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Abstract Coffee is the most important export
commodity that contributes significantly to the national
economy and supports the livelihood of millions of people
in Burundi. The lack of information on the diversity of the
existing pool of advanced breeding materials and
introduced accessions of Arabica coffee in Burundi has
been a key limitation for coffee improvement and
sustainable conservation. To address this limitation,
DArTseq Genotyping by sequencing (GBS) was used to
document the genetic diversity of the Arabica coffee
collection in Burundi. We analyzed 255 Coffea arabica
germplasm composed of hybrid, commercial varieties, and
landraces. A total of 4036 SNPs were identified and 3488
of those were found to be anchored to the C. arabica
chromosomes. After quality filtering, 3070 highly
informative SNPs were used for Linkage Disequilibrium
(LD) pruning leading to 1874 LD-pruned markers
employed for further genetic diversity analyses. A
complementary  approach involving distance-based
(hierarchical clustering and Principal Coordinate Analysis)
and model-based (ADMIXTURE and Discriminant
Analysis of Principal Component) methods congruently

stratified these 255 Coffea arabica germplasm into four
genetic clusters. The group membership of the clusters
identified throughout the two methods was comparable.
Admixture between coffee accessions was evaluated using
ADMIXTURE, and the best-fit number of populations
(clusters) based on cross-validation estimates was K = 4.
Based on genetic diversity parameters including
Polymorphism Information Content, heterozygosity, and
overall minor allele frequency, a relatively low genetic
diversity was observed between and within the genetics
groups. The analysis of the coffee genetic variation through
Principal Coordinate analysis indicated a low variation of
22.1% among the existing coffee genotypes. This study
documents genetic diversity presented of the C. arabica
genetic resources in Burundi. These findings can be used in
selecting and introducing parents for breeding in this low-
diversity collection to set up effective strategies for Arabica
coffee improvement and conservation in Burundi.

Keywords Coffea Arabica, Genetic Diversity, Coffee
Breeding, Dartseq Genotyping, Allotetraploid
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1. Introduction

Coffee is one of the most highly consumed beverage
globally and is considered a precious commodity in both
coffee producing and consuming countries [1]. The genus
Coffea comprises of 125 species distributed mainly in
tropical and subtropical regions of the world [23]. Coffea
arabica L. (Arabica coffee) and Coffea canephora Pierre
ex Froehner (Robusta coffee) are the two most important
commercial species due to their high productivity and high
beverage quality [4, 5]. C. arabica is an amphidiploid (2n
= 4x = 44 chromosomes) derived from the natural
hybridization between two closely related diploid species
C. eugenioides S. Moore (EE sub-genome donor), and C.
canephora, (CC sub-genome donor) [2, 6, 7]. Due to its
autogamy (self-pollination), recent polyploidization and
domestication history, C. arabica is believed to be less
genetically diverse compared to other Coffea species which
are diploid and allogamous (2n=2x=22 chromosomes) [8].

Burundi is one of the coffee exporting countries in Africa
with annual average export revenues of 40 - 50 million
USD, accounting for 60% to 70% of foreign exchange
earnings [9]. In 2019, Burundi's coffee exports accounted
for 24.5% of the country's total exports, making it the
greatest single product by proportion at the same level as
Ethiopia [10]. The coffee sector is also important for
household livelihood as it provides direct income to
850,000 Burundian households [12, 13].

Despite its significance to the country's economy,
Arabica coffee grown in Burundi has shown a low and
continuous decline in productivity. Annual green coffee
yield has decreased over time from 24.7 tons/ha in 2008 to
15 tons/ha in 2016 and 2017 [13]. This decline in
productivity is partly due to limited genetic improvement
underlined by a poor understanding of the genetic
composition of the coffee germplasm grown in Burundi.
Burundi coffee collection mainly consists of C. arabica
which accounts for 99.9% of total coffee production in
Burundi [15, 16]. A large number of Burundi Arabica
coffee germplasm were introduced between 1984 and 2005
from Cameroon, Ethiopia, Kenya, India, Portugal, and
Rwanda [16]. These germplasms include commercial
varieties, landraces, and hybrids that were originally
developed for Coffee berry disease (CBD) resistance [13].
However, a lack of systemic research effort to genetically
characterize and properly differentiate these introductions
has resulted in limited information on the genetic diversity
of the existing coffee gene pool in the country [15]. Thus,
understanding the diversity of the coffee germplasm
collection available in Burundi is extremely instrumental
for genetic diversity conservation and will also inform
strategies for variety development and variety
introductions [14, 15, 17].

Diversity studies in coffee germplasms have been
conducted using different methods involving the use of
phenotypic, biochemical, and molecular tools [5, 18, 19].
Phenotypic characterization is limited by the variability

caused by environmental factors [20]. Furthermore,
phenotyping methods require a long period of follow-up
studies across different growth stages particularly in
perennials such as coffee [24, 25]. To overcome these
constraints, molecular markers are frequently used for
genetic diversity and population stratification [23, 26].
However, due to high levels of genetic similarity among the
Arabica coffee genotypes, the use of classical PCR or gel-
based molecular markers (e.g., RAPD, SSR or AFLP) are
of limited value in the genetic variations studies as these
markers cannot sufficiently differentiate among coffee
genotypes [27].

Advanced genomics approaches based on Next
Generation Sequencing (NGS) are best suited for modern
crop improvement as they precisely elucidate genomic
diversity [28, 29]. One such NGS-based approach is the
genotyping-by-sequencing (GBS) which provides a low-
cost and high-throughput alternative that overcomes most
of the limitations of classical PCR or gel-based molecular
techniques [28]. GBS is routinely used to identify single
nucleotide polymorphism (SNP) which represents the most
abundant variation in crop genomes [35, 36]. SNPs have
been successfully used for genetic diversity and genome-
wide association studies in coffee [29, 30, 32, 36, 37].

The present study used the Diversity Array Technology
sequencing (DArTseq) platform for GBS genotyping to
examine the genetic diversity and relatedness of Arabica
coffee germplasm collections in Burundi. This collection
consists of accessions across different germplasm types
(commercial varieties, landrace, and hybrids) and were
assembled across four different agro-ecological zones used
as field genebanks in Burundi.

2. Materials and Methods

2.1. Collection Sites and Coffee Genotypes

This study was carried out on existing C. arabica
collections established in four different research stations of
the Institute of Agronomic Sciences of Burundi (ISABU)
located in Kayanza, Murongwe, Nyange, and Rukoba.
These stations are in the major coffee-growing agro-
ecological zones of the country (Table 1 and Table S1).
Five trees were maintained for each coffee genotype
established in the Kayanza station, while ten trees were
maintained per genotype in each of the other three stations
(Murongwe, Nyange, and Rukoba).

