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Abstract

Coffea canephora is economically and socially important for small-scale agriculture in North-
ern Brazil. To identify genotypes adapted to Amazonian edaphoclimatic conditions, clones
of the species have been evaluated across multiple locations in Amazonas. Introducing
genetically selected materials into comparable environments may promote consistent pro-
ductivity gains in the short and medium term. In this context, the aim of this study was to
assess the genetic diversity of different C. canephora genotypes using microsatellite markers,
which will support the development of superior genotypes adapted to Amazon conditions.
A total of 43 C. canephora genotypes were analyzed. Leaves were collected for genomic
DNA extraction and were standardized and amplified by PCR using microsatellite primers.
Genotyping was performed via capillary electrophoresis, allowing for the determination
of allele sizes. Genetic structure was inferred, and genetic diversity parameters were
estimated. The average observed heterozygosity (Hp = 0.64) exceeded the expected het-
erozygosity (Hg = 0.53), and the average inbreeding coefficient (f = —0.19) indicated an
excess of heterozygotes. The results revealed high genetic variability among the evaluated
genotypes. These findings highlight the broad genetic diversity of C. canephora, reinforcing
its potential as a genetic basis for selection and the development of cultivars adapted to the
environmental conditions of the Amazon.

Keywords: molecular markers; heterozygosity; germplasm bank; genetic structure

1. Introduction

Coffee plays an essential role in the global scenario and influences cultural, economic,
and social aspects. It is estimated that roughly 3 billion cups are consumed daily, gener-
ating approximately US$200 billion per year and providing employment for 125 million
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people [1,2]. The genus Coffea is diverse and comprises 130 different species; however, only
two are considered commercially important [3,4], which together account for 99% of world
production [5]. Coffea arabica L. (Arabica coffee) dominates the market and represents 56%
of production, while Coffea canephora Pierre ex Froehner A. (Robusta/Conilon) corresponds
to the remaining 44% [6,7].

Brazil is the world’s largest coffee producer and, in 2024, exported 54.2 million 60 kg
bags. Of this total, C. canephora represented 26.94%, while C. arabica accounted for 73.06%.
The country occupies the second position in global C. canephora production and stands out
as the largest producer and the second largest consumer of coffee worldwide. The country
has consolidated its leadership in the sector, with investment in the cultivation of the two
most relevant species, C. arabica and C. canephora. Thus, the Brazilian market share was
boosted, reinforcing the status of C. canephora as the second most traded coffee species in
the world [8,9].

In relation to C. arabica, which has higher commercial value, C. canephora is a species
with economic and social relevance in the northern region of Brazil, and it stands out for
having rusticity, greater resistance to adverse climatic conditions and pests and diseases,
lower sensitivity to the more stable productivity, and greater genetic variability. Thus,
robusta/conilon is gaining prominence as a sustainable alternative to coffee [2,8,10].

Widely adopted by small farmers in family and labor-intensive production systems,
the cultivation of C. canephora, in addition to generating income for these producers, stands
out as a viable alternative to recover degraded areas in the Amazon, contributing to re-
ducing pressure on the forest and boosting regional agribusiness [11]. The increase in
productivity improvement results from the adoption of clonal varieties adapted to the
region, together with management practices, including dense planting, pruning, fertiliza-
tion, and irrigation. These innovations increased production by 37.11%, from 758,797 tons
in 2012 to 1,040,401 tons in 2023 [12]. In 2023, the main producing states were Espirito
Santo (61.66%), Rondénia (21.59%), and Bahia (13.24%), followed by Minas Gerais, Mato
Grosso, Acre, Amazonas, Pard, and Sao Paulo. The average annual net profit per hectare
was R$27,664.90, with an average productivity of 2.56 tons per hectare/year in established
crops [12].

The species C. canephora was introduced in Brazil in 1912, in the state of Espirito
Santo; from the 1980s, the state consolidated itself as a reference, driven by improvement
programs of Incaper and Embrapa [13]. Subsequently, Embrapa Rondénia, in collaboration
with farmers of the state, worked on the selection of genotypes adapted to the conditions of
the Western Amazon and, in 2016, in partnership with the Federal University of Amazonas
(UFAM), evaluated clones of C. canephora in Manaus, Silves, and Itacoatiara to identify
superior genetic materials for adaptation in these regions of the Amazon [14].

The clonal genotypes resulting from the genetic improvement program of Embrapa
originate from controlled hybridization between plants of the groups ‘Conilon” and ‘Ro-
busta’, in a process that began in 2004 in the experimental field of Embrapa Rondoénia.
These genotypes represent an advance over the variety Conilon—BRS Ouro Preto for being
an intraspecific hybrid that presents high vegetative vigor, high productivity, and tolerance
to the main coffee diseases, such as orange rust and cercosporiosis [15].

Understanding and utilizing genetic diversity in existing breeding program genotypes
is essential for sustaining hybridization-based breeding programs involving the use of
genotypes and for supporting the recommendation of clones for planting [16]. The breeder
needs to know the available germplasm in terms of genetic divergence because when
combined with the knowledge of the behavior of the parents alone, it can result in a greater
heterotic effect. In addition, genetic distance measurements have been useful in germplasm
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conservation, in establishing relationships between genetic and geographic diversity, and
in avoiding the genetic vulnerability of crops [17].

