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ABSTRACT 

ZAIDAN, Iasmine Ramos. GERMPLASM CHARACTERIZATION, DIVERSITY 

STUDY AND GENOME-WIDE ASSOCIATION IN Coffea canephora.  Doutorado 

em Agronomia – Universidade Federal do Espírito Santo, Alegre – ES. Orientadora: DSc 

Marcia Flores da Silva Ferreira. Coorientador: DSc Adésio Ferreira 

The germplasm remaining from ancient seminal crops of Conilon (Coffea canephora) in 

the south of Espírito Santo must be characterized and preserved as they are potential 

sources of genetic variability and resources for genetic breeding programs. With the 

release of commercial clones and the use of generally few clonal materials, there may be 

a narrowing of the genetic base. The aim of this study were (i) to characterize and 

investigate the genetic diversity of 388 half-sib families of new and promising genotypes 

of C. canephora from old seminal crops in the south of Espírito Santo, based on morpho-

agronomic traits; (ii) to evaluate the genetic diversity and population structure of 280 

genotypes and 29 commercial clones cultivated in the state by high throughput 

genotyping  SNP data; (iii) to identify chromosomal regions with significant associations 

with eight phenotypic traits by GWAS. The experiment was installed in April 2018 in 

Mimoso do Sul - ES in Federer augmented blocks with five commercial clones used as 

controls. Each of 388 half-sib families had five plants, totaling 2,085 plants. The 

characteristics evaluated were plant height, stem diameter, average height growth rate, 

average diameter growth rate, rust incidence, leaf miner infestation, mealybug infestation, 

drought tolerance. Biotic and abiotic stresses were assessed by visual analysis using a 

rating scale. Cluster analyzes were performed for the data referring to the average growth 

rates that were subjected to linear regression and the values of the regression constants 

and regression coefficients were used in the construction of the dendrogram, a second 

cluster was made to all data referring to the latest measurements and Pearson's correlation 

analysis was done to detect the correlation between the traits. A total of 251 genotypes 

selected in the experimental field, including commercial clones, and 29 genotypes from 

Incaper were high-throughput genotyping using the DArTseq methodology. SNP were 

filtering by quality parameters and the data were used for genetic diversity, population 

structure and molecular analysis of variance. The GWAS study includes 251 genotypes 

and eight traits. For the phenotypic data, mixed models were used, and, from the sum of 

the genetic values and the residues of the genotyped materials, the p-values were 

calculated. The SNP markers with significant associations (p < 0.05) along the 11 

chromosomes of C. canephora had the putative function of the genes verified. In the 
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morpho-agronomic characterization, eight divergent groups and in the second analysis 

nine groups detected, shows the germplasm variation. Positive correlations were detected 

among plant height, stem diameter, average height growth rate and average diameter 

growth rate. Negative correlations for all stresses with the characters of vegetative 

development indicated that such adverse conditions impaired the initial development of 

the coffee plant. A total of 2,542 filtered SNPs revealed six groups by cluster analysis and 

two genetic groups by STRUCTURE. The high frequency of heterozygotes (He) for some 

of the groups formed by the cluster analysis indicates the genetic diversity. High FST 

values were detected between groups 4 and 2 (0.60), 2 and 5 (0.60), 4 and 3 (0.50) and 

between the two genetic groups (0.59). In the GWAS analysis, 115 SNPs showed 

significant associations with seven traits: 48 for height growth rate; 20 for mealybug 

incidence; seven for plant height and diameter growth rate; 11 for stem diameter; 16 for 

incidence of rust and five for incidence of leaf mining. Most of these SNPs are located 

within or close to candidate genes.  The putative function of these candidate genes 

GSCOC_T00019303001, GSCOC_T00022693001, GSCOC_T00039643001 and 

GSCOC_T00040251001 are related to plant defense mechanisms to protect against 

pathogens, pests and abiotic stresses. Other candidate genes such as 

GSCOC_T00040077001, GSCOC_T00028217001 and GSCOC_T00021883001 

presented putative functions related to plant development and plant hormones. All the 

results show the importance of preserving old crops in the south of Espírito Santo as a 

source of genetic resources for coffee breeding programs. The phenotypic and genetic 

diversity detected demonstrate that the old seminal crops in the south of the state 

constitute a very rich germplasm bank. This valuable source must be maintained and 

conserved to guarantee the sustainability of the coffee crop to expand the genetic base 

that was reduced with the replacement of clonal cultivars. In addition, chromosomal 

regions detected associated with important traits can be used in studies of selection 

assisted by molecular markers to select plants of favorable attributes for the genetic 

breeding of coffee. 
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1. Introduction 

The Coffea canephora germplasm in the state of Espírito Santo is conserved by 

public institutions such as Incaper, UFES, IFES and by family farmers (Souza et al. 2013; 

Ferrão et al. 2019). This germplasm conserved by family farmers has great genetic 

diversity because they were planted via seed (Ferrão et al. 2019). Planting made from 

seeds is highly heterogeneous and may have adapted plants with characteristics of 

agronomic interest. (Ferrão et al. 2019). 

