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Through the use of Sequencing-based diversity array technology – 

DarTseq method – on a collection of 360 C. canephora and 50 

Arabusta composed of known and unknown accessions, 2719 

polymorphic SNPs were identified. We used a multivariate analysis 

using SNP data from reference accessions in order to confirm and 

further fine-tune the genetic diversity of C. canephora. We identified 

the genetic origin of the different accessions and classified them in 

the genetic groups well-known.  

Conclusions: The genetic characterization based on SNP markers 

and the phenotypic characterization  of the accessions conserved in 

the French Guiana collection  increased our knowledge on the 

genetic diversity of C. canephora. This information is considered very 

important for future conservation and development conditions for a 

breeding program.   
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BACKGROUND 
 

C. canephora is a rubiaceous plant originated from the sub-equatorial plains of Africa. It belongs to the 

Coffea genus, which comprises 124 species, originating from Africa, Madagascar, the Mascarene Islands, 

Asia and Oceania [1]. C. canephora and Coffea species are lowland, generally allogamous and diploids (2n 

= 2x = 22), with the notable exception of the highland, self-fertilizing allotetraploid (2n = 4x = 44) C. 

arabica [2]. Wild C. canephora plants are naturally distributed within intertropical Africa, stretching from 

Guinea to Uganda and from Central African Republic to Angola. Natural populations are composed of few 

individuals, subjected to gene flows from neighboring populations up to a few kilometers away [3, 4]. 
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Based on former genetic studies [5-7], five main regions of wild genetically distant populations can be 

recognized: (i) West Africa (Guinea and Ivory Coast); (ii) Central Africa, Cameroon and Congo; (iii) the 

Atlantic frontage from Gabon to Angola; (iv) the Congo central basin; and (v) Uganda. The genetic diversity 

of C. canephora has been analyzed using isozyme markers, microsatellites and RFLPs [8, 13]. While these 

former analyses gave consistent results regarding the number and geographic origin of genetic groups, each 

independent work gave different names ending up with some confusion for the coffee community, suggesting 

the importance of precisely defining a general nomenclature. In this paper, we have therefore chosen, for 

clarity's sake, the use of a new unified nomenclature for the five previously referenced genetic groups of C. 

canephora, which will be explained in detail in the plant materials section. 

As mentioned before, C. canephora genetic diversity has been analyzed using a limited number of isozyme, 

SSR and RFLP markers, representing only a restricted fraction of the C. canephora genome. In contrast to 

classical molecular markers, SNPs (Single nucleotide polymorphisms) are the most abundant markers, 

particularly in the non-coding regions of the genome. New sequencing technologies (so called Next 

Generation Sequencing or NGS) used jointly with different complexity reduction methods, like the ones used 

in RADseq (Restriction site associated DNA sequencing) [14], GBS (Genotyping by sequencing) [15] and 

DArTseq (Sequencing-based diversity array technology) [16] methods, enable a large-scale discovery of 

SNPs in a wide variety of non-model organisms. When such techniques are applied to hundreds of genotypes, 

they provide measures of genetic divergence and genetic diversity within the major genetic clusters that 

comprise crop germplasm [16]. Indeed, the recently sequenced and assembled C. canephora genome, 

representing 64% of the 710 Mb genome [17], facilitates the use of such marker technology and further 

analyses of the obtained data. 

For this extended study of the genetic diversity of C. canephora, we use SNPs markers. DArTseq [18], a 

technique based on complexity reduction by the use of restriction enzymes targeting gene-rich regions and 

NGS sequencing, has been previuosly used to study the genetic diversity of C. canephora.. 
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In French Guiana, C. canephora genetic resources were introduced in a collection owned by CIRAD. The origin 

of this germplasm is diverse and represents the main genetic groups. This information is considered very 

important for future conservation and development conditions for a breeding program in the country. 

The specific objectives of the present study are i) to identify the genetic origin of the coffee plants kept in 

the CIRAD coffee germplasm, and  ii) to discuss possible consequences for coffee quality and breeding.  

Individuals of unknown groups were projected onto the discriminant functions found with DAPC, using the 

“predict” function from the package [19]. 

To illustrate the genetic relationships between individuals, unrooted NJ trees were constructed with the 

package “poppr” 2.1.0, based on a Nei’s genetic distance matrix [21], modified to measure distances 

between individuals. Bootstrap analyses were also computed with “poppr”, using 100 iterations. 

