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Abstract

Background Uganda is a primary centre of diversity for Coffea canephora (Robusta coffee), a crop that underpins
both the national coffee sector and global breeding programs. The National Coffee Research Institute (NaCORI) of
Uganda conserves more than 2058 accessions that were collected from different agroecological zones of the country.
However, their genetic diversity has been only partly characterized, limiting their effective use in conservation and
breeding.

Results A total of 909 C. canephora accessions from the NaCORI collection was genotyped, using 236 KASPar SNP
markers. To investigate genetic structure and diversity we combined multivariate analyses, genetic diversity and
differentiation metrics as well as hierarchical clustering. Genetic clusters were then spatially mapped according to
the agroecological regions of origin across Uganda. Using reference genotypes from known wild Ugandan forests
and major African genetic groups we observed that accessions from NaCORI were majorly related to the genetic
group O from Uganda (and to a lesser extent Congolese group E). Despite the low differentiation among regional
subpopulations of origin, reflecting gene flow driven by historical dissemination and admixture within the collection,
the cultivated accessions were separated into six distinct clusters using Ward’s hierarchical method. From these
genetic clusters, two core collections were designed using Core Hunter 3. The first comprised 109 accessions with
high allelic coverage (CV=0.981), while the second comprised 328 accessions that, in addition to allelic coverage,
optimized the representation of both geographical origin and genetic clusters. These corresponded to 13% and
42% of the entire studied collection, respectively. The core collection of 328 accessions was defined as the GWAS
population for downstream association studies. Including representative wild Ugandan accessions in the analyses
reveals that some forests may harbour unique diversity absent from the cultivated germplasm.

Conclusion Characterizing this diversity and designing representative core and GWAS collections are essential
to optimize resource management and enable the targeted development of climate-resilient cultivars. The multi-
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regional origin of our core collections revealed the influence of ecological and socio-cultural factors on germplasm
diversity. Our results also suggest that including wild accessions from Ugandan forests could greatly enhance the

cultivated genetic pool.

Keywords Coffea canephora, Ex situ conservation, Geographical sources, Early culture histories, Crop wild relatives,

Core collection, KASPar markers

Introduction

As climate change accelerates, it exacerbates episodes
of rising temperatures, erratic rainfall, and shifting pest
dynamics [1]. These environmental changes disrupt
the ecosystems and threaten both cultivated crops and
their wild relatives by making it increasingly difficult for
them to cope with the rapid changes [2]. The challenge
is greater for perennial crops whose cropping cycle is
longer with slower genetic turnover, making them less
responsive to abrupt shifts in climate and ecological con-
ditions [3, 4]. As a result, their inability to adapt swiftly
increases the risk of crop failure, reduces long-term pro-
ductivity, and jeopardizes the stability of food systems
that rely on these species [5]. Furthermore, it accelerates
biodiversity erosion among landraces and wild relatives,
ultimately compromising the genetic diversity which is
essential for sustaining resilient agricultural systems [6].
This loss of genetic diversity undermines the resilience
of agricultural systems, reducing breeder’s capacity to
develop crops that can withstand future environmen-
tal stresses thereby threatening the long-term sustain-
ability of global food production [7]. Importantly, the
sustainability of crop production in the face of climate
change hinges on the conservation and strategic use of
plant genetic material, hence the urgent need to preserve
them [8]. Conservation efforts must not only safeguard
diversity but also ensure it remains accessible and rele-
vant to those who need it for example the breeders, and
farmers. In situ and ex situ conservations are the major
two complementary strategies that play a critical role in
safeguarding valuable genetic resources that have essen-
tial traits for climate resilience and future crop improve-
ment [9]. In situ conservation focuses on maintaining
genetic resources within their natural habitats, allow-
ing populations to evolve through environmental pres-
sures under natural selection thereby preserving adaptive
traits [10]. Ex situ conservation offers stability and acces-
sibility but may not fully capture the dynamic range of
diversity shaped by environmental change [8]. While
ex situ collections have served as stable repositories for
crop diversity over years [11], they are neither immune
to climate-related risks. They are further challenged by
extreme weather events, infrastructure vulnerabilities,
and shifting ecological baselines which compromise the
integrity and representativeness of stored materials [12].
In cases where diversity is threatened, wild populations
offer a critical fallback for breeders to tap into adaptive

traits that may be absent from cultivated stocks. This can
ultimately address the issue of genetic bottlenecks that
occur when released or cultivated varieties lose diversity
due to continuous selection [13, 14].

Africa, as the centre of origin for many Coffea spe-
cies, hosts a wide range of locally adapted species across
diverse ecological zones [15]. Among them, Coffea
canephora Pierre ex A. Froehner exemplifies this com-
plex dynamic facing in situ germplasm conservation.
C. canephora is native from the evergreen forests with
a wide ecological distribution spanning from Central,
through West and East Africa [15]. This wide distribution
not only highlights the ecological breadth but also the
multifaced pressures causing vulnerability of wild cof-
fee genetic resources and conservation complexity [16].
Following this, there has been an increasing recognition
of the relevance of genetic diversity as strategic for the
evaluation, selection, and development of resilient vari-
eties tailored to diverse agroecological conditions [17].
Successive genetic studies on wild C. canephora material
have identified eight distinct native genetic groups (A,
B, C, D, E, O, G, and R) originating from diverse native
ecological environments [18-21]. These native source
populations have contributed to varying extents, to the
genetic makeup of the cultivated populations [19, 22].
While Uganda’s native populations have been assigned
to group O [23], the origin and diversity of its cultivated
accessions are more complex and remains insufficiently
documented.