Coffea canephora was introduced in Brazil in 1911 in the municipality of 

Cachoeiro de Itapemirim, southern region of the state of Espírito Santo (Ferrão et al. 

2007; Merlo, 2012). Despite the introduction at the beginning of the last century, the 

increased interest in the species in the country occurred due to the coffee eradication 

program, with the implementation of the coffee crop renewal plan in the north of Espírito 

Santo with the recomposition of crops with the new genetic material (Ferrão et al. 2007; 

Zambolim, 2009), as  well as the emergence of soluble coffee in the 1950s and its use in 

roasted and ground coffee blends (Ferrão et al. 2019).  

The wide genetic variability found in C. canephora is explained by the species' 

natural allogamy as a function of gametophytic self-incompatibility governed by the S 

allele (Lashermes et al. 1996). In addition to this factor, the diversity detected can be 

explained by the wide demographic distribution of this species, one of the widest within 

the genus Coffea (Maurin et al. 2007) and by the recent domestication process (Musoli et 

al. 2007). In view of this, natural populations and crop formed by seeds, even when 

collected from a single matrix plant, can show great genetic variability with a high 

frequency of heterozygosity (Ferrão et al. 2019). 

However, with the release of the first clonal cultivars to Espírito Santo in 1993 

(Bragança et al., 1993), the increased use of these clonal cultivars and the adoption of 

relatively few clones in the renewal of coffee plantations can lead to a loss of diversity 

and narrowing of the genetic base (Ferrão et al. 2007). Thus, the remaining old crops in 

the south of the state of Espírito Santo need to be characterized and preserved, as they 

present the greatest variability of this species in the country (Fonseca et al., 1996), since, 

currently, most commercial crops in Espírito Santo and Bahia use clonal seedlings 

(Espíndula and Partelli 2011). 
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Two botanical varieties of C. canephora are commercially cultivated in Brazil 

(Maurin et al., 2007; Batista-santos et al., 2011) ‘Robusta’ and ‘Conilon’ which are 

divergent heterotic groups with complementary characteristics (Souza et al., 2013, Bilika 

et al., 2017). The variety Conilon is characterized by shrubby growth, elongated leaves, 

early maturation, drought tolerance, but it is more sensitive to pests and diseases 

(Montagnon et al. 2012; Santos et al. 2017; Oliveira et al. 2018). The Robusta variety 

presents erect growth, larger leaves, medium-high sieve, late maturation, greater 

resistance to pests and diseases and less tolerance to drought (Montagnon et al. 2012; 

Santos et al. 2017; Oliveira et al. 2018). The Conilon and Robusta varieties belong to the 

Congolese group, the conilon belongs to subgroup SG1 (main cultivars in Brazil), while 

Robusta belongs to the subgroups SG2, B and C (Marraccini et al., 2012).  

Studying the morpho-agronomic traits provides the detection of divergent and 

superior individuals, and these individuals can be used for the development of new 

cultivars that present greater amounts of attributes related to traits of agronomic interest 

(Dubberstein et al., 2021). In the Coffea canephora breeding programs, one of the main 

objectives is the selection of highly productive plants and, in addition to the 

characteristics related to production, the selection of more vigorous genotypes, with 

greater diameter of the crown and stem, associated with a lower plant height (Alkimim et 

al. 2017). Other important trait in the selection of superior genotypes is the identification 

of tolerant/resistant plants to the main stresses that affect the crop, whether biotic or 

abiotic, such as leaf rust, leaf miner, mealybug and drought (Mohammed 2015; Talhinhas 

et al. 2017). 

Previous studies have shown that C. canephora germplasm banks have wide 

phenotypic variability for traits related to the root system (Silva et al. 2020), morphology 

of flower traits (Silva et al. 2021), to the concentration of nutrients in leaves (Siva et al. 

2021), to fruit production (Partelli et al. 2021) and, to stomatal characteristics 

(Dubberstein, et al. 2021). Other studies evaluating several morpho-agronomic traits such 

as traits related to the plant, branches, leaves, cycle, fruits, seeds, response to pests, 

diseases, drought and harvest, also detected this wide diversity of C. canephora (Ferrão 

et al. 2021). 

The genetic diversity and population structure of C. canephora has been detected 

through SNPs (single nucleotide polymorphisms) markers (Garavito et al. 2016; Bikila et 

al. 2017; Alkimim et al. 2018; Anagbogu et al. 2019; Spinoso- Castillo et al. 2020). These 
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markers are the most abundant type of polymorphism in the genome, being generally 

biallelic and codominant (Resende et al. 2008; Liao and Lee, 2010) and may be associated 

with genes that control key traits of agronomic interest (Heffner et al. 2009; Sousa et al. 

