 84 genotypes (25% of the full
collection) based on a maximization strategy using Modified Rogers distance [55]. Allelic
richness was calculated for the full collection and the core subset using the R package
hierfstat v0.5-11 [56] to evaluate allelic representation in the core collection.

All statistical analyses were performed using R v4.4.0 [57]. Figures were generated (see
scripts in https:/ /github.com/FranciscoAscue/diversity-core-collection-myrciaria-dubia)
using R packages ggplot2 v3.3.6 [58,59], pheatmap v1.0.12 [60], and SRplot [61].

3. Results
3.1. Genetic Diversity Parameters

The M. dubia germplasm bank, consisting of 43 accessions obtained from eight river
basins (Amazonas, Curaray, Itaya, Nanay, Napo, Putumayo, Tigre, and Ucayali) in the
Peruvian Amazon, revealed substantial variation in genetic parameters, indicating a rich
and complex genetic structure within this species. In total, 336 genotypes were examined
using 16 polymorphic SSR markers. All SSR markers were polymorphic, with the number of
alleles per locus ranging from 10 to 28, resulting in 313 alleles. The polymorphic information
content ranged from 0.66 to 0.94 (Figure 2, Table S2).


https://github.com/FranciscoAscue/diversity-core-collection-myrciaria-dubia

Forests 2024, 15, 1873

6 of 22

Microsatellite locus

Mdu_022
Mdu_023
Mdu_036
Mdu_049
Mdu_083
Mdu_100
Mdu_101
Mdu_118
Mdu_119
Mdu_172
Mdu_195
Mdu_198
Mdu_200
Mdu_214
Mdu_265
Mdu_294

200 300 400
Allele size (bp)

Figure 2. Allele size distribution of sixteen polymorphic SSR markers used for assessing genetic
diversity and constructing the core collection of the M. dubia germplasm bank from the Peruvian
Amazon. Each color represents the size variation and relative abundance of a specific SSR marker.

At the accession level (Table S3), the Na varied from 1.875 to 6.688, with an average of
5.438 £ 1.140, while the Ne ranged from 1.395 to 4.721, with an average of 3.899 + 0.813.
Shannon’s diversity index, which measures allelic richness and evenness, ranged from
0.397 to 1.623, with an average of 1.381 £ 0.287. The Ho ranged from 0.104 to 0.854, with
an average of 0.604 &+ 0.152, whereas the He varied from 0.236 to 0.760, with an average of
0.675 £ 0.119. The degree of inbreeding, as measured by the Fjs, ranged from —0.259 to
0.511, with an average of 0.103 £ 0.177.

At the river basin level (Table 1), the Na per locus was 10.180 & 1.849, with Nanay
containing the highest (12.438) and Putumayo the lowest (6.813) number of alleles. The
Ne ranged from 3.834 (Tigre) to 6.303 (Napo), with an average of 5.395 £ 0.947. Shannon’s
diversity index averaged 1.800 &= 0.203. The highest Shannon’s diversity value was observed
in Napo (2.006), whereas the lowest was noted in Putumayo (1.489). Ho showed an average
of 0.551 £ 0.06; Amazonas presented the highest value, with 0.644, while Nanay had the
lowest, with 0.468. The He was, in general, higher, averaging 0.757 £ 0.059, with Napo
recording the maximum value of 0.817 and Tigre the minimum of 0.672. The Fjs averaged
0.276 £ 0.077, with values ranging from 0.160 in Putumayo to 0.371 in Itaya, showing a
trend toward deficiency of heterozygotes in all populations. These results taken together
show considerable genetic diversity within the M. dubia germplasm bank in the Peruvian
Amazon, evidencing remarkable variation among river basins.

An evaluation of the exclusive genetic characteristics across the eight river basins
revealed substantial differences in the prevalence of unique genetic variations within the
germplasm bank of M. dubia. A total of 237 private alleles were identified across the river
basins (Figure S2). Although it had the fewest number of individuals (19), the content of
the Putumayo River basin was very high, comprising 91 private alleles. Not far behind was
the Tigre River basin, with 70, which indicated a significant pool of diversity. The third
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position was occupied by the Nanay River basin, with 31 private alleles, followed by the
Curaray and Amazonas River basins, with 17 and 15 unique alleles, respectively. In sharp
contrast, only 13 private alleles were found in the Itaya, Napo, and Ucayali River basins,
indicating a general lack of regional genetic uniqueness among those populations.