Although informal cultivation of C. canephora from
probable local wild plants dates back several centuries
before 1900 [24], in regions such as Gabon, Guinea and
Uganda, its spread and commercial cultivation began
only in the late 19th century [25]. This was rapidly
adopted due to its resistance to coffee rust (Hemileia vas-
tatrix) which had devastated C. arabica and C. liberica
plantations especially in Southeast Asia [26]. In response
to this threat, Java breeding centre in Indonesia received
C. canephora plants from different countries including
Democratic Republic of Congo (DRC) and Uganda [25].
Ugandan accessions (C. canephora var. Ugandae (Cra-
mer) A. Chev) were characterised with great resistance
to the coffee berry borer [25]. More germplasm collec-
tions were subsequently conducted in Sankuru (Congo
Basin regions), Gabon, Angola and Uganda for the sec-
ond time. These were incorporated into the Java breed-
ing programs in Indonesia thereby forming the backbone
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of ex situ conservation and breeding strategies. Germ-
plasm selected from Java was later re-distributed to other
breeding centres in Asia [22] and Africa. One of the first
reintroductions was made to DRC particularly to the
INERA Yangambi station which played a central role
in assembling and characterizing native C. canephora
populations from the Congo basin starting in the 1930s
[26, 27]. Other breeding centres were established in
Madagascar in 1930, and these incorporated both local
and introduced germplasm, including accessions from
Congo and Uganda [26]. In Ivory Coast formal breeding
activities began in the 1940s, sourcing Robusta material
from Java, Congo, Uganda, and other African regions,
to develop high-yielding varieties suited to West African
conditions [18]. The national coffee breeding program
of Uganda was formalized since 1916 when structured
selection efforts started, building on the country’s rich
native diversity and a few earlier contributions from
international germplasm exchange (Java) [21, 28]. This
global movement of genetic material underscores the
interconnectedness of breeding programs and the foun-
dational role of Ugandan germplasm in shaping Robusta
cultivation worldwide.

The crop has a long tradition in Uganda where it is
embedded in different social and cultural norms. Hun-
dreds of years before the 19th century, indigenous peo-
ple harvested coffee seeds from the wild forest such as
Mabira, Budongo, Kasai and Kibale forests, planting them
around homesteads forming one of the earliest known
cases of Robusta cultivation globally [21, 24]. During
this time coffee was majorly for cultural rituals such as
sacred offerings in Buganda where coffee beans cemented
social bonds (a tradition which persists in the traditional
weddings) and welcomed guests [28]. The species spread
via human migration and intertribal trade, reaching the
Eastern, Western, and Southwestern regions. Later this
traditionally cultivated Robusta was classified into two
morphotypes: Erecta, with upright stems and vigorous
growth [28], and Nganda, a spreading bush type. To date,
the distinctions between the two remain obscure which
underscores the need to validate whether initial morpho-
logical classifications align with genetic differentiation
[23, 29]. Historical records indicate that these morpho-
types were widely distributed to farmers in seed form
between 1920 and 1970. Following this, a series of more
systematic breeding and selection programs conducted
by the Coffee Research Station (now NaCORI) led to the
release of 8 elite clonal varieties in 1980 [29, 30]. These
were selected for their agronomic performance and
formed the backbone of Uganda’s Robusta plantations for
decades. However, the outbreak of Coffee Wilt Disease
(CWD) in 1993, caused by Fusarium xylarioides devas-
tated Robusta production, prompting an urgent breeding
response [29]. A nationwide collection of survivor plants
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from severely wilt affected farmer fields was launched in
the major coffee production parts of the country. These
were screened and out of them resistant genotypes were
identified resulting in selection of 7 Kawanda Resistant
(KR) lines in 2009. Three additional KR Robusta coffee
clones were released in 2017. These lines KR1 through
KR10 were bred majorly for resistance to CWD, and
improved yield [29]. Currently, climate change forecasts
for East Africa predict a mean temperature increase of
1.5-2 °C by mid-century and more erratic rainfall pat-
terns [31]. Under such conditions, even the KR clones
bred primarily against CWD may succumb to heat stress
and emergent pests and diseases that are expanding
their elevation range [32]. This calls for broadening the
cultivated genetic base given the fact that reliance on a
restricted number of parental genotypes accelerates vul-
nerability to both known and emerging threats [33]. To
that cause, NaCORI launched efforts to collect and con-
serve additional germplasm from on-farm, on-farm trees
near forests [34] as well as from wild C. canephora popu-
lations [23]. To date, over 2,058 cultivated accessions are
assembled, but the lack of adequate characterization and
evaluation of this germplasm constrains both conserva-
tion planning and breeding progress like in any other ex
situ gene bank [9].

Previous studies of C. canephora genetic diversity in
Uganda have primarily focused on wild Robusta popula-
tions, mainly sampling a limited number of forests and
relatively small sample size [21, 23]. When cultivated
accessions were included (# = 52), sampling was largely
restricted to the central region, thus failing to capture
the full breadth of genetic variation across the country.
Consequently, the characterization of cultivated germ-
plasm collected nationwide, and its position within the
broader spectrum of C. canephora diversity, remains
unclear. This question is particularly relevant in Uganda
where C. canephora diversity reflects a complex history
of introductions and germplasm collections originat-
ing from diverse ecological zones. As a result, NaCORI
collections likely represent one of the most genetically
diverse repositories of cultivated Robusta compared with
most collections that largely reflect local or introduced
material [35-39].