2017). The DArTseqTM methodology consists of highly informative, high-performance 

sequencing (Spinoso-Castillo et al. 2020) using a combination of the methodology 

DArTseqTM and next-generation sequencing for rapid, large-scale discovery of SNPs in a 

wide variety of non-model organisms (Kilian et al. 2012; Cruz et al. 2013; Raman et al. 

2014). 

From phenotypic information and molecular data, genome wide association 

studies (GWAS) are possible, which search for the association between the phenotype of 

interest and the genotype, enabling the identification of regions of the genome that have 

the greatest effect on a given trait (Sant' Ana et al. 2018). Through this type of analysis, 

it became possible to find genes that contain significant SNPs and the identification of 

genes that participate in the control of the trait and its biological function, facilitating the 

understanding of the influence of the genotype on the phenotype (Yang et al. 2013). 

The diversity of C. canephora has been studied and detected from morpho-

agronomic characterization and from studies of genetic diversity and population structure 

through molecular markers. However, with the renewal of crops using clonal cultivars, 

and the use of few clones, this wide variability detected can be lost, leading to a narrowing 

of the genetic base of coffee. Therefore, it is extremely interesting to characterize, study 

and, mainly, preserve these genotypes remaining from old crops in the south of Espírito 

Santo, which are potential sources of variability and resources for genetic breeding 

programs. 

In C. canephora, the GWAS studies are scarce, demonstrating the importance of 

this work that will provide information of great importance for the genetic improvement 

programs of the species C. canephora. With the detection of chromosomal regions, these 

can be used in selection studies by molecular markers, helping genetic improvement 

programs. 
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CHAPTER 1  

CHARACTERIZATION OF Coffea canephora GERMOPLASM BASED ON 

INITIAL DEVELOPMENT CHARACTERS AND STRESS 

ABSTRACT 

The germplasm remaining from old seminal crops of Conilon (Coffea canephora) in the 

south of Espírito Santo state is a potential source of genetic variability and a resource for 

genetic breeding programs, so it must be characterized and preserved. In this study, the 

genetic diversity of 388 half-sib families of C. canephora, from seeds of matrices 

collected in old seminal crops in Espírito Santo, was assessed for their phenotypic traits. 

The data were obtained in a trial planted in April 2018 with five commercial clones as 

controls. Vegetative development was evaluated based on plant height, stem diameter, 

and average height and diameter growth rates. Abiotic (drought) and biotic (rust, leaf 

miner, and mealybug) stresses were evaluated by a rating scale. The phenotypic 

variability of the population was detected for all traits and divergent clusters of families 

were identified. Negative correlations indicated that adverse conditions hampered the 

early development of the coffee plants. Groups of families should be investigated for 

breeding programs according to adequate development, even under stressful conditions. 

These results show the importance of preserving the germplasm of old crops in the south 

of Espírito Santo as a source of genetic resources for coffee breeding programs. This 

valuable resource should be maintained and conserved as a strategy to guarantee the 

sustainability of coffee growing and expand the genetic base, which has been reduced by 

the replacement of crops with clonal cultivars. 

 

Keywords: Genetic breeding; genetic variability; Conilon coffee; multivariate analysis 
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1. Introduction 

The genus Coffea has 124 cataloged species, but only Coffea arabica and Coffea 

canephora have global economic importance (Davis et al., 2011). Brazil is the largest 

producer and exporter and the second largest consumer of coffee in the world (CONAB, 

2022). In 2021, the country produced 47.72 million bags of coffee (31.42 of C.arabica 

variety and 16.29 of C. canephora) (CONAB, 2022). The state of Espírito Santo produced 

11.22 million processed bags of Conilon coffee in 2021 (CONAB, 2021). 

The introduction of coffee cultivation in the state took place in the early 1900s, 

with Conilon material, but only in the last 40 years did the state begin to commercially 

produce coffee and clonal cultivars. Today, Espírito Santo has high phenotypic diversity 

of C. canephora in germplasm banks for traits related to the root system (Silva et al., 

2020), fruit production (Partelli et al., 2021), flowers’ morphologic traits (Silva et al., 

2021a), stomatal characteristics (Dubberstein, et al., 2021), nutrient concentration in 

leaves (Silva et al., 2021b), and variables related to the plant, branches, leaves, growing 

cycle, fruits, seeds, response to pests, diseases and drought, and harvest and post-harvest 

factors (Ferrão et al., 2021). However, in the last 29 years, since the launch of the first 

clonal cultivars (Bragança et al., 1993), crops have been renewed and the genetic variation 

in seminal crops is being lost (Ferrão et al., 2007). The development and availability of 

new cultivars involves the selection of clones with high productivity and resistance to 

abiotic biotic stresses such as drought, as well as stable yields and uniform ripening 

(Ferrão et al., 2007). Thus, identifying and selecting materials which resist adverse 

climatic conditions and tolerate the main pests and diseases affecting the coffee plant are 

fundamental for sustainability of coffee growing. 