Co-dominant molecular markers, such as microsatellites or Sequence Simple Repeat
(SSR), are a fast and effective tool in the analysis of genetic variations in the study of several
plant species [18]. These allow us to obtain the degree of polymorphisms in one or more
populations, answering important questions in population genetics studies [19]. In genetic
conservation, it is possible to obtain estimates of genetic variation, population structure,
gene flow, demographic history, and hybridization events [20,21]. These markers also
assist in the identification of accessions in germplasm conservation units or to investigate
genetic processes, drift occurrence, and variety protection [21,22]. This is because the
genomes of eukaryotes contain complex and simple repetitive sequences that can be used
as DNA markers, which occur at high frequencies and are arbitrarily better distributed,
leading to polymorphic genetic loci [23]. The SSRs have been widely used in studies
of the structure and genetic diversity of different species native to the Amazon, such as
Astrocaryum aculeatum [24], Bixa orellana var. urucurana [25], and Euterpe precatoria [26].

After noting the importance of C. canephora, it becomes essential to understand the
structure and genetic diversity of the new genotypes of this species in comparison to hybrid
cultivars, aiming to advance their improvement. Given this need, the present study aimed
to characterize the new genotypes of C. canephora Pierre ex Froehner, as well as hybrid
cultivars belonging to the germplasm Bank of Embrapa Rondoénia, based on the analysis of
genetic structure and diversity. For this, specific and transferred SSR markers were used,
which made it possible to estimate genetic diversity parameters and identify groups of
divergence among the 43 evaluated genotypes.

2. Materials and Methods
2.1. Plant Material and Collection

Forty-three C. canephora genotypes from Embrapa’s Rondénia genetic improvement
program were evaluated and made available for this study. The genotypes analyzed in the
following order were: BRS1216, BRS2299, BRS2314, BRS2336, BRS2357, BRS3137, BRS3193,
BRS3210, BRS3213, BRS3220, BRS0012, BRS056, BRS061, BRS073, BRS088, BRS089, BRS120,
BRS125, BRS130, BRS155, BRS160, BRS184, BRS189, BRS199, BRS203, RL1PL01, RL1PL12,
RL2PLO1, RL2PL12, RL3PL01, RL3PL12, RL4PL01, RL4PL12, BI101, BI102, BI103, BI104,
BI105, BI106, BI107, BI108, BI109, and BI201. The first 11 genotypes are the new hybrid
cultivars called Amazonian Robustas, with BRS0012 not yet released as a cultivar [14]. The
following 14 are genotypes called Conilon—BRS Ouro Preto, with their different clones [14].
The next eight genotypes are materials that have been phenotypically cataloged as Robustas.
The final 10 genotypes are Conilon plants, originating from the state of Espirito Santo, RN,
which were accessed by Embrapa’s Rondénia genetic improvement program.

From each genotype, at least two new healthy leaves were collected. The foliar samples
were individually packed in zip-lock plastic bags, previously identified, containing silica gel
for dehydration. Subsequently, the samples were stored at —20 °C in the Coffee Breeding
Program Laboratory of Embrapa Rondonia, where they were lyophilized. Then, the samples
were sent to the Plant Genetic Improvement Laboratory of the Faculty of Agricultural
Sciences of the Federal University of Amazonas (UFAM) for molecular analysis.

2.2. DNA Extraction and Genotyping

The genomic DNA extraction was performed using the cationic detergent protocol
CTAB 2X (Cationic Hexadecyl Trimethyl Ammonium Bromide) described by [27] and
quantified with GelRed dye. The genomic DNA was standardized to a concentration of
10 ng-pL~! for use in amplification. The 43 genotypes were amplified by polymerase chain
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reaction (PCR) using 10 initiators developed for C. canephora (Me_13; Mg_257; Mg_358;
Mg _445; Mg_753; Mg_461; Mg_501; Mg_779; Mg_368; and Mg_447) and amplified accord-
ing to the protocol proposed by [28]. PCRs presented a total volume of 10 pL, containing
10 ng of genomic DNA, 1X buffer (10x standard Taq reaction buffer), 210 uM of each dNTP,
1.5 mM of MgCly, 0.16 uM of forward primer and M13 (FAM or NED dyes) [29], 0.32 uM of
reverse primer, 1.05 U of Taqg DNA polymerase (Invitrogen, Carlsbad, CA, USA), and 3.49 pL
of ultrapure water. PCR amplifications were developed in two stages, according to the
procedure described in [26] Ramos et al. (2022). PCR products were previously evaluated
as 1.5% agarose gel stained with GelRed dye (Biotium) in 1x TBE buffer (pH 8.0).

A genotyping of the progenies was performed by capillary electrophoresis in the
Automatic DNA Analyzer ABI 3130XL Genetic Analyzer (Applied Biosystems, Foster
City, CA, USA). GeneScan™-500 ROXR standard size (Life Technologies, Carlsbad, CA,
USA) was used to determine the size of alleles. The amplified fragments were observed
and analyzed with GENEMAPPER software version 4.0 (Applied Biosystems, Foster City,
CA, USA).

2.3. Statistical Analysis

To identify genetic differences between progenies data (Table S1), allowing the for-
mation of clusters and the estimation of genetic diversity parameters, two analyses were
conducted. The first consisted of a Bayesian approach to determine the number of genetic
clusters present in the set of evaluated genotypes, using the STRUCTURE software version
2.3.4 [30], with the Admixture model, widely applied in real or natural populations. The
number of clusters (K) was defined from 1 to 10, and for each K, 10 interactions were
performed, with a burn-in of 100,000 followed by 500,000 interactions through the Markov
Chain Monte Carlo algorithm (MCMC). The determination of the most probable value of K
was performed based on the method of Evanno AK [31]. After defining the optimal num-
ber of clusters, the repetitions were consolidated using CLUMPP—Cluster Matching and
Permutation Program version 1.1.2 [32]—and the structure of the clusters was visualized
graphically with the aid of Distruct v.1.1 [33].