Table 1. Assessment of genetic diversity parameters at the river basin level for M. dubia germplasm
bank from the Peruvian Amazon using sixteen SSR markers.

Genetic Diversity Parameters

River Basin N
Na Ne I Ho He Fig

Amazonas 50 11.375 6.154 1.939 0.644 0.797 0.191
Curaray 32 11.063 6.294 1.992 0.556 0.809 0.313
Itaya 53 10.625 5.847 1.910 0.507 0.803 0.371
Nanay 91 12.438 5.247 1.779 0.468 0.717 0.356
Napo 37 11313 6.303 2.006 0.638 0.817 0.225
Putumayo 19 6.813 4219 1.489 0.580 0.684 0.160
Tigre 24 8.375 3.834 1.520 0.473 0.672 0.306
Ucayali 30 9.438 5.262 1.765 0.546 0.754 0.284
Average/Total 336 10.180 5.395 1.800 0.551 0.757 0.276
gg;jflgi - 1.849 0.947 0.203 0.068 0.059 0.077

Note: N, number of genotyped individuals, Na, number of alleles; Ne, number of effective alleles; I, Shannon’s
diversity index; Ho, observed heterozygosity; He, expected heterozygosity; Fs, fixation index.

3.2. Analysis of Molecular Variance (AMOVA)

AMOVA showed very useful information for the distribution of genetic variation
within the M. dubia germplasm bank (Table 2). At the accession level, it was observed that
there was a greater degree of genetic variation within accessions than among accessions. In
particular, 73% of the total genetic variance was attributed to within-accession variation,
while 27% was attributed to among-accession variation. The estimated variance of within-
accession components was high (13.821), as opposed to the estimated variance of among-
accession components (5.200).

Table 2. Genetic variation among and within accessions and river basins of M. dubia germplasm bank
from the Peruvian Amazon based on sixteen SSR markers and determined with AMOVA.

Source df SS MS Est. Var. %
At Accession Level
Among 40 2284679 54.397 5.200 27
accessions
Within 293 4049.461 13.821 13.821 73
accessions
Total 335 6334.140 19.020 100
At River Basin Level
Among river 7 904.018 129.145 2.785 14
basins
Within river 328 5430.121 16.555 16.555 86
basins
Total 335 6334.140 19.341 100

Abbreviations: df, degrees of freedom; SS, sum of squares; MS, mean of the squares; Est. Var., estimated variance
of components; %, percentage of total variance contributed by each component.
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Upon examining the genetic variance within the river basin, a more pronounced
pattern was detected. Out of the total genetic variation, 86% was found within river
basins, while just 14% occurred among different river basins. These findings suggest that
M. dubia populations from various river basins in the Peruvian Amazon have significant
genetic similarities. The estimated variation of components within river basins was much
greater, at 16.555, compared to the variation among river basins, which was 2.785. This
observation provides evidence for the hypothesis that local populations maintain a high
level of genetic variation.

3.3. Analysis of Genetic Differentiation and Gene Flow among River Basins

Figure 3 shows the results for Fst among the plants of the M. dubia germplasm
bank derived from eight different river basins: Amazonas, Curaray, Itaya, Nanay, Napo,
Putumayo, Tigre, and Ucayali. The pairwise Fsr values ranged from 0.018 to 0.166, thus
showing different degrees of genetic differentiation among the river basins. The highest
Fsr value was observed between Putumayo and Tigre, with an Fgr = 0.166. This would
indicate very strong genetic differentiation between the two populations. Other high Fst
values were observed between Putumayo and Nanay, with an Fsr = 0.154; Putumayo
and Ucayali, with an Fg = 0.141; and Putumayo and Amazonas, with an Fsr = 0.130. In
contrast, relatively low Fsr values were observed between Amazonas and the other river
basins, ranging from 0.023 to 0.046. Likewise, for the Ucayali River basin, there were low
Fsr values of 0.018 with Nanay, 0.023 with Amazonas, 0.037 with Itaya, and 0.042 with
Napo, indicating closer genetic similarity among these populations. The overall Fsr values
showed high genetic differentiation among the river basins; Putumayo and Tigre represent
the largest differentiation in relation to other river basins.