Currently, crop renewal and the adoption of relatively few clonal cultivars in 

Espírito Santo and the neighboring state of Bahia (Espíndula and Partelli, 2011) have 

caused a loss of genetic diversity, a key factor for the development of new varieties via 

character selection. Thus, the old crops remaining in the south of the state need to be 

characterized and preserved, since they have useful variability with the matrix plants 

selected by the farmers themselves or introduced over the years (Ferrão et al., 2019). 

Currently, the characterization of these genetic resources is still incipient, but trees 

planted from 15 to even 80 years ago are still found in the south of the state, with high 

phenotypic variability and without the presence of commercial clones. These genetic 

reservoirs are highly relevant for the sustainability of the coffee crop (Ferrão et al., 2017), 
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both for productive aspects and for the selection of plants that are sources of tolerance to 

important stresses, such as drought, and pest attack and diseases. 

Prolonged periods of drought and high temperatures, accentuated by climate 

change, damage the growth and sustainability of many crops (Fracasso et al., 2016). 

Drought is the main cause of reduced development, productivity, and quality in the 

Conilon coffee crop in Espírito Santo (Damatta et al., 2018; Semedo et al., 2018). Coffee 

rust, caused by the biotrophic fungus Hemileia vastatrix, is one of the main diseases of 

the crop, causing losses of up to 50% (Capucho et al., 2013; Zambolim, 2015), whereas 

leaf miner attack preferentially occurs in unshaded crops (Leite et al., 2020) in hot and 

dry climates (De Custódio et al., 2009), causing losses of up to 80% (Parra & Reis, 2013). 

Green mealybug infestation usually occurs in young plants and can cause losses of up to 

60% (Fornazier et al., 2017; Espíndula Júnior et al., 2018). 

Yields of rainfed crops can decrease by up to 80% in dry years (DaMatta et al., 

2010; Venacio et al., 2020). Water stress affects growth and photosynthesis, and 

consequently coffee productivity, even in clones considered tolerant (Praxedes et al., 

2006; Venancio et al., 2020). Coffee plants are more susceptible to water deficit during 

the propagation phases of extension (growth), inflorescence, and fruit development, 

which can interrupt the metabolism and reduce productivity (Naik et al., 2019). Pests and 

diseases also affect plant development, reducing coffee yields (Hindorf et al., 2011; Naik 

et al., 2019). 

The study of morpho-agronomic characteristics using multivariate techniques can 

detect divergent and/or superior individuals to develop new and stable cultivars that have 

homogeneous development and better coffee productivity and quality (Dubberstein et al., 

2021). Faced with the need to renew of crops with clonal cultivars and the use of few 

cultivars, characterizing, and preserving the remaining old crops is imperative for the 

conservation of the genetic diversity of the species. Thus, the study of these materials, in 

non-irrigated conditions, is a strategy for the discrimination of individuals with adequate 

initial vegetative development, based on traits highly correlated with yield and 

productivity, such as plant height and stem diameter (Martinez et al., 2007; Moncada et 

al., 2016). 

This study was conducted to characterize and investigate the genetic diversity of 

388 half-sib families of new and promising genotypes of C. canephora from old crops in 
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southern Espírito Santo, based on morpho-agronomic traits and the correlation between 

them, as well as to detect genotypes tolerant/resistant to biotic (rust, leaf miner, and 

mealybugs) and abiotic (drought) stresses for genetic breeding. This is a groundbreaking 

study of old seminal crops remaining in southern Espírito Santo. We hypothesized that 

the phenotypic variability present in these crops would make them good genetic resources 

for breeding program, so their characterization and preservation are fundamental, since 

the use of only a few clonal cultivars can lead to narrowing and loss of the genetic 

diversity in the state.  

2. Material and Methods  

Plant Material 

The seeds of the 388 half-sib families of C. canephora used to implement the trial 

came from matrix plants selected in old seminal plantations in the south of the state of 

Espírito Santo, with 15 to 80 years of age. The sampling and collections of seeds were 

carried out between April and June 2017 in more than 20 properties in the municipalities 

of Alegre, Rive (district of Alegre), Cachoeiro de Itapemirim, Jacu (district of Cachoeiro 

de Itapemirim), Jerônimo Monteiro, and São José do Calçado (Table 1 and Table S1). 

To ensure the representativeness of promising, unpublished genotypes and the 

genetic variability of the study population, old seminal crops were monitored for three 

years and selected according to the following criteria: composed only of plants from seeds 

with no commercial clones; no nearby crops with improved materials; and unavailable 

materials studied previously. Matrix plants were selected by the production ascertained 

by the farmers and by vegetative vigor, visually analyzed in the field. More than one plant 

was collected per property. Generally, crops had few cultural practices, only consisting 

of pruning and fertilization. 