 

2. Material and Methods 

2.1. Plant Material 

358 accessions from the French Guiana collection and 52 from the Nicaragua collection were analyzed in 

this study. Details on the accessions are given in Table ‘List of Material Vgetal analyzed in the study’. The 

accessions named ‘Active’ correponded to the plants for what the country of origin and the groups is well-

known. 

 

2.2. DNA Preparation and Genotyping 

 
Data manipulation and format conversion 

In order to identify common markers between the dataset from the 2016 paper [18] and the new 

data obtained by CIRAD, the DArT sequences supplied by the company were mapped against C. 

canephora pseudo-molecules (http://coffee-genome.org) using the Bowtie2 algorithm [26] with the 

sensitive, end-to-end alignment option. The respective SAM files were processed to identify the exact 
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position of each SNP in the genome, based on the position within the read provided by the 

sequencing company. Only SNPs from mapped reads were further analyzed.  The two files were 

compared to find the intercept using Bedtools. A final filter was carried out in order to remove shift 

errors on the position of the SNP and duplicated positions within each data set. 

In order to transform the data from the nomenclature given by the sequencing company ("0" = 

Reference allele homozygote, "1" = SNP allele homozygote, "2"= heterozygote, and "-" = double 

null/null allele homozygote), to a format corresponding to the reference and SNP alleles represented 

as REF/SNP, a homemade shell script was developed and applied to the data. 

 

2.3. Data Analysis 

 

All the genetic statistical analyses were  carried out using R, version 3.4.1. Diversity structure present in 

the C. canephora collection was analyzed using a Discriminan Analysis of Principal Components 

(DAPC) multivariate analysis implemented in “adegenet” 2.1.0 as follows :    

First, 113 known individuals (33 from the 2016 paper), corresponding to the previously described 

diversity groups, were used to model the diversity present in the panel, after centering the data. This 

set of accessions is thereafter referenced as “Analysis Individuals”. The most probable number of groups 

that define the diversity evaluated was inferred using the “find.cluster” function, running successive K-

means with an increasing number of clusters (k) from one to ten, and with the Bayesian Information 

Criterion (BIC) as the statistical measure of goodness of fit. The number of retained Principal Components 

(PC) to be used in the discriminant analysis was determined using the “xvalDapc” function with the default 

parameters. Using a threshold calculated with the median hierarchical clustering method implemented in 

the “snpzip” function from “adegenet”, a set of alleles with the highest contribution to the between-

population structure was identified. 
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Additional accessions of unknown groups were projected onto the discriminant functions found with DAPC, 

using the “predict” function from the “adegenet” package. The individuals were grouped according to 

the information available on their origin (supplied by the costumer), and are referenced thereafter as 

“Supplemental Individuals”, “Clone Individuals”, and “Arabusta Individuals”. 

To illustrate the genetic relationships between individuals, unrooted NJ trees were constructed with the 

package “poppr” 2.5.0, based on a Nei’s genetic distance matrix, modified to measure distances 

between individuals. Bootstrap analyses were also computed with “poppr”, using 100 iterations. The 

pairwise Euclidean distance between individuals and the number of loci for which individuals differ were 

also calculated using, respectively, the “dist” function from “adegenet” and the “dist.gene” function from 

the “ape” 4.1 package [21]. The Fixation index (FST) [24] between groups was calculated with the 

“pairwise.fst” function of the “hierfstat” 0.04-22 package [20], with the data from the first analysis 

individuals. 

A video tutorial based on the methodology used for analysis and results obtained (including the Viedo 

file)  was produced. The scripts for the analysis are included (file Diversity_analysis.Rmd) to be used by 

the students using the tutorial is also provided. 

 

 

 

2.4 Phenotypic evaluation  

Phenotypic analysis was performed at the Guiana collection, and based on observations collected on 

2017. The evaluation was carried out in 257 plants. Each accession contained different number of 

individual (between 1 and 58). 
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3. Results and interpretation  

Data from 105 individuals from the 2016 paper, and from 409 individuals from the 2017 datasets was 

analyzed. Five individuals (arabusta-427, CIRAD3, CIRAD7, CIRAD8, and CIRAD35) from the 2017 

dataset were not included in the analysis as their data was not reported by the sequencing company. 

From the 4,021 SNPs analyzed in the 2016 paper and the new 19,457 SNPs supplied by the sequencing 

company, only 2,719 were common in the two datasets and passed all the filters applied. The data 

retained and used for the analysis, along with their corresponding sequences and positions in the C. 

canephora reference genome are given in the “Data_2016-2017.xlsx” file. 