2.2. Plant Material Sampling

A total of 262 Arabica coffee samples were initially
collected. These included samples from five commercial
varieties established in 3 - 4 stations (number of samples =
18), 178 landraces established in 1 — 3 stations (number of
samples = 223) and 21 hybrids established in one station
(number of samples = 21). For each genotype, samples
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were collected from 3 — 5 medium-sized trees with
consistent morphological features. Young leaves samples
were plucked from the second and third nodes from the
growing tips of the branches of the selected trees per
genotype and bulked. These fresh young leaves were kept
in dark envelopes containing silica gel for moisture
removal and were properly labelled according to sampling
procedures [35]. The dry leaves were enveloped, certified
to be disease-free by the phytosanitary regulatory authority
in Burundi, and packaged in Zip lock plastics bags before
shipping to the International Livestock Research Institute
(ILRI) for DNA extraction and genetic analysis. The details
on the sampling site and the genotype distribution across
the research station are presented in Table 1 and Table S1.

2.3. Genomic DNA Extraction

Genomic DNA was extracted from the initial 262
samples as follows. The dried leaves samples were crushed
into 2ml Eppendorf tubes and ground in duplicate into fine
powder using the Genogrinder 2000 as recommended by
the manufacturer. The fine powder was used for genomic
DNA extraction using Quick-DNA™ Plant/Seed Miniprep
Kit of Zymo Research [36]. The DNA quantity and
integrity were checked using the Nanodrop 2000/2000 C
spectrophotometer (Thermo Fisher Scientific, USA) and
electrophoresis on 1% agarose gel stained with GelRed™
(Biotium, Inc., USA) and visualized on a UV
transilluminator.

2.4. Genotyping

A total of 40 L of DNA for each sample (plus 20
technical DNA replicates) with a concentration ranging
between 50 -100 ng/_iL was submitted to SEQART Africa
(Kenya) for genotyping using the DArTseq method
developed and patented by the Diversity Arrays
Technology (DArT) Pvt. Ltd. (Australia). DArTseq
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combines genome complexity reduction through restriction
digest with Next Generation Sequencing. The restriction
digest and NGS library preparation were prepared by
SEQART [as described in [38-40]. In brief, digestion with
Pstl (rare/primary cutter) and Hpall (frequent cutter)
restriction enzymes was carried out in one reaction. This
was followed by the ligation of restriction-enzyme-specific
adapters that also contain the lllumina sequencing primers
and barcode [40]. The fragments were subsequently
amplified and equimolar amounts (5ul) of amplicons from
each 96-well microliter reaction plate were pooled.
Sequencing of the library was done with the Illumina
HiSeq2500 sequencer (Illumina, San Diego, CA, USA).

The sequence data was analyzed following the SEQART
protocol (https://www.diversityarrays.com/products-and-
services/information-technology/dart-analytical-services/)
and as described by Barilli et al. [41]. Raw read sequences
were processed with the DArTsoft14 algorithm within the
KDCompute plugin system developed by
Diversity Arrays Technology (https://www.kddart.org/kdc
ompute.html).

In the primary pipeline, the FASTQ files were first
processed to filter poor-quality sequences to ensure that the
assignments of the sequences to specific samples based on
barcode split region were consistent as described by [40, 42,
43]. The sequence probes of the identified markers were
anchored to the coffee genome by alignment to a
chromosome-scale reference assembly of Coffea arabica
NC_039913.1 reference genome, catura red variety
CCC135-36, publicly accessible on NCBI
(https://www.ncbi.nlm.nih.gov/assembly/GCF_00371322
5.1). The GBS analysis generated two types of results files:
(i) SilicoDArTs, and (ii) SNPs. The silicoDAIT file
contained dominant markers matrix scored as 0 and 1 to
represent the presence or absence of genomic fragments in
the samples. The SNP file contained co-dominating
markers with specific polymorphisms of single nucleotides
[28, 44].

Table 1. Geographic and climatic details of the coffee germplasm collection sites and their distribution across the research stations

Geographical coordinates

Climatic parameters

Germplasm types

Research Agro-ecological Altitud Annual Annual Total
stations zone Latitude  Longitude ('mu) ¢ rainfall temperature  Commercial® Landrace Hybrids
(mm) ()
Humid plat
Kayanza o PAEY 000559130 020°36.645° 1960 80.31 16.95 5 180 - 185
Highland
North and East
Nyange o AMAESSE 04007084 029953437 1576 68.94 17.42 5 28 - 33
depression
Humid plat
Rukoba MO PREAU 03003 003 029°44.443° 1623 6337 18.25 5 15! a1 4
Midland
Humid plateau
Murongwe Midland 03°17.873° 029°53.850° 1501 65.16 20.58 3 - 3

TThe same commercial varieties were evaluated in different locations;

+ A subset of these 15 landraces was also sampled from Kayanza and Nyange Stations
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2.5. Markers Quality Control and Pruning

The SNPs generated from the genotyping of the 262
coffee samples were first subjected to quality filtering and
pruning as follows. We first removed SNPs that could not
be anchored to the C. arabica reference genome and those
that mapped to the chloroplast genome. The remaining
SNPs were further filtered in TASSEL [45] to exclude
SNPs with more than 30% of missing data. From the first
quality-filtered SNP, second filtering by removing
monomorphic SNPs was followed and high informative
SNPs were pruned [42] based on Linkage Disequilibrium
(LD) using PLINK 1.9 [46]. Only SNPs with a squared
pairwise correlation less than 0.5 value (R2 < 0.5) within
each 50-SNP window size were retained.

2.6. Sample Filtering

Given that samples were collected from previously
established field trials of historical coffee collection, the
genetic similarity between the biological replications in the
trials was first examined to ascertain if they were true
replicates. Pairwise identity by state (IBS) was calculated
among accessions using the “distance” function in PLINK,
and genetic distance between technical DNA replicate
samples was used as a critical distance threshold for
declaring biological replicates as true-to-type. A single
accession was retained for each group of duplicated
accessions.

2.7. Diversity Analyses and Population Structuring

We computed various genetic diversity parameters
including allele richness, Polymorphism Information
Content (PIC), heterozygosity expected (He) and
heterozygosity observed (HO), inbreeding coefficient (FIS),
and fixation index (I) using dartR packages implemented in
R [47] and GenAlEx [48].

We used a combination of PCA-based and model-based
population clustering approaches to identify the population
groups within the coffee collection. These included
Discriminant Analysis for Principal Component (DAPC),
ADMIXTURE, Hierarchical clustering and Principal
Coordinate Analyses (PCoA) [49-52]. The same set of LD-
pruned SNPs was used as input in all these methods. DAPC

was first used as a dimension reduction technique to
visualize the memberships between coffee genotypes in
dimensional summaries of dissimilarity as implemented in
the adegenet package implemented in R [50]. The number
of sub-population (clusters) was determined by k-means
clustering. The K with the minimum Bayesian Information
Criterion (BIC) was selected as the optimum K. To
maximize the clustering accuracy, 100 iterations of the k-
means clustering were run and the cross-validation
function was performed to select the optimum number of
the principal components [49, 50].