Table 1. Characteristics of the municipalities in which the seeds from matrix plants were 

collected to produce seedlings of the 388 families of half-sibs of Coffea canephora. 

Origin Climate Precipitation Temperature Latitude Longitude Altitude 

Alegre Aw* Annual 

precipitation 

Average 

annual 

S 20°45’48’ W 

41°32’2’’ 

117 to 

364 

meters 
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around 1,200 

mm 

temperature of 

23°C 

Cachoeiro de 

Itapemirim 

Aw* Annual 

precipitation 

around 1,197 

mm 

Average 

annual 

temperature of 

23,8°C 

S 

20º50’56’’ 

W 

41º06’46’’ 

120 to 

168 

meters 

Jerônimo 

Monteiro 

Cwa* Annual 

precipitation 

around 1,293 

mm 

Average 

annual 

temperature of 

23.2°C 

S 20°47’8’’ W 

41°23’52’’ 

111 to 

282 

meters 

São José do 

Calçado 

Cwa* Annual 

precipitation 

around 1,500 

mm 

Average 

annual 

temperature of 

23.3°C 

S 21°1’31’’  W 41° 39' 

20'' 

302 to 

410 

meters 

*according to Köppen classification 

Experiment Establishment 

The trial was implemented in the municipality of Mimoso do Sul (Latitude: 21° 

03’01’’ South, Longitude: 41° 30’’44’ West, Altitude 620 meters); with climate classified 

as Cwb according to yjr Köppen classification; average temperature of 21 °C; annual 

rainfall of 1,375 mm and with a cool, dry winter and a rainy summer (Freitas et al., 2015). 

The seedlings were planted in April 2018 at nine months of age (270 days), in a Federer 

augmented block design (Figure 1). The spacing used was 2.5 m between rows and 1.0 m 

between plants. The planting of seedlings was carried out as follows: five per family; and 

for every five families, five plants of one commercial clone. A total of 388 families (2085 

plants) were planted. The commercial clones used in the experiment were A1, P2, BRS, 

RO, and Verdim (Table 2). The crop treatments adopted were weed management and 

fertilization, according to soil analysis, without the use of irrigation. 
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Figure 1. a) Plants with four months of installation in the field (August/2018) and b) 

plants with one year of installation in the field referring to the beginning of the initial 

development assessments (April/2019). 

Table 2. Characteristics of commercial clones used as controls 

 Characteristics 

Commercial 

cultivar 

Variety/ 

release year 

No. of 

clones 

of the 

variety 

Cultivar 

type 

Origin Water 

déficit* 

Rust* 

 

Leaf 

miner* 

 

Mealybug* 

 

Reference 

A1 Tributun/2017 

Andina/2018 

6 Clonal Genotype initially 

propagated by Ivan 

Milanez and Hélio 

Dadalto, also known 

as H and H1 

2 2 1 1 

(Partelli et 

al. 2020; 

Partelli et 

al. 2019) 

P2 Monte 

Pascoal/2020 

6 Clonal Genotype selected by 

producer Paulo 

Benacchi, in the 

municipality of 

Marilândia – ES 

3 1 1 1 

(Partelli et 

al. 2021) 

Verdim - - - - 
6 3 3 2 

Uninform

ed 

BRS - - - - 
5 2 2 2 

Uninform

ed 

RO - - - - 
7 2 1 1 

Uninform

ed 

*Average grades according to evaluations carried out in the field  
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Vegetative Development Assessment 

Vegetative development was evaluated by measurements of plant height (HGT) 

and stem diameter (DIA) during 270 days since planting (Figure 2). Overall, six 

assessments were carried out for plant height with a ruler, measured in centimeters (cm) 

from the ground level to the pair of terminal leaves of the orthotropic branch. Stem 

diameter was measured with a digital caliper millimeters (mm) at five cm above ground 

level. These assessments were carried out bimonthly between April 2019 and February 

2020 in April, June, August, October, December and February. 

With the plant height and stem diameter data, the growth rates were obtained in 

cm.day-¹ and mm.day-¹, respectively, using the formula below, in which GR = growth 

rate, Lf = final length; Li = initial length; and nd = number of days. 

 

 

Figure 2. Analysis of plant height (cm) with a graduated ruler (a) and stem diameter (mm) 

with a digital caliper (b). 

 

With the plant height and stem diameter data, the growth rates were obtained in 

cm.day-¹ and mm.day-¹, respectively, using the formula below, in which GR = growth 

rate, Lf = final length; Li = initial length; and nd = number of days. 

 

GR = (Lf – Li) 

         nd 
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The data from the last measurement (February 2020) of plant height and stem 

diameter were used to plot two histograms using the R Studio software (RStudio Team, 

2022) to evaluate the means of families in the population. 