 

Genetic structure of  the C. canephora collection 

Analysis Individuals 

In order to interpret C. canephora diversity in a whole genome context, the DArTseq SNP data from 

the “Analysis Individuals" (113 C. canephora accessions, 33 from the 2016 paper and 80 from the 

2017 dataset) was analyzed using a DAPC multivariate analysis. 

The first six principal components of the Principal Component Analysis (PCA), which explained 27.7%, 

20.3%, 5.3%, 3.3% 2.7% and 2.2% of the variance, respectively, were retained for the discriminant 

analysis with the DAPC function. The first four Discriminant Functions (Discriminant axes – DA) were 

retained afterwards. 

Seven genetic clusters were identified after the analysis (Figure DAPC_analysis_individuals.pdf), with 

22, 11, 15, 21, 16, 16 and 12 individuals, respectively (Table “Analysis_individuals” from the 

“Identified_groups_12-10.xlsx” file). 

The position of the individuals on the four DAs are presented in the “Analysis_ind_coordinates” table 

from the “DAPC_coordinates_12-10.xlsx” file and the “DAPC_analysis_individuals.pdf” file. 

Membership probabilities for each accession were calculated, and are shown in the 

“Membership_analysis_ind” table from the “Membership_probability_12-10.xlsx” file, and in the 
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“Membership_probabilities” PDF files. 

In order to identify the genomic regions contributing to the population structure found in 

C. canephora, the identity of the SNPs discriminating the seven groups was determined. Respectively, 

1, 7, 49, and 8 structural alleles contributing to the four discriminating functions were identified (File 

DifferentialSNPs_12-10.xlsx). 

To obtain a more complete picture of the genetic relationships linking the C. canephora accessions 

evaluated, an unrooted NJ tree was constructed using the data from the “Analysis individuals”. (File 

“NJ_Analysis_Individuals_12-10_fig.pdf”). 

The pairwise Euclidean distance calculated between the “Analysis individuals” is included in the 

“Euclid_dist_Analysis_ind” table from the “Euclidean_distances_12-10”, while the number of loci for 

which individuals differ can be found in the “DifLoci_Analysis” from the 

“Loci_differences_between_Individuals_12_10.xlsx” file. 

Finally, the FST between the seven groups found was calculated, and is presented in the 

“Pairwise_Nei_Fst_12-10.xlsx” file. 

Supplemental Individuals 

With the aim of assessing group membership of other accessions in the collection, and to identify 

their putative genetic origin and relationships, the DArTseq SNP data obtained from the evaluation 

of 347 C. canephora and three C. arabica “Supplemental Individuals” were interpolated into the 

DAPC analysis. The dataset is composed of 72 individuals from the 2016 paper, and 278 from the 

2017 data. 

The position of the “Supplemental Individuals” on the four DAs is presented in the 

“Suppl_ind_coordinates” table from the “DAPC_coordinates_12-10.xlsx” file and the 

“DAPC_an_supplemental.pdf” file. From the 350 individuals, 120 are identified as part of group 1, 

one as group 2, 74 as group 3, one as group 4, 108 as group 5, 16 as group 6, and 

30 as group 7. 

Membership probabilities for each accession were calculated, and are shown in the 

“Memberships_supplemental_ind” table from the “Membership_probability_12-10.xlsx” file, and in 

the “Membership_probability_Analisis_Supplemental_Individuals.pdf” file. 

The NJ tree constructed for these individuals corresponds to the file “NJ_supplemental_12-

10_fig.pdf”, while the pairwise Euclidean distance calculated between the “Analysis individuals” and 
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the “Supplemental Individuals” is included in the “Euclid_dist_An_Suppl_ind” table from the 

“Euclidean_distances_12-10”, and the number of loci for which individuals differ can be found in the 

“DifLoci_Analysis_Supp” from the “Loci_differences_between_Individuals_12_10.xlsx” file. 

 

Clone Individuals 

Assessing group membership was also carried out for 17 other C. canephora accessions in the 

collection, called “Clone Individuals”, by interpolating them into the DAPC analysis. 

The position of the “Clone Individuals” on the four DAs is presented in the “Clone_ind_coordinates” 

table from the “DAPC_coordinates_12-10.xlsx” file and the“DAPC_an_clone.pdf” file. From the 17 

individuals, three are identified as part of group 3, 12 as group 5, and two as group 7. 

Membership probabilities for each accession were calculated, and are shown in the 

“Memberships_clone_ind” table from the “Membership_probability_12-10.xlsx” file, and in the 

“Membership_probability_Analisis_Clone_Individuals.pdf” file. 