In the second analysis of the genetic structure, the Discriminant Analysis of Principal
Components (DAPC) [34] was used, considering the groups as unknown [35]. First, the
probability of adhesion of each genotype sampled to diverse groups was determined using
k-means [34]. Next, the ideal number of clusters was identified using k-means, comparing
and discriminating against possible clusters using the Bayesian Information Criterion
(BIC) [34]. It used 1,000,000 permutations, within the functions find.structure and DAPC of
the package adegenet version 2.1.0 [36], on the platform R version 4.5.2 [37].

In order to confirm the existence of differentiation or genetic structure among the
43 genotypes of C. canephora sampled, the F statistics of [38] were calculated through
the algorithms Fjr, Fis, and Fs7 of Weir and [39], in which the genetic structure analyses
characterized by the analysis of variance of gene frequencies for the progenies collected
consider the levels of total endogamy in individuals of all progenies (F = Fjr), the index
of endogamy within subpopulations due to the reproductive system (f = Fs), and genetic
divergence or differentiation between genotypes (6p = Fst) [39].

A matrix was also calculated with the values of the fixing index (Fsr) pair to
pair [39], between the four clusters obtained in the genetic structure analysis from the
43 progenies. These statistics were calculated and evaluated with significance (p < 0.05)
through 20,000 bootstrapping interations, using the functions wc and pairwise, and WCfst of
the hierfstat package [40] and the GDA software version 1.7-23 [41].

To verify the degree of genetic variation according to the hierarchical levels between
and within the individual samples of the 43 genotypes, molecular variance analysis
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(AMOVA) was performed based on the estimate of the extent of the genetic differenti-
ation statistics, using the poppr.amova function within the poppr package version 2 [41]. The
significance level of the variance components was performed using the Monte Carlo test,
and ®CP, population differentiation, @CAP, sample differentiation within populations,
and @CA were evaluated using a permutation test implemented in the randtest function of
ade4 [42], with 9999 permutations.

After identifying the clusters by Bayesian methods (software STRUCTURE) and DAPC,
the progenies were grouped by the largest number of clusters detected in genetic structure
analyses. The clusters were numbered, and the genetic diversity parameters, such as mean
number of alleles/loci (A), allelic richness (Ag), observed heterozygosity (Hp), expected
heterozygosity (Hg), and fixation index (f), were estimated for each population using the
functions basic.stats and allelic.richness of the hierfstat Package [40], within the R package [37].
The number of total alleles (AT), with the function nAll in the package Adegenet version
2.1.1 [36], and private alleles (Ap) was estimated with the function private_alleles in the
poppr package [41]. The linkage imbalance (LI) and Hardy—Weinberg equilibrium (HWE)
were calculated using the GDA software [41]. HWE and LI were evaluated by Fisher’s
exact test with 20,000 permutations. The significance level (p < 0.05) of HWE and LI was
adjusted with Bonferroni’s correction [43].

3. Results
3.1. Clusters of Evaluated Progenies

The population structure analysis of the progenies, conducted in the STRUCTURE
software, indicated that the model with K = 3 was the one that best represented the
partition of C. canephora genotypes (Figure 1), showing the presence of three main genetic
groupings in the evaluated set. Based on the individual allocation probabilities (g-values),
the forty-three genotypes could be distributed into three genetically more homogeneous
groups, formed by 26, 7, and 10 genotypes, respectively (Figure 1). Table 1 presents the
detailed composition of these clusters, allowing us to identify both the genotypes allocated
unequivocally in a single group and those that exhibited signs of admixture, that is, those
that retain genome proportions associated with more than one cluster, which is consistent
with the history of improvement of the material, in which there is use of Conilon and
Robusta sources.

BI102

BRS3220
BRS1216

BRS3193
BI106
BRS2314
BRS2336
BI201
BRS2299

BI105
BRS3137
BRS073
BRS160
BRS189
BI104
BRS089
BRS130
BRS203
BI103
BRS056
BRS155
BRS088
BI101
BRS2357
BI107
BRS120
RL2PL12
RL3PL12
RL3PLO1
RL2PLO1
RLI1PLOI
RL4PL12
RLI1PL12
BRS199
BRS0012
BI109
BI108
BRS061
BRS3213
BRS184
BRS125
RL4PLO1
BRS3210

Figure 1. Structuring of the 43 progenies of C. canephora, indicating the presence of three groups
(K =3). Each color represents one of the inferred genetic clusters (K = 3) identified by the Bayesian
analysis implemented in STRUCTURE. The proportional assighment of colors within each bar
corresponds to the estimated membership coefficient (g-value) of each genotype.
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Table 1. Distribution of C. canephora individuals among the clusters formed by Discriminant Analysis
of Principal Components (DAPC) and STRUCTURE (K), based on four microsatellite loci.

. DAPC Groupings Clusters K
Number Progenies
1 2 3 4 1 2 3
1 BRS0012 X X
2 BRS155 X X
3 BRS088 X X
4 BI107 X X
5 BRS061 X X
6 BRS184 X X
7 BI104 X X
8 BRS073 X X
9 BRS130 X X
10 BI103 X X
11 BRS2357 X X
12 BRS120 X X
13 BRS199 X X
14 BRS3213 X X
15 BRS125 X X
16 RL4PLO1 X X
17 BRS3210 X X
18 BRS3220 X X
19 BI102 X X
20 BRS1216 X X
21 BRS3193 X X
22 BI106 X X
23 BRS2314 X X
24 BRS2336 X X
25 BI201 X X
26 BRS2299 X X
27 BI105 X X
28 BRS3137 X X
29 BRS160 X X
30 BRS189 X X
31 BRS089 X X
32 BRS203 X X
33 BRS056 X X
34 BI101 X X
35 BI109 X X
36 BI108 X X
37 RL2PL12 X X
38 RL3PL12 X X
39 RL3PLO1 X X
40 RL2PLO1 X X
41 RL1PLO1 X X
42 RL4PL12 X X
43 RL1PL12 X X

By DAPC, the genotypes of C. canephora presented a more refined structure, with the
formation of four genetically distinct groups (Figures 2 and 3; Table 1). The first three
DAPC eigenvalues, corresponding to 34.94%, 26.28%, and 22.68% of the variance, together
explained 83.90% of the genetic variation between the groups, a value considered high for
this type of multivariate approach. This result indicates that most of the genetic divergence
between genotypes was already captured in the first discriminant axes. In practice, this
means that the groups formed by DAPC are not classification artifacts but reflect real
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genetic differences between subsets of genotypes, possibly associated with the origin of the
materials, the use of different parents in crosses, and/or different selection cycles.