The gene flow (Nm), measured as the number of migrants per generation between
individuals of the same river basins, was estimated (Figure 3). The higher the value of Nm,
the more intense the gene flow between populations, opposing genetic differentiation. The
values of Nm ranged from 1.26 to 13.62 in this study, indicating a moderate gene flow among
river basins. Itaya and Ucayali had the highest gene flow, with Nm = 13.62, indicating that
there had been a high degree of genetic exchange between these two populations. Other
high values of Nm were between Amazonas and Ucayali, with an Nm of 10.71; between
Nanay and Amazonas, with an Nm of 9.47; and between Itaya and Amazonas, with an
Nm of 8.97. In contrast, the river basins of Putumayo presented low values of Nm against
all others. The lowest value was noticed between Putumayo and Tigre, where Nm = 1.26,
pointing to a very low rate of gene flow between these populations. In the same way, low
Nm values were recorded between Putumayo and Nanay, Putumayo and Ucayali, and
Putumayo and Amazonas, with values of 1.37, 1.53, and 1.67, respectively. In general, the
Nm values indicated that, in fact, there is fairly high gene flow between several river basins,
mostly between Amazonas, Itaya, Nanay, and Ucayali, responsible for keeping genetic
connectivity. However, low gene flow detected among Putumayo and with other river
basins, particularly Tigre, indicated restricted genetic exchange that adds up to the genetic
differentiation observed.

When the relationship between Fst and Nm among the river basins was analyzed,
an inverse relationship was observed, indicating that as gene flow increased, genetic
differentiation decreased (Figure S1). The equation describing this relationship had a very
high coefficient of determination (R? = 0.9995), suggesting an excellent fit of the model to
the data. This suggests that the transfer of genes between various plant genotypes is crucial
in minimizing the genetic variation among the river basins of M. dubia accessions from the
Peruvian Amazon.
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Figure 3. Pairwise comparisons of Fst and Nm among M. dubia plants from the germplasm bank

derived from eight river basins. (A) Heatmap of pairwise Fsr values among river basins. Higher

Fgsr values indicate greater genetic differentiation among populations. (B) Heatmap of pairwise Nm

values among M. dubia plants from the germplasm bank derived from eight river basins, with higher

Nm values indicating greater gene flow among populations.

3.4. Principal Component Discriminant Analysis (DAPC)

DAPC was conducted based on eight river basins, with 200 principal components
representing 98% of the total variation. The scatterplots of DAPC are shown in Figure 4
and delimit genetic relationships among plant genotypes from different river basins.

The results indicated that the plant genotypes from the Putumayo, Curaray, and
Tigre River basins could be separated from the rest to fall into two distinct main groups.
Figure 3A clearly allows the separation to be seen in this scatter plot, underlining the
different genetic profiles of these river basins. Even if the other remaining plant genotypes
from the other river basins do not have complete differentiation, this already hinted at
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substantial genetic connectivity among the other river basins, particularly the Itaya, Nanay,
Amazonas, Napo, and Ucayali.
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Figure 4. DAPC for plant genotypes of M. dubia from eight river basins of the germplasm bank, based
on sixteen SSR markers. (A) DAPC scatterplot showing genetic differentiation among all eight river
basins, highlighting the distinct separation of Putumayo, Curaray, and Tigre River basins. (B) DAPC
scatterplot excluding the Putumayo River basin genotypes, revealing finer genetic structure among
the remaining seven river basins.