The NJ tree constructed for these individuals corresponds to the file “NJ_an_clon_12- 10_fig.pdf”, 

while the pairwise Euclidean distance calculated between the “Analysis individuals” and the “Clone 

Individuals” is included in the “Euclid_dist_Analis_clone” table from the “Euclidean_distances_12-

10”, and the number of loci for which individuals differ can be found in the “DifLoci_Analysis_clone” 

from the “Loci_differences_between_Individuals_12_10.xlsx” file. 

 

 

Arabusta Individuals 

Finally, group membership was assessed for 34 other C. canephora accessions in the collection, called 

“Arabusta Individuals”, by interpolating them into the DAPC analysis. 

The position of the “Arabusta Individuals” on the four DAs is presented in the 

“Arabusta_ind_coordinates” table from the “DAPC_coordinates_12-10.xlsx” file and the 

“DAPC_an_arabusta.pdf” file. From the 34 individuals, 8 are identified as part of group 1, six as 

group 5, and 20 as group 7. 

Membership probabilities for each accession were calculated, and are shown in the 

“Memberships_arabusta_ind” table from the “Membership_probability_12-10.xlsx” file, and in the 

“Membership_probability_Analisis_arabusta_Individuals.pdf” file. 
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The NJ tree constructed for these individuals corresponds to the file “NJ_an_arabusta_12- 

10_fig.pdf”, while the pairwise Euclidean distance calculated between the “Analysis individuals” and 

the “Arabusta Individuals” is included in the “Euclid_dist_Analis_arabus” table from the 

“Euclidean_distances_12-10”, and the number of loci for which individuals differ can be found in the 

“DifLoci_Analysis_arabusta” from the “Loci_differences_between_Individuals_12_10.xlsx” file. 
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Figure 1 DAPC_analysis. 

Scatter plots from the DAPC analysis carried out with 133 C. canephora accessions. Discriminant 

axes 1 and 2 (left) and 3 and 4 (right) representing the seven groups (inertia ellipses) determined 

by the DAPC. The percentage of cumulative variance for the retained PCA eigenvectors (black 

dots), the Bayesian Information Criterion (BIC) used to determine the optimal k number of clusters 

(blue dot), and the F-statistic of the between/within group variance ratio for the discriminant 

functions (colored bars) are also shown below the DAPC plot. 
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    Figure 2  DAPC_an_supplemental 

Scatter plots from the DAPC analysis, showing the 347 C. canephora and 3 C. arabica 

“Supplemental Individuals” analyzed. Discriminant axes 1 and 2 (left) and 3 and 4 (right) 

representing the five groups (inertia ellipses) determined by the DAPC. Empty circles represent 

the “Analysis Individuals” used to identify genetic groups, while empty triangles represent 

interpolated “Supplemental Individuals”. 

 

 

 

 

 

 

 

 



Genetic and phenotypic diversity of Coffea canephora and Coffea arabusta collections in French Guiana 
 

 

Page 13 

 

 

 

 

 

Figure 3 DAPC_an_clone 

Scatter plots from the DAPC analysis, showing the 17 C. canephora “Clone Individuals” analyzed. 

Discriminant axes 1 and 2 (left) and 3 and 4 (right) representing the five groups (inertia ellipses) 

determined by the DAPC. Empty circles represent the “Analysis Individuals” used to identify 

genetic groups, while empty triangles represent interpolated “Clone Individuals”. 
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Figure 4 DAPC_an_arabusta 

Scatter plots from the DAPC analysis, showing the 17 C. canephora “Arabusta Individuals” 

analyzed. Discriminant axes 1 and 2 (left) and 3 and 4 (right) representing the five groups (inertia 

ellipses) determined by the DAPC. Empty circles represent the “Analysis Individuals” used to 

identify genetic groups, while empty triangles represent interpolated “Arabusta Individuals”. 

 

 

 

 

 

 

 

 

 

 

 



Genetic and phenotypic diversity of Coffea canephora and Coffea arabusta collections in French Guiana 
 

 

Page 15 

 

 

 

 

Figure 5 Membership_probability_Analisis_Supplemental_Individuals 

Bar plots of the posterior membership probabilities obtained with the DAPC analysis for the 

“Analysis” and “Supplemental” Individuals. Names of the accessions used to identify the genetic 

groups are written in black, while the supplemental individuals in gray. 
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Figure 6 Membership_probability_Analisis_Clone_Individuals 

Bar plots of the posterior membership probabilities obtained with the DAPC analysis for the 