Kompetitive Allele-Specific PCR (KASP) assays pro-
vide an efficient, highly reproducible, and cost-eftective
approach for genotyping while maintaining robust reso-
lution of genetic diversity [22, 40, 41]. Here, we applied
KASPar markers developed by [22] which have been
proven effective for assessing Robusta diversity and trac-
ing the origin of cultivated accessions within the global
diversity of the species. These markers enable large-
scale genotyping of cultivated germplasm and generate
the genetic information required to characterize ex situ
collections, detect redundant accessions, and identify



Nakanwagi et al. BMC Plant Biology (2026) 26:1537

under-represented lineages [42]. These molecular data
also support the development of well-defined core collec-
tions in coffee [22], an effective strategy for maintaining
a reduced number of accessions while maximizing allelic
diversity and facilitating germplasm evaluation and long-
term conservation [43—46]. By applying KASPar markers
to a uniquely diverse Ugandan germplasm set collected
across major coffee-growing regions [47], this study
investigates the genetic diversity and structure of culti-
vated C. canephora within the NaCORI collection to sup-
port germplasm conservation and breeding. Specifically,
we aimed to: (i) determine the relationship between C.
canephora germplasm conserved at NaCORI and global
diversity across the species’ African native distribution;
(ii) assess the influence of history dissemination and col-
lection sources on the diversity present in NaCORTI’s col-
lection; (iii) infer genetic kinship and redundancy among
accessions to guide the development of representative
core subsets and GWAS populations; and (iv) evaluate
the potential contribution of novel genetic diversity from
wild C. canephora populations to the diversity conserved
in the ex situ collection.

Materials and methods

Study materials

In Uganda, NaCORI has the mandate to maintain and
develop sustainable coffee varieties. Currently the insti-
tute harbours a substantial germplasm collection of C.
canephora in field gene banks. Following a germplasm
curation conducted in 2023 the gene bank consisted of
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2,058 cultivated accessions of C. canephora. The acces-
sions were collected in 1990 from different parts of the
country, primarily from farms that had been heavily
affected by coffee wilt disease (CWD), as reported in the
archives [29]. 80% of these were re-tested for CWD resis-
tance in the laboratory and survivors planted in different
fields at Kituza, Mukono in the early 2000.

A total of 909 C. camnephora accessions from the
NaCORI ex situ gene bank was genotyped in this study.
Accessions were selected to represent each family while
minimizing the number of closely related samples within
families and to capture the range of geographical origins
recorded in the passport data (S1 Table). After removing
individuals with missing data and genetically redundant
accessions (see section Quality and redundancy control),
783 accessions were retained for analysis. Of these, 700
accessions were originally collected from 22 districts dis-
tributed across five agroecological zones of Uganda (Fig.
1), 51 lacked district-level collection information (coded
as “UKN’, unknown Ugandan origin), and 32 were iden-
tified as improved varieties introduced to Uganda from
Java in the 19th century (coded as “Java”). Embedded in
the four Uganda regions, the five source agroecological
zones differ in climatic conditions, altitude, soil prop-
erties, topography, rainfall distribution, and ecosystem
characteristics [48, 49]. The Central Region was fur-
ther divided into two subzones. The first, Lake Victoria
“L. Victoria” comprised of districts such as Kassanda,
Kayunga, Rakai, Kiboga, and Mubende, and is charac-
terized by moderate annual rainfall ranging from 1000
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Fig. 1 Geographic distribution of C. canephora samples collected across Uganda: spatial spread of 700 coffee samples collected across 22 districts span-
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agroecological zones, followed by the Western (5), Eastern (4), and Southwestern regions (2) ones. Sampled forests were represented by tree symbols



Nakanwagi et al. BMC Plant Biology (2026) 26:1537

to 1200 mm. The other, Lake Victoria adjacent High-
lands Zone “L. Victoria H” included Kalangala, Kampala,
Masaka, Mpigi, Mukono, and Wakiso, which receive
higher rainfall exceeding 1200 mm per year [48, 49].
Other zones included the Eastern (Iganga, Jinja, Kamuli,
and Mayuge), Western (Bundibugyo, Hoima, Kabarole,
Kamwenge, and Kyenjojo), and Southwestern (Kanungu
and Rukungiri) [50]. These represented the landraces,
cultivated material, breeders’ selections, and Ugandan
released varieties (KR lines).

In addition, 50 wild accessions from 10 natural Uganda
forests were included in the sample set. All due proce-
dures, including ethical approvals from Uganda National
council of Science and Technology (reference number
A290ES), were completed prior to sample collection and
the acquisition of permits to access the forests. These for-
ests are protected and permission to access and collect
study samples was obtained from the National Forestry
Authority (NFA; License No. 387) and the Uganda Wild-
life Authority (UWA; COD/96/05). The forests sampled
were representative of the native distribution range of C.
canephora across Uganda and included: Kalinzu, Itwara,
Kibale, Maramagambo, Malabigambo, Zoka, Semuliki,
Bwindi impenetrable, Mabira, and Budongo forests (Fig.
1), each represented by five accessions. In addition, 22
control accessions representing the different established
genetic groups were included as reference from previ-
ous studies [20, 22]. These included 6 accessions from E
group, 6 accessions from A group, 3 accessions from the
D group, 2 accessions from R groups, 2 accessions from
C group, 2 accessions from O group and one accession
from B group.

DNA extraction and KASPar genotyping

Two coffee leaves, picked from the third node below the
apical meristem of each accession were dried using 60
g of silica gel. The dried leaves were punched, and four
discs were put in the sample plates as provided by LGC
Biosearch Technologies. A set of 500 SNP markers evenly
distributed across the 11 coffee chromosomes (Figure S1)
was selected from the SNP array developed by Mérot-
L’Anthoéne et al. [20]. Marker information for these SNPs
is available in MoccaDB database (https://moccadb.ird
Ar/ [20, 51], to design KASPar-assay and assess genetic
diversity. Of these, 261 SNPs had been used in a previous
study by [22]. Samples and the designed SNPs primers
were submitted to LGC Biosearch Technologies for KAS-
Par genotyping.