Analysis of Tolerance to Abiotic and Biotic Stresses 

Drought tolerance was estimated from the visual categorical analysis of the plants 

using grades from 1 to 9 (Figure 3). This analysis was carried out in February 2019 in 

200 families (totaling 1040 plants), in which 1 = vigorous plants without wilting 

symptoms; 2 = vigorous plants with slightly overhanging leaves; 3 = vigorous plants with 

some drooping leaves; 4 = dangling leaves; 5 = completely hanging leaves; 6 = 

completely hanging leaves with onset of discoloration, loss of leaf shine, and slight 

drying; 7 = completely hanging leaves with discoloration, loss of brightness in all leaves 

and moderate drying of the leaves; 8 = completely hanging leaves with discoloration and 

loss of brightness in all leaves, in addition to high drying intensity, with some brown 

color; and 9 = completely dry plant, showing permanent damage (adapted from Carvalho 

et al., 2017). 

 

Figure 3. Coffee plants with their respective grades according to the symptoms present. 

Grade scale from 1 to 9, in which grade 1 = vigorous plants without wilting symptoms 

and grade 9 = completely dry plant with permanent damage. 

The evaluation of biotic stresses was carried out through a graded visual analysis 

in December 2019, 600 days after planting, in which the rainy season (November-
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December) favors the rust epidemic (Zambolim et al., 2015). For rust (Hemileia vastatrix) 

(Figure 4A), the scale ranged from 1 to 5, based on the severity of the disease, in which 

grade 1 = absence of spots or pustules or formation of spores; 2 = plants with lesions 

ranging from spots to chlorosis in the infected area but without the formation of 

urediniospores; grade 3 = low number of pustules per leaf with formation of 

urediniospores; grade 4 = medium number of pustules per leaf with formation of 

urediniospores; and grade 5 = high number of pustules per leaf with formation of 

urediniospores (adapted from Carvalho et al., 2017). 

For the analysis of resistance to leaf miners (Leucoptera coffeaella) (Figure 4B), 

lesions were classified as small (0.3 to 0.6 centimeters in diameter); medium (about 0.6 

to 1.2 cm in diameter); and large (above 1.2 cm in diameter), adopting the grading scale 

from 1 to 5, in which grade 1 = plants with less than 1% of leaves with small lesions; 

grade 2 = plants with 2% to 4% of leaves with lesions; grade 3 = plants with 5% to 19% 

of leaves with lesions (small, medium and large); grade 4 = plants with 20% to 35% of 

leaves with lesions (small, medium, and large); and grade 5 = plants with 36 to 100% of 

leaves with lesions (small, medium, and large) (Andreazi et al., 2015). 

The evaluation of mealybug (Coccus viridis) (Figure 4C) resistance was also 

performed using a grading scale ranging from 1 to 5, in which grade 1 = absence of 

mealybugs; grade 2 = presence of a few individuals per plant; grade 3 = weak infestation 

(isolated females, colonies or nymphs); grade 4 = moderate infestation (presence of 

postures, 1st and 2nd instars on some branches); and grade 5 = strong infestation 

(presence of postures and all stages of development on the organs of all or almost all 

branches) (adapted from Andrade et al. 2017). 

 

Figure 4. Biotic stresses assessed by visual rating scale. a) Leaf rust (Hemileia vastatrix); 

b) Leaf miner (Leucoptera coffeaella) and c) Mealybug. 
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Correlation Analysis 

For the correlation analysis, data from the last measurements of height (cm) and 

stem diameter (mm) in February 2020 were used, along with the last two average growth 

rates, also for height and diameter, and the tolerance grades for drought, rust, leaf miners, 

and mealybugs. This analysis was performed with the R Studio software (RStudio Team, 

2022). 

Cluster Analysis 

Two cluster analyses were performed. The first involved to data on growth rates 

of plant height (cm.day-¹) and stem diameter (mm.day-¹). Data were subjected to linear 

regression analysis, where X was the measurement period and Y was the average growth 

rate. The values of regression constants and regression coefficients were used to construct 

a dendrogram. These data were used to verify the grouping of families based on their 

behavior according to the values of β0 and β1 found when the growth rates in height and 

diameter over time were evaluated. After the formation of the clusters, the average growth 

rates of each cluster was estimated, and graphs of the average growth rates were 

constructed. 

The second grouping was performed with data related to stresses and vegetative 

growth (height, diameter, average growth rate of height, average growth rate of diameter, 

drought tolerance, rust incidence, and infestation of leaf miners and insect scale). The 

data were used to build a stacked bar graph (barplot) with hierarchical grouping 

(dendrogram) to assess the influence of the stresses on the initial development of the 

coffee plants and genetic diversity by the clusters that were formed. 