To attain a greater level of resolution among plant genotypes belonging to the remain-
ing river basins, we conducted an additional DAPC with the same parameters, excluding
individuals from the Putumayo River basin (Figure 4B). This analysis revealed more sepa-
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ration of the Tigre, Napo, and Curaray River basins. Although the Itaya, Nanay, Amazonas,
and Ucayali River basins do not fully differentiate from one another, they do exhibit
some distinctiveness, suggesting subtle genetic distinctions despite the overall genetic
connectivity.

3.5. Bayesian Cluster Analysis

Bayesian cluster analysis revealed unique genetic structures and admixture patterns
of the M. dubia accessions across the river basins (Figure 5). There was evidence that K = 10
was the optimal number of genetic clusters since, at this point, the Bayesian Information
Criterion (BIC) had the lowest value; this is indicated by the red dot in Figure 5A. From
K =1 toK =10, the BIC values decreased sharply before increasing again for higher K values.
The pattern suggests that, up to ten clusters, model fit improves appreciably, after which
additional clusters provide diminishing returns or even reduce model explanatory power.

A
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Value of the Bayesian
Information Criterion
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Number of clusters

& 2 & o § &
S

i
e I I A R
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Figure 5. Genetic structure analysis of the M. dubia germplasm bank at the river basin level. (A) A

o
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N
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(=} j=]
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HEN "H B nm
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graph showing the optimal number of genetic clusters (red dot) based on the Bayesian Information
Criterion, (B) A bar plot representing the probability of assignment of individuals to different genetic
clusters across the eight river basins. Each vertical bar represents an individual plant genotype from
the respective river basin, while colors indicate the proportion of their genome from the different
genetic clusters.
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Figure 5B depicts the results, in bar plots, of the posterior probability of the assignment,
for each river basin, of the individual plant genotypes to the ten genetic clusters identified.
The results exhibited a complex genetic structure, with different degrees of admixture
of the analyzed M. dubia germplasm accessions from eight river basins. Germplasm
accessions from the Amazonas, Itaya, Nanay, Napo, and Ucayali River basins showed
some degree of admixture; that is, plant genotypes were assigned to multiple genetic
clusters. Those germplasm accessions derived from the Tigre and Curaray River basins
displayed moderate grades of admixture, mostly being assigned to clusters 5 (gray) and
9 (light brown), respectively. In sharp contrast to this, germplasm accessions from the
Putumayo River basin did not show any admixture, in which all of the plant genotypes
are classified in genetic cluster 5 (light blue). These findings give evidence regarding the
complex genetic structure and variable levels of admixture present in the eight river basins
and their corresponding germplasm accessions of M. dubia.

3.6. Phylogenetic Relationship Among River Basins

Based on Nei’s genetic distances, the neighbor-joining tree provided insights into the
genetic relationships and divergence among germplasm accessions from the eight river
basins in the study area, as depicted in Figure 6. Tree topology revealed two main genetic
clusters that would suggest the existence of distinct evolutionary lineages. One large cluster
comprised the Curaray, Napo, Amazonas, Ucayali, Nanay, and Itaya River basins, thus
indicating their genetical proximity and therefore higher historical gene flow rates among
these river basins. Their close genetic relationships among these six river basins agree
with the high admixture levels observed in these populations. Larger genetic distances of
the second major cluster, including that of the Putumayo and Tigre River basins from all
others, suggest their independent genetic background and reduced admixture. The results
underline the complex genetic structure and heterogeneous genetic connectivity among
plant genotypes of M. dubia in the different river basins.

ay,
Q,
I’Qy
7
. 543 Tree scale
& 0.1

Figure 6. Neighbor-joining phylogenetic tree depicting the genetic relationships among M. dubia
germplasm accessions from eight river basins. The tree was constructed based on Nei’s genetic
distances and was generated with 1000 bootstrap replicates.