Quality and redundancy control

Prior to data analysis, quality control procedures were
conducted to filter SNPs and accessions based on propor-
tion of missing data (see workflow in Figure S2). Acces-
sions (n = 7) and markers (z = 4) with more than 35%
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missing data were identified using AS genomics R-pack-
age [52]. Markers were further filtered using a minimum
allele frequency threshold (MAF > 0.01), resulting in 236
SNP markers retained for subsequent analyses. Geneti-
cally identical individuals were excluded (n = 119) to
minimize redundancy. The list of these redundant acces-
sions is provided in S1 Table. From a total of 981 acces-
sions, including reference samples, 855 non-redundant
accessions were retained for further analysis (Figure S2).

Genetic diversity assessment

Genetic diversity within the C. canephora collection was
examined through a series of descriptive analyses across
all individuals. Analyses were conducted in R software
version 4.4.2 [53]. Genotypic data were imported and
handled using the adegenet package version 2.1.10 [54]
and converted to hierfstat format [55] for computation
of standard diversity metrics. These included estimates of
allelic richness, observed heterozygosity (Hg), expected
heterozygosity (Hg), and inbreeding coefficient (Fig).

Population structure

Population structure and clustering were analysed using
complementary approaches. First, pairwise genetic rela-
tionships were assessed using identity-by-state (IBS)
distances computed using the SNPrelate package [56].
Principal component analyses (PCA) were performed on
two different sample sets: cultivated and reference sam-
ples; cultivated samples alone using LEA version. 3.10.2
package [57] and Tidyverse version. 2.0.0 packages in R
[58]. IBS values were then transformed into dissimilari-
ties. Dissimilarityij =1 - IBS;; where IBS;; is the
IBS value between individuals i and j. The resulting dis-
tance matrix was subjected to hierarchical clustering
using ward’s minimum variance (ward.D2) [59]. Clus-
ters were defined by visually inspecting the dendrogram
with the primary aim of later examining source popula-
tions within each cluster. The resulting hierarchical tree
was visualized using the dendextend package [60], with
branches color-coded according to cluster membership.
Cluster composition was determined and analysed based
on sample origins relative to predefined agroecological
zones.

Genetic differentiation was quantified for both types
of group (i) predefined agroecological zones and (ii)
inferred genetic clusters using the unbiased F, estimator
implemented in the heirfstat package [61]. Significance of
the pairwise distances was evaluated using permutation
test with 999 iterations to obtain 95% confidence interval.
Analysis of Molecular Variance (AMOVA) was addition-
ally performed to partition genetic variation within and
among zones and clusters. These formal tests were used
to assess whether agroecological zones or clusters serve
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as meaningful grouping factors for structuring genetic
variation within the collection.

Core collection development and evaluation

In order to design core collection subsets that preserve
overall genetic diversity while ensuring relevance for
breeding applications and suitability for downstream
association analyses such as Genome-Wide Association
Studies (GWAS), we applied a diversity-maximization
approach implemented in Core Hunter 3 v3.2.0 [62]. The
full initial dataset consisted of 783 unique C. canephora
accession. These were exclusive of the wild and control
accessions used in the study. Fifteen candidate core sets
of varying sizes (50—400 accessions in increments of 25)
were generated based on the pairwise Euclidean genetic
distance criteria [63]. Increments of 25 accessions is a
strategy consistent with core collection optimization
approaches in which stepwise increases, typically rang-
ing from 20 to 50 accessions, are applied [38, 43, 64].
Furthermore, proportional sampling in core collection
development is conventionally set at 5-20% of the total
collection size to ensure adequate capture of genetic
diversity. In the present study, given a total of 783 acces-
sions, each increment of 25 accessions represents approx-
imately 3.2% of the entire collection. Each core subset
was then assessed for genetic diversity and representa-
tiveness using the metrics implemented in Core Hunter
[62], including Shannon’s diversity index (SH), expected
heterozygosity (HE), and allele coverage (CV) [65, 66].
Diversity statistics for the core sets were compared with
those of the full germplasm collection to evaluate how
well each subset captured overall genetic variation. From
these comparisons, two core sizes were selected for fur-
ther evaluation following the classical guideline [43].
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The core collections were selected because preliminary
comparisons of diversity statistics indicated that this size
provided substantially improved allele coverage and geo-
graphical representativeness. A fixed group of 10 acces-
sions previously released as NaCORI commercial lines
(KR lines) was forced into both selected core sizes to
ensure inclusion of breeding-relevant material (when not
selected as part). Following the identification of an opti-
mal size range, we refined the selection by incorporating
geographical representation, ensuring that accessions
from different regions were proportionally included. This
resulted into the suggestion of the larger core collection
appropriate for GWAS.

Results

Position of NaCORI C. canephora germplasm within global
diversity panel

To assess the genetic positioning of the NaCORI germ-
plasm within the global diversity of C. canephora, a PCA
was performed using the studied cultivated accessions
from the NaCORI collection together with reference
accessions representing established genetic groups [20,
22]. The first two principal components (PCs) clearly
separated the major reference groups from the NaCORI
materials. Groups A, C, and D representing West Afri-
can groups formed a well-defined, highly divergent
cluster along PC1 positioned far from all NaCORI acces-
sions (Fig. 2A). Groups B, O, E and R were overlapping
with NaCORI collection cloud. The NaCORI collection
includes accessions historically reported as introductions
from Java, whose original African source remains uncer-
tain. In the PCA, Java accessions were broadly dispersed
across the NaCORI cluster (Fig. 2B) suggesting mixed or
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Fig. 2 Principal Component Analysis (PCA) illustrating the position of the NaCORI collection within C. canephora global diversity. Relative position of the
collection (grey) compared (A) to all reference genetic groups as described by [20]; (B) to Central (B, E, R) and East African (O) groups; accessions in the

collection introduced from Java is shown in green
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composite origins within genetic groups B, E, R, O rather
than a direct relationship to one group.