Hierarchical clustering was done with the hclust function
in R using the "Ward2™ method for distance estimation.
ADMIXTURE analysis was used as a model-based
approach with the default parameters and the same
optimum K as informed by the DAPC analysis. PCoA
based on the distance matrix between genotypes was
performed using dartR [47]. The germplasm types (i.e.,
varieties, landrace and hybrid) and the DAPC-derived
population group information were overlaid on the PCoA
plot. Analysis for Molecular Variance (AMOVA) and
genetic differentiation (FST) between the germplasm types
and population groups was carried out using ppr and
StAMMP packages implemented in R and GenAlEx [56,
60, 61].

3. Results

3.1. Summary Statistics of DArT SNP Variation of C.
arabica Collection in Burundi

A total of 4036 SNPs were identified from the DArTseq
genotyping of C. arabica accessions. A subset of 3488
SNPs could be anchored to C. arabica chromosomes. The
distribution and the density of the anchored SNPs are
presented in Figure 1 and Figure S1 A. Chromosome 2e
was found to have the highest SNPs density (n=353),
whereas chromosome 9c had the lowest SNP density
(n=821). From these anchored markers, we used a subset
of 3070 quality-filtered (see Methods) SNPs for LD
pruning and 1874 LD-pruned markers were used for further
genetic analyses as illustrated in Figure S1 B.
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Figure 1. SNPs density along the different chromosomes of Coffee arabica collections in Burundi. The SNP density was computed based on 3070

SNPs

Table 2. Diversity indices summary statistics for 255 C. arabica accessions

Parameters Germplasm types

Commercial Hybrid Landrace Mean

Number of alleles per locus (Na) 1.49 1.53 1.96 1.66
Number of effective alleles per locus (NE) 121 1.19 1.17 1.19
Allelic richness 1.54 1.53 1.47 151

Fixation index (1) 0.19 0.19 0.18 0.19

Expected heterozygosity (HE) 0.12 0.12 0.11 0.12
Observed heterozygosity (HO) 0.121 0.124 0.109 0.11
Inbreeding coefficient (FIS) 0.026 0.001 0.033 0.019
Polymorphism Information Content (PIC) 0.13 0.15 0.14 0.14
Percentage of Polymorphism 0.49 0.53 0.96 0.66

3.2. Genetics Diversity in the Burundi C. arabica
Collection

A total of 255 non-redundant coffee accessions were
detected from the 262 accessions that were originally
submitted for genotyping. The genetic diversity indices of
these non-redundant 255 coffee accessions are presented in
Table 2. Across the population, the average Polymorphism

Information Content (PIC) was 14.51% (Table 2). The
average percentage of polymorphism among the
germplasm groups was 66%. Average fixation index across
loci (FIS) among the three germplasm types were 0.19
indicating limited differentiation among the population. As
expected, hybrids showed relatively lower coefficient of
inbreeding (0.001) than commercial varieties and landraces.
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However, the average coefficient of inbreeding in the
population was generally low suggesting limited
intraspecific breeding in the population. Across the
germplasm types, the observed heterozygosity was low and
similar to the expected heterozygosity further highlighting
the low genetic variability within and among the three
coffee germplasm types. Analysis of the type of SNP
revealed that transition SNPs (53.35%) were higher
compared to transversions (46.65%) with a ratio of 1.14
between the transitions/transversions.

3.3. Genetic Relatedness and Population Structure in
the Burundi C. arabica Collection

Population stratification of the C. arabica panel was
done using the DAPC function from the Adegenet [50]
package implemented in R. As there was no prior
knowledge or indication of the number of sub-population
in the collection, we initially inferred the optimal number
of clusters using k-means analysis of PCA transformed
genetic distance data. Clustering using K-mean between 2-
40 showed K = 4 — 6 to have the lowest Bayesian
Information Criterion (Figure 2). Consequently, different
DAPC clusters using these K values were considered to
determine the K that best stratifies the population into
distinct sub-population groups.

Value of BIC
versus number of clusters

BIC
1020 1040 1060
1

1000

980
1

Number of clusters

Figure 2. Screen plot of Bayesian Information Criteria (BIC) showing
the optimum clusters (K=4) estimated. With K mean =5 and 6, the clusters
generated were overlapped.\

After six clustering iterations, a hypothetical cluster
(K=4) was chosen to best describe the population as the
cluster produced with this K was distinct and non-
overlapping (Figure 3). Importantly, the membership
probabilities of each genotype to the defined clusters were
robust and reproducible (Figure 3).

Table 3. Distribution of the 255 C. arabica germplasms per germplasm
type into four population clusters generated using DAPC.

Germplasm type Cluster 1 Cluster 2 Cluster 3 Cluster 4

Commercial 0 18 0 0
Hybrid 0 6 15 0
Landrace 45 75 63 33
Total 45 99 78 33

The population stratification based on the DAPC
stratified the 255 Arabica coffee accessions into four
distinct population clusters (Cluster 1 — 4). The number of
C. arabica germplasm in each of the four distinct clusters
is indicated in Table 3 and Table S2. Clusters 1 and 4
contained only landraces. Cluster 2 contained the highest
number of accessions (99) from across all the germplasm
types, while Cluster 3 only contained landraces and hybrid
lines (Table 3). Landraces represent the most abundant
germplasm type in this population and were spread across
all four clusters. Interestingly, all the commercial varieties
which were improved based on common traits were found
in Cluster 2. Some of the accessions grouped in the same
cluster were either introduced from the same country, or
share the same historical pedigree information (hybrids and
commercial varieties).

In addition to the DAPC analyses, we used hierarchical
clustering to examine the relatedness in the population. The
hierarchical clustering grouped 255 genotypes into four
major clades (Clade I to IV), except for two accessions
classified as a minority group. Clade | included 99
accessions (38.82%), Clade Il included 49 accessions
(19.21%) while Clade 11l and Clade IV contained 35
(13.72%) and 70 (27.45%) accessions, respectively. For
99% of the population, the group membership of the clades
obtained by hierarchical clustering agrees with those of the
population clusters obtained from the DAPC analysis
described in Figure 3.

We also used ADMIXTURE [56] - a model-based
population stratification approach that assumes an ancestral
number of sub-populations, to further examine the structure
of the population. The ADMIXTURE analysis was
modeled with K = 4 number of founder sub-populations
(Figure 4 B) as informed by the DAPC (Figure 3) and
hierarchical clustering analyses (Figure 4A). The
population structure defined by ADMIXTURE was
consistent with the genetic relatedness observed from the
Hierarchical clustering.
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Figure 3. Discriminant Analysis of Principal Component “DAPC” clustering the 255 Coffea arabica germplasms. The first 40 principal components
generated from the genetic distance matrix and accounting for 22.1% variation were used as input for DAPC. The graph shows individuals as dots and
the groups as inertia ellipses. The hypothetical K=4 well differentiated 255 germplasms into four populations.
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Figure 4. Genetic relationships of 255 Coffea arabica germplasms based on (A) the hierarchical clustering, and (B) ADMIXTURE analysis. The four
major clades (I to 1V) are separated at Ward’s distance of 1.8 as informed based on the DAPC.
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Figure 5. Principal Coordinate Analysis (PCoA) of 255 Coffea arabica germplasm. A: PCoA grouping of the Arabica coffee germplasm overlaid with
the germplasm type; and B: PCoA grouping of the Arabica coffee germplasm overlaid with DAPC population (clusters information).