3.7. Construction of the Core Collection

The core collection was constructed using a thorough and precise approach through the
use of multipurpose core subset selection tools. These tools utilized local search algorithms
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when generating subsets based on one or more distance and allelic richness metrics derived
from the information given by the sixteen polymorphic SSR markers. This strategy ensured
that the selected core collection would represent the entire germplasm bank and would be
optimum in genetic diversity and allelic richness for the conservation of the general genetic
structure of M. dubia. In the end, a total of 84 representative plant genotypes (25% of the
full collection) were selected to fully cover genetic variation. The core collection was made
up of genotypes from the eight river basins: Amazonas (13.10%), Curaray (10.71%), Itaya
(19.05%), Nanay (25.00%), Napo (13.10%), Putumayo (4.76%), Tigre (5.95%), and Ucayali
(8.33%). This distribution mirrors the proportional representation of each river basin in the
core collection (Figure 7, Table S4).
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Figure 7. Heatmap depicting the allelic richness of a core collection from the M. dubia germplasm
bank in the Peruvian Amazon based on sixteen polymorphic SSR markers.

The allele coverage in the core collection was high, at 90.82%, which in itself is indica-
tive of substantial allelic richness. This allelic richness for the whole sample set and just
the core collection is depicted graphically by the heatmap in Figure 7. A high value for
allele coverage showed that this core collection had managed to pick up most of the genetic
diversity in the larger germplasm bank.

4. Discussion
4.1. Genetic Diversity Parameters

Genetic diversity parameters estimated in the present study for the different river
basins strongly support the need for comprehensive sampling of germplasm to ensure the
conservation of M. dubia throughout the Amazonian region. The moderate-to-high genetic
diversity found in M. dubia (Table 1) is consistent with its wide geographic distribution and
outcrossing behavior. However, the presence of positive fixation indices and deficiencies
of heterozygotes in several river basins may indicate inbreeding within the populations
(Table 1).
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These results are consistent with previous studies on germplasm collections of M. dubia.
Studies on accessions from the Brazilian [5] and Peruvian [6] Amazon exhibited a similar
pattern of heterozygote deficits and high fixation index values. The coherence observed
across these studies suggests a common phenomenon of inbreeding in the populations of
M. dubia. This may be a consequence of genetic drift, restricted gene flow, or population
fragmentation. Some of these factors could generate local adaptation, similar to what has
already been shown in other species, like Eugenia dysenterica DC [62].

The significant number of private alleles, particularly in accessions from the Putumayo,
Tigre, and Nanay River basins (Figure 52), highlights the unique genetic diversity within
these populations, emphasizing the importance of continued maintenance to maximize
allelic richness of germplasm across diverse geographic sources. Such river basins might
represent major reservoirs of distinct genetic diversity for M. dubia and hence may have
to be targeted by focused conservation efforts to safeguard the adaptive potential of this
species. Similar patterns have already been reported for other Amazonian fruit trees, such
as Theobroma grandiflorum (Willd. ex Spreng.) K. Schum [63].

These results imply that targeted conservation strategies will be needed to preserve
genetic diversity and minimize inbreeding in M. dubia populations across the Amazon
basin. Preservation of the dissimilar genetic material found in particular river basins will be
very instrumental to conserve the adaptive potential of this key species for future research
and breeding programs.

4.2. Analysis of Molecular Variance (AMOVA)

AMOVA for the M. dubia germplasm bank identified important patterns of genetic
diversity: more genetic variation within accessions than among accessions, and even
more within river basins than among river basins (Table 2). This implies a reasonable
maintenance of the genetic diversity within the local populations, suggesting that the M.
dubia populations from different Peruvian Amazon basins share a substantial portion of
their genes. These results are similar to previous reports on the genetic diversity of M.
dubia from the Brazilian Amazon region, mostly from the active INPA germplasm bank [5].
Similar patterns have been described for other tropical tree species, such as Bertholletia
excelsa Humb. & Bonpl. [64], Theobroma cacao L. [65], and Euterpe edulis Martius [66], in
which high within-population diversity is attributed to outcrossing mating systems together
with efficient mechanisms of gene flow. It could also be maintained by long-distance gene
flow, possibly via seed dispersal through water or animal vectors, as had been reported for
other Myrtaceae species [67].