Historical dispersal and collection sources effect on

NaCORI collection diversity

To examine the relationship between source of origin
and observed diversity patterns, a PCA was conducted
on cultivated accessions excluding the reference samples
(Fig. 3). Accessions formed a broad, continuous distri-
bution along the first two axes with extensive overlap
among agroecological zones, and no discrete grouping
by origin was observed (Fig. 3A). A few accessions were
positioned towards the margins of the distribution, but
none formed a distinct cluster. Examination of other axes
up to PC4 (Fig. 3B) revealed that some accessions from
the Southwestern zone differed from the rest of collec-
tion on PC4, indicating a subtle structure.

Pairwise Fg; values between zones were overall low,
ranging from 0.001 to 0.026 (S2 Table). Although few
comparisons were statistically significant (p<0.001),
the effect sizes were very small, indicating minimal dif-
ferentiation among agroecological zones of origin. Only
the Southwestern zone showed significant Fg; values
(F¢>0.001) with all other zones, consistent with its slight
displacement on PC4 (Fig. 3B), but divergence remained
weak overall. The AMOVA (S3 Table) partitioned 98.51%
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of the total genetic variance within individuals (attrib-
utable to the level of heterozygosity), only 1.13% attrib-
utable to differences among zones and 0.37% among
individuals within zones. This confirmed that the
recorded source zones explain only a small fraction of the
overall genetic diversity. Together, these results indicate
that variation within the NaCORI collection is largely
continuous and only weakly structured by agroecological
origin.

Genetic kinship patterns among NaCORI C. canephora
accessions

Kinship relationships within the NaCORI collection were
examined using dendrogram constructed with the IBS
distances and Ward’s algorithm (Fig. 3C). The dendro-
gram tree was pruned at the dissimilarity threshold of
0.8 allowing to partition the accessions into six clusters.
This threshold was selected to facilitate interpretation,
and the resulting groupings were consistent with pat-
terns observed in complementary analyses (e.g. PCA and
Fgr), indicating that the main conclusions are not driven
by this choice. Cluster sizes varied, but all groups con-
tained mixtures of agroecological origins, except cluster
1, that corresponded to the unique agroecological South-
west (Rukungiri district) lineage (Fig. 3C). Some clusters
were enriched for particular origins, but most clusters
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Fig. 3 Genetic characterisation of C. canephora accessions from NaCORI collection of Ugandan origin. Principal Component Analysis (PCA) showing the
genetic relationships among C. canephora accessions from the NaCORI collection (A) along PC1 and PC2, and (B) along PC1 and PC4; (C) dendrogram
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also included accessions from other zones. Overall, this
mixed composition is consistent with the continuous
genetic patterns observed in PCA (Fig. 3B) and a slight
differentiation of some individuals from the southwest
agroecological zone.

The levels of genetic differentiation among these
genetic clusters (S4 Table), as estimated by Fg, values,
ranged from 0.04 to 0.2. High values likely reflect under-
lying diversity rather than true population subdivision
and correspond to the comparison of individuals from
the opposite ends of the gradient observed in Fig. 3A.
AMOVA likewise attributed only a negligible proportion
of variance to differences among clusters, with most of
the genetic variation (98.96%) attributed within individ-
ual samples. A small proportion of variation (0.96%) was
attributed to differences among samples within clusters,
while only 0.07% of the total variation was explained by
differences between clusters.

Genetic diversity was assessed for the whole collection
and across the six clusters using observed heterozygosity
(Hp), expected heterozygosity (Hg), and the inbreeding
coefficient (Fig). Observed and expected heterozygosity
values within clusters were moderate to high and broadly
similar across groups (S5 Table). These levels of hetero-
zygosity confirm the presence of substantial standing
genetic variation in the collection. F;; values were close
to zero and slightly negative, indicating no evidence
of inbreeding and a mild excess of heterozygotes, con-
sistent with the outcrossing reproductive system of C.
canephora. Together, these results and the AMOVA test
(S6 Table) show that IBS clustering provides a relative
similarity ordering of individuals but does not reveal dis-
crete genetic lineages; instead, the NaCORI germplasm
exhibits continuous structure combined with significant
genetic diversity.

Core collection evaluation and spatial distribution of
NaCORI collection

To determine the optimal core collection size that cap-
tures maximum diversity and representativeness, a range
of core subset increasing from 50 to 375 at an interval
of 25 was evaluated. The results revealed a consistent
trend across increasing core sizes (S7 Table). Allele cov-
erage (CV), the proportion of alleles retained from the
full collection reached 0.98 by Core3 (109 individuals)
and remained constant through Corel4 (375 individuals).
In contrast, Shannon’s diversity index (SH) decreased
from 5.92 in Corel to 5.88 in Corel5 (400 individuals),
while expected heterozygosity (Hg) dropped from 0.3
to 0.27 over the same range (S7 Table). Two core col-
lections were selected. Core3 comprises 109 accessions
and represents 13% of the total collection. This core was
designed to maximize allelic diversity. Corel2 comprises
328 accessions, representing 42% of the total collection.
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Corel2 was selected to both maximize allelic diversity
and ensure broad geographical representation.

To assess the underlying diversity within the core col-
lections and evaluate the representativeness of the two
selected ones, a Principal Component Analysis was first
conducted (Figs. 4A and S3). The core accessions of
Corel2 (328 individuals) are broadly interspersed among
the non-core accessions. The spread of points along PC1
and PC2 is similar for the core and full collections, span-
ning approximately the same range on each axis. Similar
patterns were observed for Core3 (109 individuals) which
is a smaller set and shows a sparse but well-distributed
spatial pattern remains (Figure S3).