Table 4. Analysis of Molecular Variance (AMOVA) among 255 Coffea arabica germplasms based on genetic distance between the three germplasm

types (landraces, hybrid and commercial)

Source DF SS MS Est. Var. Pop Var F-Statistics  P-value P value
Among germplasm type 2 778.31 389.15 1.36 1% Fst 0.007 0.012
Among individual 252 74362.38  295.08 95.77 48% Fis 0.481 0.001
Within individual 255 26404.00 103.54 103.54 51% Fir 0.484 0.001
Total 509 100313.9 100%

DF: Degree of freedom; SS: Sum square; MS: Mean Square; Pop. Var: Population variation; Fsr -Population index; Fs - Inbreeding coefficient;

Fir = Overall fixation index.

To further explore the genetic relationships within the
germplasm types in the Burundi C. arabica collection, we
performed a PCoA analysis. The germplasm type and
population clustering information generated using the
DAPC analyses were overlaid on the PCoA plot (Figures
5A and B). The PCoA explained 22.1% of the total SNP
variation among the accessions across the first two axes.
Genotypes on the left of the first Principal Coordinate axis
(PCA axis 1) comprised a mixture of commercial varieties,
some hybrids, and landraces corresponding to members of
Cluster 2 and 3 defined in the DAPC analysis (Figure 3 and
Table 4). While genotypes on the right of the first PCA
contain essentially landraces belonging to the DAPC
Clusters 1 and 4 (Figure 5 A and B).

3.4. Genetic Differentiation between Population
Groups and Germplasm Types

We performed AMOVA of the 255 accessions to
examine the distribution of genetic variation and between
and within the germplasm types (similar pedigree and

geographical history). The AMOVA results revealed that
48% of the variation was due to differences among
germplasm accessions, while 51% was due to differences
within the 255 genotypes. Low genetic diversity was found
in the collection with total variation amounting to 1% with
a low genetic differentiation among the three types of
germplasm in terms of allele frequency (Fsr value of 0.007)
and a relatively high inbreeding value (Fis = 0.481)
indicating an average heterozygosity in each of the three
germplasm type in the collection (Table 4).

Likewise, AMOVA of 255 coffee genotypes based on
the four clusters generated through the DAPC is indicated
in Table 5. The variation among the four population
clusters was relatively very low (3%), indicating low
differentiation among clusters and limited inbreeding
between them. A high level of variation was found within
genotypes clustered into the four distinct groups at 70%
(Table 5). The results presented in Table 5 revealed
significant (p < 0.001) variation between clusters,
accessions and within accessions.
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Table 5. Analysis of Molecular Variance (AMOVA) among 255 Coffea arabica germplasms based on genetic distance between the four clusters

generated through DAPC
Source DF SS MS Est. Var. Pop Var F-Statistics P-value P value
Among four
3 1252.45 417.48 247 3% Fst 0.025 0.001
clusters
Among individual 251 29843.7 118.89 26.03 27% Fis 0.28 0.001
Within individual 255 17044 66.83 66.83 70% Fir 0.29 0.001
Total 509  48140.2 95.34 100%

DF: Degree of freedom; SS: Sum square; MS: Mean Square; Pop. Var: Population variation; Fsr -Population index; Fis - Inbreeding coefficient;

Fir=Overall fixation index.

Genetic differentiation was elucidated based on pairwise
population matrix (Fst) value between the genetic clusters
generated using DAPC and germplasm types (Table 6).
The genetic divergence based on Fsr among the four
genetic clusters ranged from 0.073 (between Cluster 1 and
Cluster 4) to 0.288 (between Cluster 4 and Cluster 2). The
genetic differentiation was highest between Clusters 2 and
4 (FST =0.288) followed by Clusters 1 and 2 (Fst = 0.26)
(Table 6).

Table 6. Pairwise population differentiation value (FST) based on the
genetic distance among the four clusters

Genetic clusters Cluster 2 Cluster 3 Cluster4  Cluster 1
Cluster 2
Cluster 3 0.078
Cluster 4 0.288 0.110
Cluster 1 0.236 0.092 0.073

Using the same Fst metric, we also examined if there
was any potential genetic divergence between the C.
arabica germplasm types. Commercial varieties were
found distantly related to the landrace (Fsr = 0.065)
followed by the hybrid and commercial varieties (Fst
=0.0387, Table 7). The hybrid and landrace subsets showed
the highest level of genetic differentiation (Fst = 0.0196,
Table 7).

Table 7. Pairwise population differentiation value (Fsr) based on the
genetic distance among the three germplasm types

Germplasm type Landrace Commercial Hybrid
Landrace
Commercial 0.0653
Hybrid 0.0196 0.0387

4. Discussions

Efficient investigation of genetic diversity using modern
genomic approaches informs selection decisions in
breeding programs while also enabling sustainable
conservation of genotypes with traits of economic

importance [33]. The present study is the first to examine
the genetic diversity of C. arabica germplasm collections
in Burundi. The germplasm collection encompasses a panel
of commercial varieties, landrace and hybrids maintained
across four research stations representing the Arabica
coffee gene bank in Burundi.

Most of the genetic diversity parameters suggest a low
level of genetic diversity within the Burundi Arabica coffee
population. For instance, the heterozygosity (expected or
observed) which indicates gene diversity and provides an
estimated genetic distance among individuals in a
population [57] was on average 0.12 across all the
germplasm types in the collection. This value is lower than
the heterozygosity observed in some other coffee
populations in Africa [58].

This low level of genetic diversity can be attributed to
two reasons. First, due to its recent origins, limited
geographical distribution and self-fertilisation, C. arabica
accessions generally contain fewer polymorphic sites
compared to the more diverse C. canephora accessions [6,
25, 57, 59]. The intraspecific breeding between a low
number of plants that were initially distributed worldwide
was reported as the source of low polymorphism for C.
arabica [2, 55, 60, 61]. Secondly, most of the individuals
that compose the population evaluated were introduced
generally from a common origin and for a common goal
(coffee berry disease resistance and cup quality) and will
likely have similar genetic architecture.

Despite this overall low level of genetic diversity,
sufficient diversity is still present in the Burundi coffee
collection to stratify the collection into population groups
using a combination of distance-based and model-based
methods (DAPC, Hierarchical clustering, ADMIXTURE
and PCoA). The results from the different methods
stratified the 255 accessions into four major groups.
Importantly, the group membership of the clusters
identified by these methods was comparable. Spinoso-
Castillo et al. [34] using a core collection of 137 worldwide
C. arabica samples, similarly stratified the C. arabica
germplasm into five genetic groups.