Therefore, the genetic variation of M. dubia has some important implications for the
appropriate design of conservation strategies. The high within-accession and within-
river basin diversity suggests that collecting strategies focused on sampling multiple
individuals at fewer locations might capture a large proportion of the species’ genetic
diversity. In fact, this strategy is recommended for other plant species of comparable
genetic structure [16,20,68]. Nevertheless, a non-negligible amount of variation among
accessions (27%) and river basins (14%) exists, indicating that sampling from several
accessions and river basins is necessary for capturing all the existing genetic diversity.
These results highlight the necessity for broad geographic representation in germplasm
collections, as suggested by studies on other Amazonian fruit species [69].

These results enable the inference of genetic structure by a combination of historical
and contemporary processes of population dynamics, gene flow, and local adaptation.
Further studies on these factors, probably using landscape genetics methods [70], may
provide insight into the evolutionary history and contemporary dynamics of M. dubia
populations in the Peruvian Amazon.

Finally, several breeding program implications have been drawn from these results. A
high genetic variation in germplasm banks is essential in breeding strategies to maximize
genetic diversity in many studies across different plant species, including Arabidopsis
thaliana (L.) Heynh. [71], Melia dubia Cav. [72], and other plant species [73]. This probably
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induces heterosis effects [74]; thus, all of these studies underline the importance of genetic
diversity within and among populations. Greater genetic variability due to the use of
diverse germplasm will carry better traits for hybridization with maximum heterosis
effects. It is by exploiting the existing genetic diversity through the inclusion of genetic
material from different populations that breeders can develop superior plant varieties that
possess desired traits, which is evidenced by various promising tropical fruit tree breeding
programs in Latin America [75-77].

4.3. Analysis of Genetic Differentiation and Gene Flow Among River Basins

Pairwise Fst values indicate varying degrees of genetic differentiation among the
river basins (Figure 3). The strongest differentiation detected between Putumayo and the
rest of the basins may indicate that this population has been relatively isolated or has
undergone different selective pressures. Similar patterns of population differentiation have
been reported in other Amazonian tree species, such as Swietenia macrophylla King, where
genetic differentiation values were positively and significantly correlated to geographical
distance under the isolation-by-distance model [78]. Higher Fsr values were reported for
non-woody tropical plants that have mixed-mating systems and are pollinated by small
insects [79]. Of the ecological factors tested, the latitudinal region explained the largest
portion of variance, followed by the mode of pollination, mating system, and growth form,
while the mode of seed dispersal did not significantly relate to genetic differentiation [80].

The gene flow patterns among river basins revealed a complex landscape of genetic
connectivity and isolation. The high levels of gene flow observed between the Ucayali and
the Nanay and Amazonas River basins, and between the Amazonas and the Napo, Nanay
and Itaya River basins (Figure 3), suggest extensive historical gene exchange. This could be
facilitated by interconnected river networks, animal- or human-mediated dispersal, and
other ecological factors [79]. In contrast, the low-to-moderate gene flow estimates between
some river basin pairs, such as Putumayo-Tigre and Putumayo-Nanay, may be explained
by geographic barriers or poor dispersal mechanisms that could have caused stronger
genetic isolation.

The inverse relationship between Fs1 and Nm is a common pattern in plant population
genetics, supporting the view that as gene flow increases, so genetic differentiation between
populations decreases [80-82]. In the case of M. dubia, the high coefficient of determination
(R? =0.9995) emphasizes the fact that gene flow plays an essential role in the formation of
genetic structure among these populations. Such a high correlation suggests that gene flow
is homogenizing populations, reducing genetic differentiation by allowing the exchange
of alleles across populations. Consequently, maintaining landscape connectivity becomes
paramount for the long-term genetic health and viability of M. dubia. Connectivity enables
gene flow, which preserves genetic diversity, enhances adaptive potential, and minimizes
risks related to inbreeding and genetic drift. The result concurs with wider conservation
principles in emphasizing that fragmented habitats and disrupted dispersal pathways
mean populations become isolated, with reduced genetic variability and hence reduced
resilience. This implies that maintaining habitats and ecological pathways is a prerequisite
for sustaining stable and genetically diverse populations of M. dubia and related species.