A eigenvalues

4 Cluster 1
Cluster 2
Cluster 3

* Cluster 4

N ;oW =

| e I

1111

13
15
17
19
21
23
25
s
29

%

31
33
35
37
39
41
43

Clusters

(a) (b)

Figure 2. Distribution graph of the clusters formed by k-means method, each color represents one
of the four genetic clusters identified by DAPC, assigns each genotype to a single group based on
discriminant functions. The spatial separation among colored groups reflects the genetic differentia-
tion captured by the first discriminant axes (a). Distribution graph of progenies in different clusters
(clusters), where color and symbol combinations represent discrete group assignments (b).

BRS0012
BRS155
BRS088

BI107
BRSO061
BRS184

BI104
BRS073

BI201 -

BI109

BI108
RL2PL12
RL3PL12
RL3PLO1
RL2PLO1
RLI1PLOI
RL4PL12
RLIPL12

BRS2299
BI105

BI103
BRS3137
BI101

BRS2357
BI102

BRS130
BRS120
BRS199 A
BRS3213
BRS125
RLA4PLO1
BRS3210
BRS3220
BRS1216
BRS3193
BI106
BRS2314
BRS2336
BRS160
BRS189
BRS089
BRS203
BRS056

Figure 3. Graph of the structuring according to the groupings identified by the progenies according
to the discriminant function obtained in the DAPC for the 43 progenies of C. canephora. Each color
represents one of the four genetic clusters identified by DAPC, based on discriminant functions.

The results differ in the number of clusters inferred by the methods: the Bayesian
analysis in STRUCTURE indicated three groups, while the DAPC revealed four. Despite
this discrepancy, there is partial agreement between the approaches: the fourth grouping
identified by DAPC corresponds mostly to Group 2 of structure (Table 1; Figures 1-3).
This shared cluster is composed of the progenies RL2PL12, RL3PL12, RL3PLO01, RL2PLO1,
RL1PL1, RL4PL12, and RL1PL12 (Table 1).

Table 1 presents the groupings obtained by the two genetic structure analyses (STRUC-
TURE and DAPC). It is noteworthy that the genotypes resulting from directed hybridiza-
tions between Robusta and Conilon parents, known as Amazonian Robustas and recom-
mended by Embrapa (BRS1216, BR52299, BRS2314, BRS2336, BRS2357, BRS3137, BRS3193,
BRS3210, BRS3213, and BRS3220), show a consistent structuring pattern between the two
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approaches, being allocated similarly in Group 1 of the Bayesian analysis (STRUCTURE)
and in Group 3 of the DAPC.

Estimates of Wright’s F-coefficients calculated for the four clusters of C. canephora,
based on the 43 genotypes defined by the DAPC, indicate that the largest portion of genetic
variability is concentrated within the clusters and not among them, which is typical of
cultivated populations submitted to recombination and selection. The results indicate that
the identified clusters represent genetically recognizable subsets within the panel (Table 2).
The values of Fir = 0.0278 and Fjs = —0.1636 were lower than the Fsr, indicating that the
global level of inbreeding in the panel is low and that, within the clusters, there is even
an excess of heterozygosity (negative Fs). This pattern is consistent with the absence or
low frequency of inbred matings and/or with the use of genetically contrasting parents
in breeding programs. The confidence intervals obtained by bootstrapping indicated that
Fst was significantly greater than zero, indicating moderate genetic structuring among
the clusters. Fjs presented significantly negative values, suggesting excess heterozygosity
within the groups. In contrast, Fir did not differ significantly from zero, indicating no
significant global heterozygosity imbalance in the total set evaluated. Taken together, these
results demonstrate that the panel simultaneously shows detectable genetic structuring
(useful for the formation of crossing groups) and high intra-group diversity (favorable for
selection within each cluster).

Table 2. Results of the estimates of Wright’s F statistics (1951) obtained for the four clusters, composed
of 43 Coffea canephora progenies, using 10 microsatellite loci.

Fis Fsr Frr
Under all the loci —0.1636 0.1645 0.0278
Superior (Clgse,) 1 —0.0019 0.2596 0.2264
Inferior (Close,) ! —0.3389 0.0836 —0.1907

1 Clgs, = 95% confidence interval through 20,000 bootstrapping interations. Fis: Inbreeding coefficient; Fy;: Fixation
index; Fit: Total inbreeding coefficient.

The paired estimates of Fs7 revealed that all combinations between the clusters pre-
sented significant genetic differentiation (Table 3), which confirms that the four identified
groups represent genetically distinguishable units within the set of C. canephora evaluated.
Among the comparisons, it was highlighted that it was performed between Groups 1 and
4, which presented the highest value of Fsr (0.2102; 21.02%), indicating moderate-to-high
differentiation and suggesting that these two groups combine genotypes with more con-
trasting genetic histories, possibly derived from different germplasm sources, different
selection cycles, or less material exchange throughout the program. In the opposite direc-
tion, the smallest divergence was observed between Groups 2 and 3 (Fst = 0.1206; 12.06%),
a value that falls within the range of low-to-moderate differentiation, compatible with
groups that, although recognizable as separate units, still maintain some degree of genetic
proximity, either by partial sharing of parents or by more recent gene flow between them.
This Fgr gradient (from the most divergent pair, G1 x G4, to the closest pair, G2 x G3)
shows that the structure is not uniform among the groups and offers useful information for
crossing planning: more distant pairs (such as 1 x 4) tend to maximize the recombination
of alleles and may be preferred when the objective is to broaden variability or explore
heterosis, while closer pairs (such as 2 x 3) can be used in consolidation schemes of features
already present in the germplasm.
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Table 3. Pairwise comparisons of the FsT among the four clusters of C. canephora collected in the
germplasm Bank of Embrapa in the state of Rondénia.