Most of the genotypes that cluster together in the
population groups either were introduced to Burundi from
the same geographical origin (as in the case of the landraces)
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or shared a similar gene pool as a result of common
selection criteria (e.g., commercial varieties selected for
improved cup-quality) or shared similar pedigree history
(hybrids with common parents). A similar geographical
and lineage-dependent pattern was observed in the
population clustering described by Lino Ferreira et al. [65]
from a panel of global coffee accessions. The percentage
(22.1%) of genetic variation explained by the first two
PCoA axes is lower compared to the 32.2% of variation
explained among the 87 accessions of C. species
encompassing C. canephora and C. arabica accessions
examined using the same approaches described [35]. This
difference is expected as Spinoso-Castillo et al. [34]
examined both C. arabica and C. canephora which are
expected to be more diverse.

The analysis of molecular variance among the
population (four clusters) and germplasm type indicate a
low degree of genetic differentiation among the germplasm
types (Fst = 0.015) compared to two four genetics clusters
(Fst =0.025). It is therefore not surprising that the
germplasm types did not show any clear clustering pattern
in the population stratification analyses.

Based on Tran et al. results [66], evaluation of the
genetic diversity within the C. arabica genus is an
important step for coffee breeding and sustainable
conservation. The genetic diversity information provides
insight to assist breeders in selecting parents for cross-
breeding schemes and directing the enhancement of the

Appendix

genetic base during the course of a breeding program [36,
37].

The genetic information provided using genome-wide
DArTseq genotyping will be valuable for effective long-
term conservation of coffee germplasm, field evaluation of
promising genetically-unique coffee accessions, and can
also inform the introduction of new genotypes with
desirable traits. Despite the overall low level of genetic
diversity observed, this study uncovers sufficient genetic
dissimilarity between accessions that could help in parental
selection to advance coffee breeding programs in the
country. This could be achieved by selecting accessions
from different genetics clusters or on different ends of
PCoA axes. Alternatively, new introductions with desirable
traits from different origins could be introduced.

5. Conclusions

Despite the low number of SNPs and genetic variation
identified, this study revealed four distinct population
clusters in the Burundi Coffee germplasm. This
information can be used in selecting parents for breeding in
this low-diversity germplasm set. Importantly, the coffee
improvement program in Burundi will continue to require
new introductions with the desirable traits to increase its
genetic variation to enhance coffee production in Burundi.

Table S 1. Germplasm names and types, cultivated location, sources and year of introduction for 262 Coffea arabica germplasm used

Genotypes ID Genotypes hame

Germplasm type

Source and year of introduction  Research station

K1 AM Landrace France, 1991 Kayanza
K72 ET 25 Landrace Ethiopia, 1991 Kayanza
K109 Ba Landrace France, 1991 Kayanza
K124 Jal Landrace France, 1991 Kayanza
K135 Bo 3 Landrace Portugal, 1990 Kayanza
K138 Mu 12 Landrace Portugal, 1990 Kayanza
K142 ET 19 Landrace Ethiopia, 1991 Kayanza
K150 K7 Landrace Kenya, 1986 Kayanza
K151 SL28 Landrace Portugal, 1990 Kayanza
K155 ET1 Landrace Portugal, 1990 Kayanza
K157 ET 21 Landrace Ethiopia, 1991 Kayanza
K158 ET 41 Landrace Portugal, 1990 Kayanza
K159 S 288 Landrace Ethiopia, 1991 Kayanza
K167 ET 55 Landrace Portugal, 1990 Kayanza
K168 ET6 Landrace Portugal, 1990 Kayanza
K169 Mu 12 Landrace Indian, 1987 Kayanza
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Table S 1 continued

K170 ET1 Landrace Rwanda, 1986 Kayanza
K172 Co Landrace Cameroun, 1987 Kayanza
K173 Blue Montain Landrace Rwanda, 1986 Kayanza
K177 Bo 3 Landrace Cameroun,1987 Kayanza
K178 Mu 2 Landrace Rwanda, 1986 Kayanza
K179 ET 19 Landrace Ethiopia, 1986 Kayanza
K184 ET 17 Landrace Ethiopia, 1986 Kayanza
K186 Bourbon 139 Commercial variety Rwanda, 1986 Kayanza
K187 J2/ 1257 Commercial variety Rwanda, 1986 Kayanza
K188 Mibirizi49/1848 Commercial variety Rwanda, 1986 Kayanza

N1 ABK 5718 Landrace Rwanda, 1986 Nyange

N2 ABK 5691 Landrace Rwanda, 1986 Nyange

N3 Ba Landrace Cameroun, 1987 Nyange

N4 ET 17 Landrace Cameroun, 1987 Nyange

N6 Bo 3 Landrace Cameroun, 1987 Nyange

N7 ET 21 Landrace Cameroun, 1987 Nyange

N8 ET 55 Landrace Cameroun, 1987 Nyange

N9 ET6 Landrace Cameroun, 1987 Nyange
N10 Mu 2 Landrace Cameroun, 1987 Nyange
N11 ET 41 Landrace Cameroun, 1987 Nyange
N12 ET1 Landrace Cameroun, 1987 Nyange
N15 Jal Landrace Cameroun, 1987 Nyange
N16 ET 19 Landrace Cameroun, 1987 Nyange
N17 ET 25 Landrace Cameroun, 1987 Nyange
N18 Co Landrace Cameroun, 1988 Nyange
N19 K7 Landrace Kenya, 1986 Nyange
N21 S 795 Landrace Inde,1986 Nyange
N22 Blue Montain Landrace Kenya, 1986 Nyange
N23 Mysore Landrace Rwanda, 1986 Nyange
N24 Tekisik Landrace San Salvador,1965 Nyange
N26 ABK 5718 Landrace Rwanda, 1986 Nyange
N27 S 288 Landrace Inde, 1986 Nyange
N28 SL28 Landrace Inde,1986 Nyange
N29 Bourbon 71 Commercial variety Rwanda, 1986 Nyange
N30 Bourbon 139 Commercial variety Rwanda, 1986 Nyange
N31 J2/ 1257 Commercial variety Rwanda, 1986 Nyange
N33 Mibirizi 68 Commercial variety Rwanda, 1986 Nyange
R1 S 795 Landrace Inde, 1986 Rukoba
R4 Mysore Landrace Rwanda, 1986 Rukoba
R5 Tekisik Landrace San Salvador,1965 Rukoba

R6 ABK 5691 Landrace Rwanda, 1986 Rukoba
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R7
R8
R10
R11
R12
R14
R15
M2
M3
K2
K3
K4
K5
K6
K7
K8
K9
K10
K11
K12
K13
K14
K15
K16
K17
K18
K19
K20
K21
K22
K23
K24
K25
K26
K27
K28
K29
K30
K31
K32
K33

ABK 5718
S 288
K7
Bourbon 71
Bourbon 139
Mibirizi49/1848
Mibirizi 68
Bourbon 71
Bourbon 139
(0)