For both clusters, the standardized mean Euclidean distance (SMED) was used to 

calculate the distance between pairs of matrices. Cluster analysis was performed using 

Ward’s method, which consists of a hierarchical clustering in which the similarity 

measure used for clustering is calculated as the sum of squares between two clusters over 

all variables (Hair et al., 2009). To determine the number of clusters that were formed, 

the Mojena statistical criterion (Mojena, 1977) was used in association with the visual 

analysis of the branches. Statistical analyses were performed using the R Studio software 

(RStudio Team, 2022). 
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3. Results 

 The population of half-sib families of C. canephora showed great variation of 

early developmental characteristics and biotic and abiotic stress resistance (Figure 5). Of 

the 2,085 plants in the trial (without irrigation) only 352 died (16.88%). 

 

Figure 5. Histograms of mean distributions of plant height (cm), stem diameter (mm), 

rust incidence, drought tolerance, leaf miner incidence and mealybug incidence of the 388 

half-sib families. The red colors represent a greater number of plants, and the green color 

represents a smaller number of plants. 

Table 3 shows the families with the best averages for each trait. Related to the 

traits of initial development, we found that average height was 106.61 cm, with 32 

families averaging above 130 cm. Average plant diameter was 37.67 mm, but some 

families had diameter greater than 50 mm, and therefore were considered better. The 

average height growth rate was 0.1713 cm.day-¹ and average diameter growth rate was 

0.093 mm.day-¹. 
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For traits related to tolerance/resistance to diseases, pests and drought, we 

considered that families with lower average scores were better. For rust, we found 

families and four commercial clones with an average score of less than 1.5 points, while 

for leaf miner we found an average score of 2.17 and for cochineal the average score was 

1.67 (Table 3). For water stress, some families were considered tolerant, with averages 

below 2.5 points, and some families were totally susceptible, with total death of plants 

within the family (Table 3). 

Table 3. Amplitude of agronomic, growth, and biotic stress traits evaluated in half-sib 

families and five commercial clones of Coffea canephora and indication of the best 

varieties in terms of agronomic performance according to analysis of variance (ANOVA) 

in a simple augmented block design and classification of materials as to their phenological 

traits. 

Variables Minimum Maximum Mean Families with the best averages for each 

characteristic 

Early development  

Height (cm) 37.10 190.82 106.61 54, G69, 179.6, 162.4, 28.11, 149, 131, 180.7, G144, 179, G5, 

162.5, 75, 164.7, 62, 168.2, 123, 179.2, 162.6, G57, 161.8, 

G62, 136.18, G68, G17, G106, G70, G110, 166.2, G66, G67, 

and 171.2 (> 130 cm) 

Diameter 

(mm) 

18.00 66.84 37.67 G66, 162.4, 168.2, 162.2, 162.7, 167, G162, 166.4, 162.5, 

G144, G67, 162.3, 162.6, 149, G106, 136.18, G146, G102, 

28.11, G72, and 179 (> 50 mm) 

Average 

growth rate in 

height 

(cm.dia-¹) 

0.0045 0.4214 0.1713 166.2, 166, 146, 54, 144.2, G300, G69, G59, G95, 143.2, 

136.8, and 179.2 (> 0.30 cm.dia-¹) 

Average 

growth rate in 

diameter 

(mm.dia-¹) 

0.0017 0.1918 0.093 G66, 162.4, 166.4, 167, 162.2, 162.7, G162, G144, G78, 149, 

G67, 162.5, 180.7, 162.3, 166, 146, 166.2, 176.6, G300, 34.2, 

G64 G106, 111, G105, G102, G69, G72, 179, and G155 (> 

0.13 mm.dia-¹) 

Biotic and abiotic stresses 

Leaf rust* 0.70 4.62 2.45 A1, 100, 61, 98, G22, G77, Verdim, 164.7, BRS, G79, 151.9, 

164.8, and RO (< 1.5) 
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Leaf miner* 0.74 4.26 2.17 Verdim, RO, 136.3, 171.8, 187, 61, 62, 98, G22, G26, G47, 

151.9, 164.1, 164.4, and 164.7 (< 1.1) 

 

 

Mealybug* 0.35 4.50 1.67 151.5, 151.9, 161.9, 162.1, 162.9, 163.2, 164, 164.1, 164.3, 

164.4, 164.5, 164.6, 164.7, 164.8, 165, 170.4, 173.3, 28.11, 

28.12, G36, G39, G400, G44, G46, G47, G48, G52, G56, G57, 

Verdim, and RO (<0.8) 

Drought* 1.05 9.14 4.95 G73, 183.4, 162.1, 28.11, P2, 95.1, G22, G57, 187, G20, A1, 

136.5, 94, 164.1, and G5 (< 2.5) 

* 200 half-sib families were evaluated for these characteristics.  

We observed the behavior pattern of the families for the vegetative development 

traits by examining eight clusters obtained with the data of the regression constant and 

coefficients (Figure 6 and Table 4) and stratify them by the monthly graphs of each cluster 

formed from the average plant height and stem diameter growth rates (Figure 7A and 7B). 