4.4. Principal Component Discriminant Analysis (DAPC)

The DAPC results also revealed a complex genetic structure complexity in the M.
dubia germplasm bank (Figure 4). In fact, the major clusters from the Putumayo, Curaray,
and Tigre River basins were clearly separated from the remaining populations, indicating
that they have particular genetic profiles that could be a consequence of isolation or
adaptation to special environmental conditions. Geographically isolated populations of
other Amazonian tree species such as Bertholletia excelsa Humb. & Bonpl. [83], evidenced
similar genetic distinctiveness.

The weak structuring among the other basins (Itaya, Nanay, Amazonas, Napo, and
Ucayali) is a signal of relatively high genetic connectivity among these populations. For
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this species, the pattern of admixture observed suggests that mechanisms offering gene
flow, like winds, water dispersion, or even animal-mediated pollination and seed dispersal,
would be effective over long-distance genetic material exchange. This is therefore one of
the most important factors for the maintenance of genetic diversity and the attainment of
maximum adaptive potential in populations faced with environmental changes. Similar
patterns of admixture were described for other broadly distributed Amazonian trees, such
as Ceiba pentandra (L.) Gaertn, where high levels of gene flow were attributed to its broad
distribution and effective pollination mechanisms [84]. This kind of dynamics has to be
understood in conservation efforts because it underlines the need for the conservation of
natural habitats and processes that allow gene flow. On the other hand, these guarantee a
long-term viability of genetic diversity in such populations.

4.5. Bayesian Cluster Analysis

The Bayesian cluster analysis returning ten genetic clusters underlines the complex
genetic structure of M. dubia within the studied river basins (Figure 5). The high admixture
levels recorded in most populations, especially in Amazonas, Itaya, Nanay, Napo, and
Ucayali, suggest historical and contemporary gene flow between these river basins. This
pattern of admixture is similar to what has been described for other broadly distributed tree
species in the Amazon, such as Jacaranda copaia (Aubl.) D. Don, where gene flow maintains
genetic connectivity across large geographic areas [85]. Also, Zhang et al. [65], applying the
Bayesian clustering method to a collection of Theobroma cacao, found an appreciable genetic
structure conditioned by the river systems in the Peruvian Amazon.

That genetic homogeneity, observed in this particular case, in the Putumayo River
basin, is striking and possibly unique in its mechanisms. On the one hand, this homo-
geneity would represent a founder effect where a new population was established by a
few individuals with limited genetic variation. Otherwise, it could also be the result of
a recent population bottleneck—some environmental event or human activity reduced
population size and lost genetic diversity. It is in this region of Putumayo that strong
adaptation to local conditions can explain the genetic uniformity observed. Distinct genetic
clusters, which serve as relevant conservation units, have already been described for other
Amazonian species. For example, in studies on Theobroma cacao, these genetically distinct
populations have proved to possess some very useful traits valuable for conservation and
breeding purposes [86]. Nevertheless, their preservation depends on their understanding
and preservation of the integrity of the general genetic diversity and resilience of species in
the Amazon basin.

4.6. Phylogenetic Relationship Among River Basins

The neighbor-joining tree, based on Nei’s genetic distances, contains two principal
genetic clusters that give clues about the evolutionary history of M. dubia from the Peruvian
Amazon. A high degree of relatedness to genes among the Curaray, Napo, Amazonas,
Ucayali, Nanay, and Itaya River basins suggests a common evolutionary history that may
have been driven by historical and present-day gene flow. This may indicate similar
selective pressures and continuing gene flow between these populations, which helps in
the retention of overall genetic diversity, and hence, adaptability, of these river basins.

In sharp contrast, the clustering of the Putumayo and Tigre River basins suggests
an independent evolutionary history. This could have resulted from geographic barriers,
environmental gradients, or historic isolation, reducing gene flow and enhancing genetic
differentiation. These results imply that the Putumayo and Tigre River basins are rich in
privately held alleles and adaptations; therefore, they become very important targets for
conservation. Such phylogenetic analyses will be important for unraveling the evolutionary
history and the genetic structure of M. dubia in formulating effective conservation strategies.
This ensures that both the genetic diversity within the interconnected populations and the
unique genetic resources found in isolated populations are conserved.
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The pattern of genetic relationships among populations from eight river basins in
M. dubia aligns closely with other phylogeographic studies of Amazonian tree species.
For example, in Theobroma cacao, the river systems clearly show a strong imprint on their
current genetic structure [86]. The observed genetic structure in M. dubia likely results from
an interplay of historical processes, including past climatic changes and geological events,
combined with more recent anthropogenic influences.