To further assess whether the core collection reflects
the diversity of the full dataset, we compared the distri-
bution of average Euclidean genetic distances (Fig. 4B).
The histogram shows that the full collection exhibits a
normal distribution with an average distance of approxi-
mately 10.7. Most samples were falling between 10 and
11.5. The core collection displays a similar distributional
shape to the full set with slightly a narrower spread
as compared to the bigger core collection and shifted
toward higher pairwise genetic distances (Fig. 4B). This
shift indicates that the core collection is well enriched
for genetically distinct individuals, maximizing diversity
and reducing closely related genotypes. Complementary
assessment was done to evaluate the genetic representa-
tiveness of the selected core collection relative to the full
germplasm set using the distribution of expected (Hg),
observed heterozygosity (Hgy) and the Shannon diver-
sity index values (SH) (Fig. 4C). The Shannon index and
heterozygosity values for the core collection were slightly
higher than those of the full collection for both proposed
collections (Figs. 4C and S3C). Indeed, the core collec-
tions not only captures the overall genetic diversity of the
full set but also enhances diversity metrics by retaining
more informative and genetically distinct individuals.

To explore the spatial distribution of genetic diversity,
core accessions were mapped across Uganda’s five stud-
ied agroecological zones: Southwestern, Eastern, L Victo-
ria, L Victoria H and Western focusing on districts where
the samples were collected (Fig. 4D, Figure S3D). Within
each zone accessions were further classified based on
their genetic cluster assignment. The results revealed
clear differences in cluster composition and geographic
representation between the two core collections. Corel2
(328 individuals), which included accessions from 19
districts, demonstrated broader spatial and genetic rep-
resentation than Core3 (109 individuals). Five agroeco-
logical zones were represented by accessions from all six
genetic clusters, while the Eastern zone comprising three
clusters (Fig. 4D). In comparison, Core3 included acces-
sions from only 14 districts of five agroecological, and
only one genetic cluster was represented in the Eastern
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Fig. 4 Characterisation of the core collection Core12 (328 ind) (turquoise) compared to the whole germplasm (grey). (A) Principal Component Analysis
(PCA) along PC1 and PC2; (B) Pairwise Euclidean genetic distances distribution; (C) Genetic diversity estimates: expected heterozygosity (HE), observed
heterozygosity (Ha) and Shannon index (SH); (D) Spatial distribution and genetic cluster composition of the core collection across Uganda'’s five agroeco-
logical regions shown with sampling locations (green dots) and regional genetic cluster proportions (C1-C6) summarized in pie charts

zone (Figure S3D). Overall, Corel2 provided a more bal-
anced and comprehensive representation of Uganda’s
genetic diversity as compared to Core3, both in terms of
district coverage and genetic cluster composition.

Potential of Ugandan wild C. canephora populations to
enhance ex situ genetic diversity

To examine how the NaCORI collection relate to wild
C. canephora diversity found in Uganda, IBS-based
Ward clustering was performed on the wild accessions
alone and on a combined dataset including both wild
and cultivated accessions. On wild accessions, the tree
revealed two main groups at higher dissimilarity levels,
with subclusters generally corresponding to forest of ori-
gin (Fig. 5B). Some forests, such as Itwara and Kalinzu,
formed relatively tight subgroups, whereas others (e.g.
Semuliki, Mabira) exhibited more internal branching,
reflecting differences in the depth of divergence among
wild populations.

The clustering analysis incorporating both cultivated
and wild accessions (Fig. 5A) revealed the presence of a
distinct divergent cluster (C6) that was not observed in
the dendrogram constructed using only cultivated acces-
sions (Fig. 3C). While some wild accessions from Semu-
liki, Malabigambo, Mabira, Maramagambo, Kalinzu
and Bwindi forests were interspersed throughout the

dendrogram alongside cultivated materials, others, origi-
nating from the Kibale, Itawara, Budongo, and Zoka for-
ests, formed a clearly defined and well-separated cluster,
cluster 6, indicating substantial genetic divergence from
the cultivated gene pool (Fig. 5A).

The dendrogram results were supported by the pair-
wise Fgp analysis (S8 Table), which revealed that Cluster
6 consistently showed strong and statistically significant
differentiation from the other clusters (p<0.001; Fgp
ranging from 0.154 to 0.68). This confirms its genetic
uniqueness within the germplasm and highlights the dis-
tinctiveness of the wild lineage.

Discussions

Genetic position of NaCORI germplasm within global C.
canephora diversity

The genetic relationship among global reference groups
identified two geographically distinct genetic clusters:
the Guinean group, which includes accessions from West
Africa, and the Congolese group, comprising popula-
tions from Central and East Africa. These clusters and
their sub-groups align with those reported in previous
studies [18, 20, 22] thereby providing a robust global ref-
erence genetic framework. Within the Central and East
African lineage, the NaCORI germplasm encompasses
much of the genetic diversity observed in reference group
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O (Uganda). Its close genetic affinity with groups E, B
and R (from DRC), reflects the well-documented rela-
tionships among C. canephora genetic groups from this
region [23, 29]. Collectively, these patterns confirm that
the cultivated accessions conserved at NaCORI is pre-
dominantly of Ugandan origin, with no evidence of intro-
duction or introgression from Guinean lineages (Fig. 2A).
In this context, the Java-derived accessions, while histori-
cally associated with early introductions from Yangambi
(DRC), are broadly intermixed with Ugandan cultivated
genotypes and do not show a strong genetic proximity
with the Congolese reference group (Fig. 2B). This pat-
tern is consistent with historical records indicating that
Robusta germplasm introduced into Java originated
from multiple African sources, including Uganda [26,
67]. Accordingly, the accessions subsequently introduced
into Uganda may reflect earlier bidirectional exchanges
among African and Asian populations rather than deriva-
tion from a single, well-defined Congolese origin. On the
other hand, the obligate outcrossing reproductive system
of C. canephora, combined with seed-based propagation
of the collection, likely promoted genetic admixture and
recombination, thereby progressively eroding the original
genetic identity of accessions labelled as “Java” which may
in fact represent admixed descendants, as previously sug-
gested by [23]. Collectively, these patterns indicate that
the cultivated accessions conserved at NaCORI is pre-
dominantly of Ugandan origin, with no evidence for sub-
stantial introduction or introgression from non-Ugandan
lineages, aside from limited contributions from DRC or
Java-derived material that is largely admixed.