SA
ET59
ET35hc5
ET39c8
Bol
Ab
Kf4
Scl
ET39c3
113
ET35bcl
sr
ET27
Dg12
si2 (C2)
Ha2
Kf2
ET35bc3
ET45c7
ET38C2
ET19C7
ET13
ET37C7
ET31
ET34bc5
ET39C6
Rel
ET14
ET53
ET60C2
ET38C10

Landrace
Landrace
Landrace
Commercial variety
Commercial variety
Commercial variety
Commercial variety
Commercial variety
Commercial variety
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace

Landrace

Rwanda, 1986
Inde, 1986
Kenya, 1986
Rwanda, 1986
Rwanda, 1986
Rwanda, 1986
Rwanda, 1986
Rwanda, 1986
Rwanda, 1986
France, 1991
France, 1991
France, 1991
France, 1991
France, 1991
France, 1991
France, 1991
France, 1991
France, 1991
France, 1991
France, 1991
France, 1991
France, 1991
France, 1991
France, 1991
France, 1991
France, 1991
France, 1991
France, 1991
France, 1991
France, 1991
France, 1991
France, 1991
France, 1991
France, 1991
France, 1991
France, 1991
France, 1991
France, 1991
France, 1991
France, 1991
France, 1991

Rukoba
Rukoba
Rukoba
Rukoba
Rukoba
Rukoba
Rukoba
Murongwe
Murongwe
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza

Kayanza
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K34 ET37C9 Landrace France, 1991 Kayanza
K35 ET11b Landrace France, 1991 Kayanza
K36 uy Landrace France, 1991 Kayanza
K37 ET35C3 Landrace France, 1991 Kayanza
K38 Kel Landrace France, 1991 Kayanza
K39 Si2CC1 Landrace France, 1991 Kayanza
K40 ET34 Landrace France, 1991 Kayanza
K41 ET11C Landrace France, 1991 Kayanza
K42 ET44 Landrace France, 1991 Kayanza
K43 Sel Landrace France, 1991 Kayanza
K44 Kf9 Landrace France, 1991 Kayanza
K45 114 Landrace France, 1991 Kayanza
K46 ET32bc3 Landrace France, 1991 Kayanza
K47 M11 Landrace France, 1991 Kayanza
K48 Mul8 Landrace France, 1991 Kayanza
K49 ET35dc9 Landrace France, 1991 Kayanza
K50 ET8 Landrace France, 1991 Kayanza
K51 Lb7 Landrace France, 1991 Kayanza
K52 ET33bc3 Landrace France, 1991 Kayanza
K53 SC2 Landrace France, 1991 Kayanza
K54 11 Landrace France, 1991 Kayanza
K55 ET35bc2 Landrace France, 1991 Kayanza
K56 Si6 Landrace France, 1991 Kayanza
K57 Pul Landrace France, 1991 Kayanza
K58 ET46C 2 Landrace France, 1991 Kayanza
K59 Dg10cc2 Landrace France, 1991 Kayanza
K60 Ki Landrace France, 1991 Kayanza
K61 ET 40 Landrace France, 1991 Kayanza
K62 Mu 6 Landrace France, 1991 Kayanza
K63 ET16 Landrace France, 1991 Kayanza
K64 Mn2 Landrace France, 1991 Kayanza
K65 ET7 Landrace France, 1991 Kayanza
K66 Bmgu 1 Landrace France, 1991 Kayanza
K67 Dg 3 Landrace France, 1991 Kayanza
K68 ET37C2 Landrace France, 1991 Kayanza
K69 Dg 2 Landrace France, 1991 Kayanza
K70 Ni 1 Landrace France, 1991 Kayanza
K71 Dg 10 C4 Landrace France, 1991 Kayanza
K73 ET36dc4 Landrace Ethiopia, 1991 Kayanza
K74 He 17 Landrace France, 1991 Kayanza

K75 Dg6 Landrace France, 1991 Kayanza
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K76
K77
K78
K79
K80
K81
K82
K83
K84
K85
K86
K87
K88
K89
K90
K91
K92
K93
K94
K95
K96
K97
K99
K100
K101
K102
K103
K104
K105
K106
K107
K108
K110
K111
K112
K113
K114
K115
K116
K117
K118

Mu9
Mi4
ET45c2
ET35CC8
CR1
ET 37C8
Ke
ET37C5
He8
ET35dc4
Kf11
ET34bc3
Bo3
ET25bcl
ET35
ET32bcl
ET36bc2
ET17
Si3
ET26
Lb8
ET24
Si24
ET4
ET32bc6
JK3
Mn
Bbl
ET35bc9
ET6
Ke4
112
Mnl
Mu8
Cab
Mu2
ET21
Mul4
Kf1
ET32bc2
ET20

Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace

Landrace

France, 1991
France, 1991
Ethiopia, 1991
Ethiopia, 1991
France, 1991
Ethiopia, 1991
France, 1991
Ethiopia, 1991
France, 1991
Ethiopia, 1991
France, 1991
Ethiopia, 1991
France, 1991
Ethiopia, 1991
Ethiopia, 1991
Ethiopia, 1991
Ethiopia, 1991
Ethiopia, 1991
Ethiopia, 1991
Ethiopia, 1991
France, 1991
Ethiopia, 1991
France, 1991
Ethiopia, 1991
Ethiopia, 1991
France, 1991
France, 1991
France, 1991
Ethiopia, 1991
France, 1991
France, 1991
France, 1991
France, 1991
France, 1991
France, 1991
France, 1991
France, 1991
France, 1991
France, 1991
France, 1991
France, 1991

Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza

Kayanza
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K119
K120
K121
K122
K123
K125
K126
K127
K128
K129
K130
K131
K132
K133
K134
K136
K137
K139
K140
K141
K143
K144
K145
K146
K148
K149
K152
K153
K154
K156
K160
K161
K162
K163
K164
K165
K171
K174
K175
K176
K180

Ff7
ET38C3
ET35CC6
ET35dc7
ET30
ET35CC7
ET35hc8
ET32 bc 2
Si2CC1
ET 16
ET 39 C2
ET37C2
AB 59 59
Sal
3303/29 (Blue Montain)
ET 35bc 5
3303/24 (Blue Montain)
ET 59
AB 59 01
ET25bc1
ET 39C8
3303/21 (Blue Montain)
Bo1l
3303/16
Mu 1
Bo 2
S795
MYSORE
TEKISIC
3303/18
ET 116
ET 35
Maragogique Vernella
Col-Ka
AB5959
AB5901
Mo T
SLN (T)
3303/29
Ba (Barbarina)
SL6

Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace

Landrace

France, 1991
France, 1991
France, 1991
France, 1991
France, 1991
France, 1991
France, 1991
Portugal, 1990
Portugal, 1990
Ethiopia, 1991
Ethiopia, 1991
Ethiopia, 1991
Portugal, 1990
Portugal, 1990
Portugal, 1990
Ethiopia, 1991
Portugal, 1990
Ethiopia, 1990
Portugal, 1990
Ethiopia, 1991
Ethiopia, 1991
Portugal, 1990
Portugal, 1990
Portugal, 1990
Portugal, 1990
Portugal, 1990
Kenya, 1986
Portugal, 1990
Ethiopia, 1991
Ethiopia, 1991
Portugal, 1990
Colombia, 2005
Ethiopia, 1991
Colombia, 2005
Rwanda, 1986
Portugal, 1990
Rwanda, 1986
Rwanda, 1986
Rwanda, 1986
Rwanda, 1986
Rwanda, 1986

Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza

Kayanza
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K181
K182
K183
K185
K189
K190
N5
N13
N14
N20
N25
N32
R2
R3
R9
R13
R16
R17
R18
R19
R20
R21
R22
R23
R24
R25
R26
R27
R28
R29
R30
R31
R32
R33
R34
R35
R36
R37
R38
R39
M1

SL 14
AB 5716
AB 5898
Bourbon 71/2147
Mibirizi 68/1589
ABK 5118
AG 8
MuL 12
Mot
Mi BB (Mibiriz)
ABK 5856
Mibirizi49/1848
SL28
Blue Montain
Mibirizi (Mi BB)
J2/ 1257
Mi49x Rume Sudan(1)
Mi49x Rume Sudan (2)
Mi49x Rume Sudan(3)
J2x Rume Sudan(1)
J2xRume Sudan(2)
J2x Rume sudan(3)
J2x Rume Sudan(4)
J2x Rume Sudan(5)
J2xRume Sudan(6)
S795XET55
S795xET49
Mi k 8914xET 49
Mi k 8914 xET55
B71xET55
B71xET19
SL28xRume Sudan
B71xRume Sudan
B139K9006xET49
B139K9006xEt55
Mi
Bo
J2G.F
Ka
Pop
Jackson 2/1257

Landrace
Landrace
Landrace
Commercial variety
Commercial variety
Landrace
Landrace
Landrace
Landrace
Landrace
Landrace
Commercial variety
Landrace
Landrace
Landrace
Commercial variety
Hybrid
Hybrid
Hybrid
Hybrid
Hybrid
Hybrid
Hybrid
Hybrid
Hybrid
Hybrid
Hybrid
Hybrid
Hybrid
Hybrid
Hybrid
Hybrid
Hybrid
Hybrid
Hybrid
Landrace
Landrace
Landrace
Landrace
Landrace

Commercial variety

Rwanda, 1986
Rwanda, 1986
Rwanda, 1986
Rwanda, 1986
Rwanda, 1986
France, 1991
Cameroun, 1987
Cameroun, 1987
Cameroun, 1987
Rwanda, 1986
Rwanda, 1986
Rwanda, 1986
Kenya, 1986
Kenya, 1986
Rwanda, 1986
Rwanda, 1986
Burundi, 1991
Burundi, 1991
Burundi, 1991
Burundi, 1991
Burundi, 1991
Burundi, 1991
Burundi, 1991
Burundi, 1991
Burundi, 1991
Burundi, 1991
Burundi, 1991
Burundi, 1991
Burundi, 1991
Burundi, 1991
Burundi, 1991
Burundi, 1991
Burundi, 1991
Burundi, 1991
Burundi, 1991
Portugal, 1988
Portugal, 1988
Portugal, 1988
Portugal, 1988
Portugal, 1988
Rwanda, 1986

Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Kayanza
Nyange
Nyange
Nyange
Nyange
Nyange
Nyange
Rukoba
Rukoba
Rukoba
Rukoba
Rukoba
Rukoba
Rukoba
Rukoba
Rukoba
Rukoba
Rukoba
Rukoba
Rukoba
Rukoba
Rukoba
Rukoba
Rukoba
Rukoba
Rukoba
Rukoba
Rukoba
Rukoba
Rukoba
Rukoba
Rukoba
Rukoba
Rukoba
Rukoba

Murongwe
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Table S 2. Arabica coffee germplasm distributed into the four distinct clusters generated using the DAPC

Genotypes ID Genotype name Genetic groups
K101 ET32bc6 Cluster |
K116 Kfl Cluster |
K117 ET32bc2 Cluster |
K118 ET20 Cluster |
K121 ET35CC6 Cluster 1
K122 ET35dc7 Cluster |
K125 ET35CC7 Cluster |
K126 ET35bc8 Cluster |
K127 ET32 bc 2 Cluster |
K13 ET35bcl Cluster |
K131 ET 37 C2 Cluster 1
K136 ET 35bc 5 Cluster |
K142 ET 19 Cluster |
K15 ET27 Cluster |
K157 ET 21 Cluster |
K160 ET 116 Cluster |
K161 ET 35 Cluster |
K182 AB 5716 Cluster |
K183 AB 5898 Cluster |
K19 Kf2 Cluster |
K191 Dg 8 Cluster |
K192 Bo6 Cluster |
K20 ET35bc3 Cluster |
K26 ET31 Cluster |
K28 ET39C6 Cluster |
K40 ET34 Cluster |
K45 114 Cluster |
K46 ET32bc3 Cluster |

K5 ET35bc5 Cluster |
K50 ET8 Cluster |
K55 ET35bc2 Cluster |
K6 ET39c8 Cluster |
K72 ET 25 Cluster |
K79 ET35CC8 Cluster |
K85 ET35dc4 Cluster |
K86 Kf1l Cluster |
K87 ET34bc3 Cluster |
K89 ET25bcl Cluster |
K9 Kf4 Cluster |

K90 ET35 Cluster |
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K91 ET32bcl Cluster |
K95 ET26 Cluster |
K97 ET24 Cluster |
N26 ABK 5718 Cluster |

R6 ABK 5691 Cluster 1

R7 ABK 5718 Cluster |
K1 AM Cluster 11
K10 Scl Cluster 11
K103 Mn Cluster 11
K104 Bbl Cluster 11
K107 Ke4 Cluster 11
K110 Mnl Cluster 11
K111 Mu8 Cluster 11
K112 Cab Cluster 11
K134 3303/29 (Blue Montain) Cluster 11
K135 Bo3 Cluster 11
K138 Mu 12 Cluster 11
K14 sr Cluster 11
K148 Mu 1 Cluster Il
K149 Bo 2 Cluster Il
K150 K7 Cluster 11
K151 SL28 Cluster Il
K152 S795 Cluster Il
K153 MYSORE Cluster 11
K154 TEKISIC Cluster Il
K162 Maragogique Vernella Cluster I
K163 Col-Kaya Cluster Il
K168 ET6 Cluster Il
K170 ET1 Cluster 11
K172 Co Cluster 11
K177 Bo3 Cluster Il
K178 Mu 2 Cluster 11
K180 SL6 Cluster 11
K181 SL 14 Cluster Il
K184 ET 17 Cluster I
K185 Bourbon 71/2147 Cluster 11
K186 Bourbon 139 Cluster 11
K187 J2/1257 Cluster 11
K188 Mibirizi49/1848 Cluster 11
K189 Mibirizi 68/1589 Cluster 11