Groups 1 2 3
1
2 0.140649 *
3 0.141663 * 0.120582 *
4 0.210178 * 0.201876 * 0.205776 *

* = Fgr pairwise significant comparisons, indicating difference among populations (p < 0.05).

The analysis of molecular variance (AMOVA) performed on the C. canephora genotype
panel revealed significant genetic differentiation among the identified clusters (15.52%
of the total variation; @ = 0.1552; p = 0.0001), suggesting that these groups capture a
real fraction of the genetic structure present (Table 4). Most of the genetic variation was
associated with the residual level among genotypes (97.68%), a pattern commonly observed
in studies based on SSR markers and consistent with high intra-group variability. However,
permutation tests in AMOVA assess the statistical significance of the @ statistics rather
than directly testing the magnitude of the variance components. At this level, the @ value
was low (@ = 0.0232) and not statistically significant (p = 0.7446), indicating the absence of
detectable additional genetic structure in this contrast.

Table 4. Analysis of molecular variance (AMOVA) was performed for four populations of Coffea
canephora collected in the germplasm Bank of Embrapa in the state of Rondénia.

AMOVA—No Individual Levels (Populations)

Variance Percentage of

Variation Source Medium Square Component Variation p-Value (0]
Among clusters 27,668 1131 15.52 0.0001 0.1552
Among genotypes 5193 ~0.962 ~13.20 1000 ~0.1563
within clusters

Among genotypes 7117 7117 97.68 0.7446 0.0232
Total 6.960 7.286 100.00

Variation source, medium square, variance component, percentage of variation, and p-value = 0.000 (estimated
based on 9999 permutations).

The component corresponding to genotypes within clusters showed a negative esti-
mate (—13.20%; @ = —0.1563), which is interpreted as differentiation close to zero and/or
estimation instability at this hierarchical level and therefore should not be over-interpreted
biologically. Taken together, the AMOVA results support the conclusion that detectable
genetic structure exists among groups, although most genetic diversity remains distributed
within clusters, a scenario consistent with the use of multiple germplasm sources and
favorable for the exploitation of genetic variability in breeding programs.

3.2. Genetic Diversity

Of the 10 microsatellite loci analyzed, three showed significant deviation from the
Hardy-Weinberg equilibrium (HWE) in clusters 2 and 3 (p < 0.005), indicating that, in these
groups, the observed genotypic distribution does not follow the expected pattern for an
ideal panmictic population. This deviation may be associated with the group formation
history itself (use of a reduced number of parents, directed selection, recent introduction of
materials, or even sampling effect), and not necessarily inbreeding. In addition, the linkage
imbalance analysis showed that only 4.44% of locus x locus combinations were unbalanced
for these same clusters (Table 5), which means that most markers acted approximately
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independently and, therefore, SSR data are adequate to describe the genetic structure of
the panel.

Table 5. Hardy—Weinberg equilibrium (HWE) and linkage disequilibrium (LD) for the four clusters of
progenies of the de café Coffea canephora of active bank localized in Rondoénia in Brazil.

Agru CLD (LD%)

Loci—HWE

Me_13

Mg 257 Mg 358 Mg 445 Mg 753 Mg 461 Mg 501 Mg 779 Mg 368 Mg 447

(0.00)
(4.44)
(4.44)

0
2
2
0 (0.00)

W -

0.7773
0.9893
0.9962

0.4936 [2]

0.6242 0.0568 0.1116 [1] 0.0203 04232 0.3266[1] 0.0802 05213[1]  0.0810[1]
0.0016*  0.0107[1]  0.0003*[1] 0.431 00661[1] 01167  0.0047*[1]  0.0430 0.8895
0.0005*  0.0074[1]  00003*  07352[3]  0.0014* 01745  0.0015*[1] 09610[1]  0.9004

0.1172[2]  0.0082 0.0719 0.1199[1] 03208  0.0719[1] 0.0211 0.8293[2]  0.0364[1]

* Deviations from the Hardy-Weinberg equilibrium with Fisher’s exact test (p < 0.005, after adjusting the Bonferroni
correction [44]); CLD = number of combinations with binding imbalance, selected with p < 0.0011, after adjusting
the Bonferroni correction (RICE, 1989); [ | = number of private alleles. Agru = Clusters of coffee progenies
according to the result of the Main Discriminant Analysis of Principal Components (DAPC).

The DAPC analysis, performed with 43 genotypes of C. canephora, identified four
distinct genetic groupings, all exhibiting high levels of diversity, which reinforces what
had been observed in the structure analyses. The 10 loci used in genotyping revealed a
total of 76 alleles, with an average of 4.4 alleles per locus, a value considered good for
SSRs in perennial cultures. When the diversity was analyzed by group, it was observed to
have varied from 3.8 alleles/loci (grouping 1) to 5.1 alleles/loci (grouping 3), showing that
there are slightly richer alleles, which may indicate a broader origin of germplasm or lower
selection pressure in this subset (Table 6).

Table 6. Genetic diversity indices of the four clusters obtained by the Discriminant Analysis of
Principal Components (DAPC) method in 43 Coffea canephora progenies, using 10 microsatellite loci.