Collections in other African countries where C.
canephora is native also predominantly conserve local
diversity [27]. Some collections also exhibit a broader
global diversity incorporating both Guinean and Congo-
lese genetic sources but usually represented by few indi-
viduals per genetic group, for example, the Ivorian one
[19, 26]. In non-African countries where coffee is not
indigenous, patterns differ depending on the introduc-
tion history [68]. In the main Robusta-producing coun-
tries, Vietnam and Brazil, collection material is largely
derived from Congolese group E (DRC) lineages in Viet-
nam [22] at the WASI (Western Highlands Agriculture
and Forestry Science Institute) center and Congolese
- Conilon group A lineages in Brazil at the IAC (Agro-
nomic Institute of Campinas) collection [69], although
representatives of other genetic groups are also present
[22]. Assessing the complementarity of these collections
will therefore be important for the long-term conserva-
tion of C. canephora genetic resources worldwide [39].

Geographic provenance and genetic structure of Ugandan
cultivated C. canephora conserved at NaCORI

Cultivated germplasm showed a continuous genetic
distribution, with no clear structuring by agroecologi-
cal zone of origin (Fig. 3A) and displayed higher genetic
diversity within regions than among them. Individuals
from different agroecological were widely interspersed
in multivariate space and hierarchical clustering (Fig.
3C), and only limited genetic divergence was observed,
involving a subset of Southwestern accessions (Fig. 3B,
C). These patterns align with previous findings in Ugan-
dan Robusta, where the few (z = 52) cultivated accessions
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studied exhibited low-to-moderate genetic structure
[21, 23]. However, our study is based on a more com-
prehensive characterization of the national collection,
encompassing a larger and more representative sample of
source collection sites and agroecological zones, thereby
providing a more robust and expanded perspective. This
homogeneity suggests shared ancestry, recurrent germ-
plasm exchange and seed propagation, likely facilitated
by centralized seed systems, farmer-to-farmer diffusion,
and institutional breeding programs. It should be noted
that seed-based propagation of the collection, even over
a few generations, likely intensified genetic admixture,
further obscuring the genetic signatures of geographic
origin. This tells the story of Uganda’s coffee distribu-
tion with the central region including L. Victoria H and
L. Victoria as the oldest and main distribution hub [29].
C. canephora has a long cultural history, particularly in
regions surrounding Lake Victoria, with the Kalangala
Islands representing one of the earliest centres of Robusta
cultivation [28]. The use of coffee in rituals, together
with its spread through human migration and intertribal
trade, likely enhanced regional gene flow, contributing to
the weak genetic structuring observed among cultivated
germplasm [21, 28]. A similar pattern has been identi-
fied in avocado (Persea americana) in Tanzania [70] or
Camellia sinensis in southwestern China [71], where cul-
tural and social practices associated with long cultivation
histories have promoted geneflow while reducing popula-
tion structure [70, 71].

However, we detected a slight differentiation of a sub-
set of accessions originating from the southwestern
agroecological zone relative to the rest of the collection
(Fig. 3B). These accessions form a distinct cluster (Clus-
ter 1) in the dendrogram (Fig. 3C), whereas the remain-
ing accessions from this zone are distributed across the
other clusters, indicating an absence of clear geographic
structuring. That suggests that while cultivated popula-
tions are broadly dispersed in the country and genetically
similar, Southwestern accessions retain some distinct
geographic genetic signatures. This distinctness (see Fgp
values in S2 Table) may reflect limited breeding inter-
ventions and underutilized gene pools that may contain
ancestral alleles. It could also result from the relative geo-
graphic isolation from traditional coffee trade routes, the
presence of relatively isolated communities and ethnic
groups, and the differentiation of local coffee varieties
that were either poorly suited or less attractive for cul-
tivation in other regions. These results underscore the
importance of the comprehensive, country-wide sam-
pling that was applied for the effective development of
this germplasm collection. To further refine this inter-
pretation and more robustly reconstruct such exchange
events, additional sampling of extant local and traditional
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diversity from villages across the country could provide
valuable insights.

Characterization of genetic diversity and geographic
origins of the optimized core collections

Following optimization for diversity representativeness,
two core collections comprising 109 and 328 accessions
were identified. Core3 (109 accessions) represented the
most efficient subset, maximizing allele coverage with
minimal redundancy and retaining high genetic diversity
(CV = 0.981; Hy = 0.294). To ensure broader geographic
and genetic representativeness and increased statistical
power, the larger core (Corel2; 328 accessions) was des-
ignated as the GWAS population for downstream asso-
ciation analyses. During the optimization process, allelic
coverage (CV) stabilized from Core3 onward, indicating
that most alleles present in the full dataset were already
captured by the third core subset and that subsequent
additions did not improve representativeness in terms
of allele presence. The observed reductions in the Shan-
non diversity index (SH) and expected heterozygosity
(Hp) beyond Core3 suggest that additional accessions
introduced genetic redundancy, contributing less novel
diversity and skewing allele frequencies toward common
variants. This pattern aligns with the principle of dimin-
ishing marginal diversity, where the initial accessions
selected into a core are typically the most genetically
distinct, and later additions tend to be more like those
already included. Such trends were predicted by [72],
who, in developing Core Hunter II, demonstrated that
multi-objective optimization could identify small core
sets that retain high diversity. Similarly [73], reported
that in rice, core sizes of 20-30% preserved up to 95% of
microsatellite alleles but were accompanied by declines
in diversity indices beyond this threshold, a pattern also
observed by [74] in barley.