K2 oYy Cluster 11
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K3
K30
K36
K38
K48
K51
K53
K59
K62
K67
K69
K70
K75
K76
K82
M1
M2
M3
N10
N14
N15
N17
N18
N19
N20
N21
N22
N23
N24
N25
N27
N28
N29

N3
N30
N31
N32
N33

N4

N5

N6

SA
ET14
Uy
Kel
Mul8
Lb7
SC2
Dg10cc 2
Mu 6
Dg 3
Dg 2
Ni 1
Dg6
Mu9
Ke
Jackson 2/1257
Bourbon 71
Bourbon 139
Mu 2
Mot
Jal
ET 25
Co
K7
Mi BB (Mibiriz)
S 795
Blue Montain
Mysore
Tekisik
ABK 5856
S 288
SL28
Bourbon 71
Ba
Bourbon 139
J2/1257
Mibirizi49
Mibirizi 68
ET 17
AG 8
Bo3

Cluster I
Cluster I
Cluster Il
Cluster I
Cluster I
Cluster Il
Cluster I
Cluster I
Cluster Il
Cluster I
Cluster I
Cluster Il
Cluster I
Cluster I
Cluster 11
Cluster I
Cluster I
Cluster 11
Cluster I
Cluster I
Cluster Il
Cluster I
Cluster I
Cluster Il
Cluster I
Cluster I
Cluster Il
Cluster I
Cluster I
Cluster Il
Cluster I
Cluster I
Cluster Il
Cluster I
Cluster I
Cluster Il
Cluster Il
Cluster I
Cluster Il
Cluster Il

Cluster 11
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Table S 2 continued

N7 ET 21 Cluster 11

N9 ET6 Cluster Il

R1 S 795 Cluster 11
R10 K7 Cluster 11
R11 Bourbon 71 Cluster Il
R12 Bourbon 139 Cluster 11
R13 Jackson 2 Cluster 11
R14 Mibirizi49/1848 Cluster 11
R15 Mibirizi 68 Cluster 11
R16 Mi49x Rume Sudan(1) Cluster 11
R19 J2x Rume Sudan(1) Cluster I
R24 J2xRume Sudan(6) Cluster Il

R3 Blue Montain Cluster 11
R34 B139K9006xXEt55 Cluster I
R35 Mi Cluster 11
R36 Bo Cluster 11
R37 J2G.F Cluster 11
R38 Ka Cluster 11

R4 Mysore Cluster I

R5 Tekisik Cluster Il

R8 S 288 Cluster 11

R9 Mibirizi (Mi BB) Cluster Il
K102 JK3 Cluster 111
K106 ET6 Cluster 111
K108 112 Cluster 111
K109 Ba Cluster 111
K114 ET21 Cluster 111
K115 Mul4 Cluster 111
K119 Ff7 Cluster 111
K12 113 Cluster 111
K124 Jal Cluster 111
K128 Si2CC1 Cluster 111
K129 ET 16 Cluster 111
K132 AB 59 59 Cluster 111
K133 Sal Cluster 111
K137 3303/24 (Blue Montain) Cluster 111
K140 AB 59 01 Cluster 111
K144 3303/21 (Blue Montain) Cluster 111
K146 3303/16 Cluster 111
K156 3303/18 Cluster 111
K159 S 288 Cluster Il
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K16
K164
K165

K17
K171
K173
K174
K176
K179

K18

K22

K27

K29

K32

K34

K39

K43

K54

K56

K57

K58

K60

K64

K71

K73

K74

K77

K8

K80

K83

K84

K88

K93

K94

K96

K98

K99

N11

N12

N13

N16

Dg12
AB5959
AB5901
si2 (C2)

Mo T

Blue Montain
SLN (T)

Ba (Barbarina)

ET 19
Ha2
ET38C2
ET34bc5
Rel
ET60C2
ET37C9
Si2CC1
Sel
1
Si6
Pul
ET46C 2
Ki
Mn 2
Dg 10 C4
ET36dc4
He 17
Mi4
Ab
CR1
ET37C5
He8
Bo3
ET17
Si3
Lb8
Am
Si24
ET 41
ET1
MuL 12
ET 19

Cluster 111
Cluster 111
Cluster 111
Cluster 111
Cluster 111
Cluster 111
Cluster 111
Cluster 111
Cluster 111
Cluster 111
Cluster 111
Cluster 111
Cluster 111
Cluster 111
Cluster 111
Cluster 111
Cluster 111
Cluster 111
Cluster 111
Cluster 111
Cluster 111
Cluster 111
Cluster 111
Cluster 111
Cluster 111
Cluster 111
Cluster 111
Cluster 111
Cluster 111
Cluster 111
Cluster 111
Cluster 111
Cluster 111
Cluster 111
Cluster 111
Cluster 111
Cluster 111
Cluster 111
Cluster 111
Cluster 111

Cluster 111
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Table S 2 continued

N8 ET 55 Cluster 111
R17 Mi49x Rume Sudan (2) Cluster 111
R18 Mi49x Rume Sudan(3) Cluster 111

R2 SL 28 Cluster 111
R20 J2xRume Sudan(2) Cluster 111
R21 J2x Rume Sudan(3) Cluster 111
R22 J2x Rume Sudan(4) Cluster 111
R23 J2x Rume Sudan(5) Cluster 111
R25 S795xET55 Cluster 111
R26 S795xET49 Cluster 111
R27 Mi k 8914xET 49 Cluster 111
R28 Mi k 8914 XET55 Cluster 111
R29 B71xET55 Cluster 111
R30 B71xET19 Cluster 111
R31 SL28xRume Sudan Cluster 111
R32 B71xRume Sudan Cluster 111
R33 B139K9006xET49 Cluster 111
R39 Pop Cluster 111
K81 ET 37C8 Cluster IV
K25 ET37C7 Cluster IV
K158 ET 41 Cluster IV
K41 ET11C Cluster IV
K49 ET35dc9 Cluster IV
K65 ET7 Cluster IV
K42 ET44 Cluster IV
K11 ET39c3 Cluster IV
K35 ET11b Cluster IV
K4 ET59 Cluster IV
K92 ET36bc2 Cluster IV
K44 Kf9 Cluster IV
K52 ET33bc3 Cluster IV
K68 ET37C2 Cluster IV
K21 ET45c7 Cluster IV
K37 ET35C3 Cluster IV
K61 ET 40 Cluster IV
K78 ET45¢c2 Cluster IV
K7 Bol Cluster IV
K23 ET19C7 Cluster IV
K31 ET53 Cluster IV
K63 ET16 Cluster IV

K24 ET13 Cluster IV
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K167 ET 55 Cluster IV
K120 ET38C3 Cluster IV
K105 ET35bc9 Cluster IV
K113 Mu2 Cluster IV
K147 Jal Cluster IV
K130 ET 39 C2 Cluster IV
K139 ET 59 Cluster IV
K100 ET4 Cluster IV
K143 ET 39C8 Cluster IV
K166 ET 41 Cluster IV
150 353 186
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Figure S1.
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