4.7. Construction of the Core Collection

This is an important dimension for the conservation and utilization of M. dubia genetic
resources: a core collection was built, representing 90.82% of the allelic diversity present
in the entire germplasm bank (Figure 7, Table S54). At such a high level of allele capturing,
the core collection represents the genetic diversity of the species, whereas the number of
accessions to be maintained is greatly reduced. It offers an effective method of management
and conservation and helps to ensure that important genetic variations are conserved with
minimal input.

The methodologies that had been adapted for the construction of core collection using
multipurpose core subset selection tools and local search algorithms had prior antecedents
already applied with success in other crop species such as Cunninghamia lanceolata (Lamb.)
Hook [87], Ginkgo biloba L. [88], Larix decidua Mill [89], Phoebe zhennan S. Lee [90], and
Pinus koraiensis Siebold & Zucc. [91]. Such strategies maximize the capture of genetic
diversity as part of the core collection, enhancing its representativeness and utility. The
genotypes were distributed proportionally to the source river basin origin; the M. dubia
core collection was, therefore, suitable for further breeding programs and genetic studies,
allowing targeted research and development efforts to work on the discovery of beneficial
traits and improvement of cultivars.

The establishment of such a core collection is therefore of great significance for an
underutilized species like M. dubia, as it offers an avenue for efficient characterization,
evaluation, and utilization of genetic resources. Core collections have contributed to the
genetic enhancement of tropical crops including cassava, strawberry, and cacao. Optimiza-
tion procedures based on genetic distances and phenotypic and genotypic data have kept
significant genetic diversity in cassava core collections, and, as such, are useful for breeding
programs and genomic investigations [92]. In strawberries, the integration of genomic
and pedigree information in a core collection captured the maximum genetic variation
in a small subset of genotypes for its future-proofing and facilitating haplotype reference
panel development to be used for genotyping [93]. Finally, in cacao, the construction of the
core collection was performed using 15 microsatellite loci by researchers who performed
it with five different sampling algorithms [94]. As these data showed, the role of core
collections is actually important in the genetic improvement of tropical plants. The well-
curated and diversified genetic foundation of the M. dubia core collection will help in the
selection of superior genotypes useful for cultivation and study, in species conservation
and development.

5. Conclusions

The new microsatellite markers developed in this study enabled the quantification
of genetic parameters, revealing high diversity among the accessions and river basins.
Our analysis demonstrated the need for conserving diversity at several scales due to the
significant genetic differentiation among accessions and river basins.

The complicated patterns of gene flow and genetic structure among river basins reflect
the interplay of geographic, dispersal, and evolutionary processes in the formation of
genetic diversity of M. dubia in the Amazonian landscape. Basins with a higher level of
admixture and connectivity, like Amazonas, Curaray, Nanay, and Ucayali, most likely
underwent historical gene exchange events that should be driven by the interconnection of
river systems, and animal- or human-mediated dispersals. Other basins, such as Putumayo
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and Tigre, appear to have been relatively more genetically isolated, perhaps because of
geographical barriers or reduced effective levels of dispersal.

In the constructed core collection, the robust coverage of alleles and proportional basin
representation will ensure that the total genetic diversity present in this larger germplasm
bank is preserved. This approach to core collection development, with its emphasis on
maximum allelic richness, provides a valuable resource for future germplasm management,
conservation, and breeding efforts for M. dubia.
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Amazon; Table S1: Comprehensive dataset of M. dubia germplasm bank from the Peruvian Amazon,
including codes, river basin data, collection site, geographical information, and profiles of the
sixteen microsatellite loci; Table S2: Information of the sixteen polymorphic microsatellite loci
used for assessment the genetic diversity parameters and construction of the core collection of
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