Nonetheless, the largest core collection, Corel2 (328
accessions), provided a more balanced and comprehen-
sive representation of Uganda’s genetic diversity than
Core3, both in terms of geographic (district) cover-
age and genetic cluster composition. In addition, this
core collection, by virtue of its larger size, is expected
to be more effective at capturing rare allelic variants or
extreme genotypes; however, this expectation cannot be
robustly assessed given the limited number of SNP loci
(236 analysed in this study). These results align with
broader observations in the literature on core-collection.
Verleysen characterised a robusta coffee field-gene bank
[27]. That study emphasised that while a core can cap-
ture most allelic diversity, some specific alleles remain
unrepresented. These findings reinforce the notion
that core collection strategies must balance efficiency
(fewer accessions) and comprehensiveness (inclusion
of rare alleles). Especially for perennial crops such as
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coffee, where breeding resources and field-space are con-
strained, core collections offer a pragmatic approach, but
one must remain vigilant about losing rare alleles which
might be important for future climate-resilience or dis-
ease-resistance traits as well as flavour and cup quality.
In addition to the limitation that the use of hundreds
of SNPs provides a restricted representation of global
genetic diversity, other criteria could be incorporated
into the characterization of the collections. In particular,
the inclusion of phenotypic data [75] could offer comple-
mentary information and improve the overall assess-
ment of diversity [76]. Nevertheless, this collection has
strong potential as a GWAS population for several rea-
sons. First, its adequate sample size provides sufficient
statistical power to detect loci with small effects [77].
Second, it retains substantial genetic diversity, captur-
ing broad allelic variation across multiple agroecological
origins, thereby increasing the likelihood of identifying
polymorphisms relevant to target traits [78]. Third, the
panel is expected to exhibit moderate linkage disequilib-
rium (LD) [79] as suggested by the high level of admix-
ture and limited population structure, reducing the risk
of spurious associations [80]. Moreover, the ease of clonal
propagation in coffee enables replicated trials across mul-
tiple agroecological environments, further enhancing the
robustness of GWAS analyses.

Wild germplasm as genetic reservoirs

To assess the potential of wild C. canephora resources as
additional germplasm for crop improvement, we evalu-
ated representative accessions from 10 forest popula-
tions. While several wild accessions were interspersed
throughout the dendrogram alongside cultivated mate-
rials, others, originating from the Kibale, Itawara,
Budongo, and Zoka forests, formed a well-defined and
distinct cluster, indicating genetic divergence from the
cultivated gene pool (Fig. 5). This divergence indicates
that part of the genetic diversity present in wild popula-
tions is not currently captured within the ex situ collec-
tion, highlighting their value as complementary genetic
resources. In contrast, wild accessions distributed across
multiple clusters together with cultivated materials
likely reflect multiple domestication origins, and/or past
hybridization events between wild and cultivated gene
pools. These findings are consistent with studies of C.
canephora population structure in Uganda, where four
genetically distinct wild populations from northwestern
forests (Zoka, Budongo, Itwara, and Kibale) were clearly
separated from a fifth, more admixed Southern-Central
(SC) group, which included both cultivated and wild
accessions [23]. Similarly, in the DRC, wild and cultivated
populations have been shown to exhibit high genetic dif-
ferentiation and possess private alleles, reinforcing the
idea that domestication did not arise from a single wild
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source but likely involved multiple wild gene pools [67].
This pattern is typical in perennial tropical crops that
have undergone long-term in situ management, allowing
for both divergence and convergence of gene pools [81].

Moreover, the genetic proximity of some wild acces-
sions to cultivated accessions suggests that introgression
efforts involving these materials may be feasible with
minimal genetic barriers, reducing the risk of incompat-
ibility. Deploying genetically unique germplasm given the
increasing unpredictability of climate regimes, is essential
for improving sustainability and crop resilience [82, 83].
Furthermore, enriched cluster-based grouping of acces-
sions offers breeders a systematic framework to explore
both intra and inter-cluster variation. This approach
could enable the maximization of heterosis and facilitates
the introgression of novel alleles into cultivated popula-
tions [26]. By leveraging genetic clustering, breeding
programs can strategically combine diverse germplasm
to generate robust varieties capable of thriving under het-
erogeneous agroecological conditions.

Conclusion

Using a targeted KASPar SNP panel, we character-
ized the genetic origin, structure, and diversity of C.
canephora accessions representing the national collection
(n=909) and compared them with reference accessions
from wild Ugandan populations and African reference
groups. By positioning Ugandan accessions alongside
reference groups from across the native range, we clari-
fied the distinctiveness of Ugandan germplasm while also
highlighting the shared ancestry of materials historically
introduced from Java. Patterns of structure across land-
races, farmer selections, elite breeding lines, and released
varieties further revealed how collection sources and
past movements have shaped the diversity now main-
tained ex situ. Kinship and redundancy analyses identi-
fied both unique and closely related accessions, which
enabled the development of representative core subsets
that efficiently capture the breadth of diversity while
reducing duplication, an essential step for germplasm
management, trait evaluation, and the design of GWAS
populations. Furthermore, the inclusion of wild Ugandan
populations demonstrated that natural forests remain a
critical reservoir of diversity and elevated heterozygosity
not fully represented in the ex situ gene pool.

Although this study clarified the genetic composition
of the NaCORI germplasm collection and established
representative core subsets, further work is needed to
strengthen inference and broaden utility. Future stud-
ies integrating the characterization of the identified
genetic clusters and core collections with morphologi-
cal and adaptation to biotic and abiotic stresses are rec-
ommended. Moreover, this study underscores the need
to integrate formal breeding programs with local seed
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systems for effective germplasm utilization and high-
lights the value of deliberate stratification and targeted
sampling from wild and under-represented cultivated
populations to complement the established core sub-
sets. Overall, these results show that the NaCORI collec-
tion provides a strong and representative foundation for
Robusta improvement in Uganda, while strategic inclu-
sion of additional wild and under-represented germplasm
offers clear opportunities to further expand its genetic
base.
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