DAPC
Groupings

Ar A Ag Ho He f

11
19

38 3.8 3.29 0.585 0.592 —0.0251
46 4.6 3.29 0.680 0.594 —0.1892
51 5.1 3.11 0.683 0.559 —0.2269
39 3.9 3.25 0.786 0.664 —0.2328

Average

10.8

435 44 3.24 0.683 0.602 —0.1685

n = mean number of individuals analyzed by loci; Ar = total number of alleles identified in the population;
A = mean number of alleles per locus; allele richness (Ar); Ho = observed heterozygosity; Hg = expected
heterozygosity; f = endogamy coefficient.

The heterozygosity parameters also point to high variability within groups. The ob-
served heterozygosity (Hp) ranged from 0.585 to 0.786, with an average of 0.683, being
the lowest value recorded in group 1 and the highest in group 4. Already, the expected
heterozygosity (Hg) presented an average of 0.602, oscillating from 0.592 (group 1) to
0.664 (group 4). In practically all cases, Hp > Hg, which is a strong indication of excess
heterozygotes in the evaluated material. This pattern is confirmed by the mean endogamy
coefficient per locus (f), which was negative (f = —0.1685), indicating that the frequency
of homozygotes was lower than expected under HWE and suggesting the absence of sys-
tematic endogamous crosses, a result consistent with breeding programs that use directed
crosses between divergent parents to increase variability. The average allele richness was
estimated at 3.24 alleles per locus, a value that, even corrected for the sample size, confirms
that the panel retains a good genetic base and can be exploited both for intra-group selection
and for assembly of crosses between more distant groups.
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The diversity analysis also revealed the presence of 23 private alleles distributed
between the four clusters of C. canephora for the 10 microsatellite loci evaluated. The occur-
rence of unique alleles in more than one group is an important indication of real genetic
differentiation between groups, since it shows that each subset of genotypes maintains
variants that were not detected in the others. These private alleles are particularly valu-
able for the diagnosis of belonging (assignment) of new materials, monitoring of access
conservation in germplasm banks, and expansion of the genetic basis in crosses, since they
represent variability that can be introgressed in other groups.

As for the link imbalance (LD), most of the loci presented a pattern of independence
in locus x locus combinations. In groups 1 and 4, no significant LD was detected (0%),
suggesting that, in these groups, the markers are segregated approximately randomly and
that there is no strong sampling or joint selection effect on the evaluated loci. In clusters 2
and 3, 4.44% combinations were unbalanced (Table 5), which is still low for studies with SSR
and compatible with panels formed by materials of partially common or recently assembled
origin. In practical terms, this low percentage of LD indicates that the set of markers is
informative and a little redundant, and can be used safely for population structure analysis,
estimates of diversity, and selection of parents without a significant risk of overestimating
genetic relationships due to correlations between loci.

4. Discussion

The economic relevance of coffee is well established in national and international
markets, particularly for the species C. arabica. However, C. canephora has shown notable
expansion since its introduction in the 1980s, marked by significant increases in cultivated
area and productivity. It also stands out for its adaptability to the edaphoclimatic conditions
of the Legal Amazon, which has generated opportunities and socioeconomic development
for farmers in the region who dedicate themselves to its cultivation [14]. In this context,
the conservation and genetic resource management carried out by both Embrapa and
on-farm farmers have been instrumental in accelerating the advancement of culture [13].
The introduction of new materials in Embrapa’s C. canephora germplasm bank is therefore
an essential strategy to expand the available genetic base and subsidize breeding programs.
The characterization of the genetic diversity present in this collection is a priority to guide
the genetic management and selection of parents. The identification of divergent groups,
superior clones, heterotic groups, and potential parents is crucial for the design of crosses
aimed at obtaining agronomic characteristics of interest [45-47]. Studies of this nature are
fundamental for the strategic planning and progress of genetic improvement programs [48].

The genetic characterization of 43 genotypes of C. canephora from the program of
Embrapa Rondénia revealed a panel with high variability and detectable structuring. At
the intra-group diversity level, genotyping with 10 SSR loci recovered 76 alleles (an average
of 4.4 alleles/locus) and an average allelic richness of 3.24, with 23 private alleles distributed
among the groups, a robust indicator of exclusive variation that can be exploited in direct
crosses and germplasm bank management.

As for genetic structure, complementary approaches were employed. STRUCTURE
indicated K = 3 as the most parsimonious partition, revealing three main groups and
admixture signs compatible with the history of improvement integrating Conilon and
Robusta sources. In parallel, DAPC identified four genetically distinguishable clusters,
all with high internal diversity. This duality (K = three by the Bayesian method vs. four
clusters by DAPC) is consistent with recent methodological literature, which recognizes the
greater accuracy of DAPC/PCA to separate sets with mixing gradients, while STRUCTURE
describes well the thickness of the partition, especially in the presence of admixture. In
operational breeding terms, the coexistence of three “macrogroups” and four DAPC sets
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provides a practical map for organizing crossovers, heterotic consortia, and variability
management [49]. The genetic structure analyses applied to C. canephora genotypes can be
significantly influenced by factors such as geographic distance between populations [14]
and gene flow, the latter occurring inversely proportional to geographical distance [50].
The formation of the four clusters identified by means of the DAPC analysis seems to reflect
this dynamic, corroborated by pair-to-pair comparisons of Fsr values, which indicated
significant genetic differentiation between all clusters (Table 3). The observed heterozy-
gosity exceeded what was expected for most of the groups (mean Hp = 0.68; Hr = 0.60),
and the inbreeding coefficient was consistently negative (f mean = —0.17), reinforcing the
absence of systematic inbreeding and suggesting cross-mating and/or hybrid composi-
tion of the evaluated materials. These patterns were accompanied by a low proportion
of linkage imbalances and HWE point deviations confined to some loci in two groups,
without compromising population inference. This suggests that the gene flow between
the evaluated genotypes is strongly influenced by their geographical origin, pointing to a
pattern of distance isolation. This interpretation is supported by the positive and signifi-
cant correlation between geographic distance and genetic distance, reflecting the observed
genetic structuring [50,51].