“Analysis” and “Clone” Individuals. Names of the accessions used to identify the genetic groups 

are written in black, while the clone individuals in gray. 
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Figure 7 Membership_probability_Analisis_Arabusta_Individuals 

Bar plots of the posterior membership probabilities obtained with the DAPC analysis for the 

“Analysis” and “Arabusta” Individuals. Names of the accessions used to identify the genetic groups 

are written in black, while the clone individuals in gray. 
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Figure 8 NJ_Analysis_Individuals 

Unrooted tree using the Neighbor-joining algorithm based on Nei’s genetic distances between 113 

“Analysis Individuals”. Only bootstrap values over 70 are shown. 
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Figure 9 NJ_Analysis_supplemental 

Unrooted tree using the Neighbor-joining algorithm based on Nei’s genetic distances between 113 

“Analysis Individuals” and 350 “Supplemental Individuals”. Only bootstrap values over 70 are 

shown. 
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Figure 10 NJ_Analysis_clone 

Unrooted tree using the Neighbor-joining algorithm based on Nei’s genetic distances between 113 

“Analysis Individuals” and 17 “Clone Individuals”. Only bootstrap values over 70 are shown. 
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Figure 11 NJ_Analysis_arabusta 

Unrooted tree using the Neighbor-joining algorithm based on Nei’s genetic distances between 113 

“Analysis Individuals” and 34 “Arabusta Individuals”. Only bootstrap values over 70 are shown. 
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Phenotypic characterization  
 

We have characterized the different genotypes by phenotypic measurements in 2017 (Phenotypic data.xls). 
We observed that the SG2 group (Congo-Uganda) and the Congolense B group presented largest and 
longer leaves, were more susceptible to drought and presented a harvest grouped. 

In contrast the SG1 ‘Conilon’ and the SG1 ‘Luki’ have smaller leaves with a late harvest. The Nana group 
and the Guineans seem more tolerant to drought than the other groups. 

The hybrid groups presented intermediate characterisitics. 

 

Interpretation and Discussion 
 

The different groups with different codes coulors  represented the different origins of the material. Our 
study confirmed the genetic diversity of accessions from CIRAD collection , covering the six main groups of 
Canephora known for the moment : SG1, Nana, Guinean, SG1 ‘Luki’, B, SG1 ‘Conilon’. 
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We noted (Fig. 8, 9, 10 , 11)  that the groups SG2 (Blue) and B (Blue sky) (respectively Robusta Congo-
Uganda and Central Africa) are closed and opposed to the SG1 groups (Luki and Conilon, respectively 
Purple and Yellow, Gabon).  

We also found that the Guinean group (green) is an isolated group.  We know that the hybrids between 
Guinean x SG2 confers a high level of heterosis.  

Finally we found a high number of hyrbids between groups. The majority of thos hybrids seem coming from 
SG2 x Guinean. 

The Arabusta group (Fig 11) ranks close to the SG2 group or to the B group. This result was expected 
because the tetraploid Robusta clones used to cross the Arabica were coming from the SG2 group.  

Group  Color 

1 SG2 = “Robusta Congo – Uganda” group (sometimes called SG2) 
corresponding to the wild populations or cultivated  varieties native to Uganda 
and the Congo basin. 

Blue 

2 “Nana” group (sometimes called C group), stands for the coffee originating 
from the fringes of South-East Cameroon, South-West Central Africa and 
Northern Congo 

Orange 

3 “Guinean” Group (sometimes called D group), it is the genetic group 
originating from the Ivory Coast – Guinea area in West Africa 

Green 

4 SG1 origin ‘Luki’ eastern province of the republic of Congo Purple 

5 Hybrids intergroups Red 

6 “Robusta Congo – Central Africa” group (sometimes called group B) Blue sky 

7 “Conilon” group (sometimes called SG1 or A) represented by Niaouli and 
Kouilou domesticated populations, originating from the south of Gabon 

Yellow 

8 Arabusta Red (only in 
Fig. 11) 
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Our study confirmed the genetic diversity of accessions from CIRAD collection , covering the six main 
groups of Canephora known for the moment.  
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Perspectives :  
Crosses between groups 

Guineans SG1 (Luki and Conilon) 5 clons x 5 clons 

Guineans SG2 (SG2 and B group) 5 clons x 5 clons 

Guineans Nana (Group C) 5 clons x 5 clons 

SG1 (Luki and Conilon) SG2 (SG2 and B group) 5 clons x 5 clons 

SG1 (Luki and Conilon) Nana (Group C) 5 clons x 5 clons 
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