The congruence between the groups obtained in different analyses (DAPC and STRUC-
TURE) reinforces the consistency of the detected genetic structure. Genotypes such as
RL2PL12, RL3PL12, RL3PLO1, RL2PL01, RL1PLO1, RL4PL12, and RL1PL12 were grouped
in a similar way in both approaches, as well as the hybrids known as Amazonian Robustas
(BRS1216, BRS2299, BRS2314, BRS2336, BR52357, BRS3137, BRS3193, SBR3210, BRS3213,
and BRS3220), showing stable patterns of genetic connectivity between genotypes. The
magnitude of the differentiation between groups was quantified by the F-statistics of Wright
and by AMOVA. The global Fsr around 0.16 (95%CI = 0.08-0.26) characterizes moderate-
to-high differentiation between groups; paired comparisons reached ~0.21 among the most
distant groups, while the closest ones were close to ~0.12. In AMOVA, ~15.5% of the
variance was attributed to differences between groups (@cp = 0.155; p = 0.0001), with the
largest fraction of the variation retained in individual genotypes, a typical scenario of elite
panels where directed selection preserves intra-group heterogeneity. This reading is in line
with updated references that classify Fsr from 0.05 to 0.15 as moderate differentiation and
0.15-0.25 as high, corroborating the usefulness of the detected structure to form crossing
groups and explore heterosis without losing the internal genetic base [52].

The genetic differentiation by Wright’s F statistic indicates the existence of a genetic
structure among the genotypes evaluated by the Fsr [53]. Thus, much of the genetic variabil-
ity observed for the set of sampled genotypes is mostly within the clusters, influenced by
the reproductive system (Fs), and presents significant differences when analyzed in pairs
(FsT), confirming the existence of genetic structure among the 43 genotypes sampled [38].
Similar information is observed in the AMOVA, which confirms the existence of genetic
structure in the set of evaluated genotypes, showing significant differences between pop-
ulations (Table 4); however, most of the genetic variation occurred among the evaluated
genotypes (Table 4), as observed in the probability obtained. The analysis shows that the
greatest concentration of diversity occurs within populations. This result can be strongly
influenced by the reproductive characteristics of the species. C. canephora is an allogamous
species, and in addition to having the ability to disperse its genetic material by the self-
incompatibility system [54] and by the allele diversity that it presents [55], these germplasm
sources and/or the use of materials of different origin are used in the breeding program.
In biological terms, this means that there is still wide variation to be explored within each
cluster, which is favorable for intra-group selection and maintenance of the genetic base.
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Complementary evidence for the genetic organization of the evaluated panel was
provided by the AMOVA results. The predominance of genetic variation at the level of
individual genotypes is consistent with the existence of multiple germplasm sources and the
use of materials of different origins in the breeding program. From a biological perspective,
this pattern indicates that substantial genetic variability remains within clusters, which is
favorable for intra-group selection and for maintaining a broad genetic base. The lack of
statistical significance of this component in the permutation test may be associated with
sample size, number of markers, or the distribution of variance among hierarchical levels.

From the applied point of view, these results have three direct implications for Ama-
zonian coffee cultivation. First and foremost, the combination “high intra-group diversity
associated with moderate/high Fst between groups” allows drawing to cross between
more distant pairs to maximize recombination and heterosis, while closer pairs favor con-
solidation of specific attributes. The presence of private alleles suggests that each cluster
hosts rare variants that are potentially associated with agronomic performance, quality,
or resilience; their planned introgression may broaden the adaptive basis of materials.
Consequently, the negative f and Hp > HE, congruent with cross-mating and hybrid origin,
help to explain the reported productive stability for clones adapted to the Western Amazon.

This study aimed to characterize the genetic diversity of new accessions incorpo-
rated into the germplasm bank of C. canephora from Embrapa Rondoénia, based on genetic
structure analysis. The genotypes distributed in four clusters showed distinct levels of
genetic diversity, although lower than those observed in wild populations and improved
collections of C. canephora in the northeastern Democratic Republic of Congo [56]. This
reduction may be related to the effects of the artificial selection process, which tends to
restrict genetic variability. The observed (Hp) and expected (Hf) heterozygosity coefficients
and negative values for fixation indices (f) indicate high genetic diversity [57], according
to the excess of heterozygotes in the clusters. The low f and high values of Hp (Table 5)
also indicate that the result may be influenced by the reproductive system of the species,
that is, by allogamy [54]. It should be noted that the values of f and Hp were contrasting
in the research with wild populations and improved collections in the Congo, being very
high values for an allogamy (Aglaonema) plant [56]. Heterozygosity estimates how much
variation exists in a population and how this variation is distributed depending on the
alleles present in each locus [58]. The values of heterozygosity expected in clusters from
C. canephora genotypes, with a mean of 0.602, were lower than those obtained for the
observed heterozygosity, with a mean of 0.683, for all loci in this study. Low Fjs values in
all the analyzed loci allowed the interpretation that the studied genotypes are subject to
strong allogamy.

Recent studies with C. canephora in Rondoénia and Espirito Santo have documented
wide genetic diversity and gains with the combination of morphophysiological metrics and
markers (SSR/SNP), reinforcing that the organization in divergent subsets is recurrent and
useful for pre-improvement. In parallel, the combined application of STRUCTURE (with
Evanno’s AK) and DAPC is recommended for admixture scenarios, exactly as observed here.
In terms of interpretation, the updated classification of Fs bands supports the reading that
the differentiation found is not trivial and should be explored to assemble heterogeneous
groups and reduce co-ancestry in production blocks [23,52].

The high genetic diversity observed in C. canephora genotypes is relevant data for
the selection process of morphological and genetic characteristics conducted by human
action [59]. Thus, conservation and genetic management should be incorporated into
breeding programs as essential strategies to ensure the adaptation and evolution of cultivars
in different cultivation areas [60]. The adherence of the clusters to the Hardy—Weinberg
model (Table 5) indicates allelic stability and possible adaptation of genotypes to the specific
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environmental conditions of the regions of origin [61]. However, the lack of adherence of
some loci to the model may be related to the presence of active evolutionary forces, such as
natural selection, or the influence of the reproductive system [62].

By integrating these findings with the SDGs and climate adaptation of the Amazon,
the genetic structure detected in “robust Amazonian” supports the recommendation of
clones by environments and the design of crosses for key attributes (nutritional efficiency,
thermal and water tolerance, and drink quality) under regional technological intensification
scenarios. Sectoral and technical evidence highlights that the intraspecific diversity and
population organization of C. canephora materials have translated into productivity, quality,
and resilience in Rondonia, providing the genetic basis for advancing from SSRs to SNP/GS
platforms when the objective is complex genomic prediction [63]. In this sense, the results
presented here, with 10 informative SSRs, Fsr ~ 0.16, and 23 private alleles, constitute a
strategic core to increase variability, consolidate elite lines, and accelerate the delivery of
cultivars/clones adapted to Amazonian edaphoclimatic gradients.

The genetic characterization of genotypes is essential for supporting breeding pro-
grams for the species, particularly in regions with specific edaphoclimatic conditions, such
as the Amazon. Integrating ex situ and on-farm conservation strategies, with the applica-
tion of molecular tools, should continue to be encouraged to ensure the sustainability of
coffee production in the Amazon region, thereby promoting advances both in the conserva-
tion of genetic variability and in the generation of superior cultivars. Thus, the evidence
sets the “robust amazonian” as a strategic core for modern programs of C. canephora, able to
reconcile productivity, stability, and quality in a data-driven improvement pipeline aligned
to future goals of sustainability and climate adaptation.

5. Conclusions

This study showed that the evaluated genotypes of C. canephora have high genetic
diversity, with significant distribution of this variability within the identified groups. The
analyses showed the formation of four genetically distinct groups, corroborated by the
observed heterozygosity parameters superior to the expected heterozygosity and negative
inbreeding coefficients. These findings reinforce the occurrence of allogamy and indicate
the absence of endogamous crosses, in addition to revealing an excess of heterozygotes in
the evaluated population. The analysis of molecular variance (AMOVA) and the estimates
of Fgr pair to pair confirmed the existence of genetic structure between the clusters, with
the gene flow being influenced by the geographic origin of the genotypes and possibly
limited by the spatial distance between accesses.

The genetic arrangement provides a map for the formation of heterotic groups, the
design of crossings between more distant subsets to maximize useful recombination and
heterosis, and the consolidation of specific attributes by crossings between closer subsets,
with direct gains in selection efficiency under heterogeneous tropical environments.

The high genetic diversity observed supports the identification of heterotic groups
and potential parents for directed crossbreeding, contributing to the development of more
productive, adapted, and resistant cultivars. The results support immediate developments,
such as the organization of diallels and crossing blocks guided by the population structure,
with control of co-ancestry; the directed incorporation of private alleles to expand the adap-
tive base (water/thermal tolerance, nutrient efficiency, and health), mitigating performance
risks under G xE in the Amazon; and the progressive integration of molecular platforms to
accelerate gains in complex characters.
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Abbreviations

The following abbreviations are used in this manuscript:

UFAM Universidade Federal do Amazonas

UEPB Universidade Estadual da Paraiba

EMBRAPA  Empresa Brasileira de Pesquisa Agropecudria

CNPq Conselho Nacional de Desenvolvimento Cientifico e Tecnolégico
CAPES Coordenacao de Aperfeicoamento de Pessoal de Nivel Superior
FAPEAM Fundagao de Amparo a Pesquisa do Estado do Amazonas
IBGE Instituto Brasileiro de Geografia e Estatistica

SIDRA Sistema IBGE de Recuperacao Automaética

SSR Simple sequence repeat

SNP Single-nucleotide polymorphism

DNA Deoxyribonucleic acid

PCR Polymerase chain reaction

dNTP Deoxynucleotide triphosphate

CTAB Cationic hexadecyl trimethyl ammonium bromide

TBE Tris-Borate-EDTA buffer

ROXR ROX™ Size Standard (Applied Biosystems)

ABI Applied biosystems

HWE Hardy-Weinberg equilibrium

LD Linkage disequilibrium

AMOVA Analysis of molecular variance

MCMC Markov Chain Monte Carlo
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Ho Observed heterozygosity

Hp Expected heterozygosity

f/Fis Inbreeding coefficient

Fsr Fixation index

Fir Total inbreeding coefficient

DAPC Discriminant analysis of principal components

BIC Bayesian information criterion

K Number of genetic clusters in the software STRUCTURE
A Mean number of alleles per locus

AT Total number of alleles

AR Allelic richness

AP Private alleles

LI Linkage imbalance

R R statistical environment

GDA Genetic data analysis software

CLUMPP Cluster matching and permutation program

Poppr R package for clonal and sexual populations

Ade4 R package for ecology and genetics

oCP Population differentiation (among clusters)

PCAP Sample differentiation within populations (among genotypes within clusters)
PCA Total genetic differentiation (among genotypes)

BRS Cultivar released by Embrapa (Brazilian Agricultural Research Corporation)
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