In this cluster, three groups represented 76.3% of the families (groups 1, 2, and 3) with 

296 half-sib families and four commercial clones (A1, Verdim, RO, and BRS). These 

clusters showed similar behavior according to average height and diameter growth rates 

(Figure 7A and 7B), but their growth rates were lower than those in groups 5 (families 

G107, G95, 144, 143.2, 165.4, and clone P2), 6 (families 146, G300, 144.2, and 166.2) 

and 7 (families 166, G59, and 143.3), which had the highest initial (0.72, 0.66, and 0.49 

cm.day-¹) and final (0.30, 0.25, 0.23 cm.day-¹) height, respectively. For the average 

diameter growth rate, the families in group 5 had the greatest final growth (0.11 mm.day-

¹) and groups 5, 6, and 7 showed the greatest initial diameter growth (0.22 mm.day-¹). 

The families in group 4 attained the greatest average height (121.5 cm). The mean 

diameter of this group was 38.70 mm. Group 6 had the second highest mean height 

(120.75 cm), followed by group 2, with 114.47 cm. The mean diameters of these two 

groups were 41.18 and 38.90 mm, respectively. 

From the graphs constructed with the height (cm.day-¹) and diameter (mm.day-¹) 

growth rates (Figure 7A and 7B), we found that the highest growth rate occurred in the 

first month of evaluation with individuals planted 365 beforehand. We also observed later 

stability in their vegetative development. Group 5 (families G107, G95, 144, 143.2, 165.4, 

and clone P2) showed the highest growth rates for both traits, with a decrease over the 
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measurement periods, followed by groups 6 (146, G300, 144.2, and 166.2) and 7 (166, 

G59, and 143.3). 

Groups 1, 2, 3, 4 and 8 showed similar behavior in terms of vegetative 

development during the evaluation period (Figure 7). However, group 4 attained the 

highest growth rates, followed by groups 2, 1, 3 and 8. The commercial clones used as 

controls were in groups 1 (Verdim and RO), 3 (A1), 5 (P2) and 4 (BR). 

Group 8 had only one family, 168.10 (Figure 6 and Figure 7). This family showed 

the lowest average growth rates in height and diameter in all measurement periods. The 

average height growth rate was 0.065 cm.day-¹ and the average diameter growth rate r 

was 0.062 mm.day-¹. The average height of this family were 94.75 cm and 26.67 mm, 

respectively.
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Figure 6. Clustering of 388 half-sib families of Coffea canephora and five commercial 

clones (red) from regression constant data and coefficients for height and diameter, using 

dissimilarity measures based on the standardized mean Euclidean distance (SMED) and 

Ward’s method. Colors represent the nine groups formed and the cutoff point was 

determined by the Mojena test (1977).
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Figure 7. Average growth rates in height (cm.day-¹) (A) and diameter (mm.day-¹) (B) of 

the eight groups formed from the cluster analysis. Growth rates of the groups and the 

colors represent the same groups formed in the previous grouping (Figure 6) 
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Table 4. Groups formed by cluster analysis with the families of each group. 

Cluster Number of families Families 

1 
151 and 2 commercial 

clones 

136.5, G1, G2, G3, G4, 134, 133, 32.10, 32.8, 32.4, G7, 95, 95.1, 

G19, 132.2, 13, G16, 190.2, 189.2, 189.4, 189.3, 4, G27, 6, 58, 60, 

G25, G24, 168.5, 64, 168.9, 182.2, 168.3, 171.9, 171.6, 103, 104, 

173.8, 173.9, 175, 176.4, 176.5, 161.2, G33, 161.5, G34, 169.5, 

G400, 173, 173.2, 173.3, G38, G40, 151.8, G42, G45, 181.3, 

161.10, 161.9, 161.12, G46, G47, 169.10, 170.4, G53, 170.5, 201, 

G56, 172.5, 172.3, 172.6, 164.5, 164.10, 165.2, 28.12, G81, G79, 

171.2, 171, 180.6, G61, 125, 179.5, 179.4, 179, 167, G65, 166.5, 

G66, 170.6, 170.9, G78, 136.18, 136.33, G98, G103, G93, 203.2, 

206.7, G111, 197, 122, 184.2, G122, 281, 29.2, G105, 23, 281.3, 

281.6, 281.8, 290.4, G114, 200.3, G115, G116, G117, 53, 186.3, 

186.5, 192.24, 136.19, G130, 192, 192.2, G134, G136, 195, 85, 86, 

G137, G138, 39, 40, G140.1, 46, G135, 111, G143, G149, G147, 

116, G145, 114, G151, 31, G155, G160, 34.2, G161, RO and 

Verdim 

2 
104 and 1 commercial 

clone 

136.3, G8, G9, 97, G10, 94, G20, 91, G18, G14, G11, G30, 57, 61, 

G26, G28, 7, 171.8, 98, 100, G21, 169, 162.9, 162.10, 163.2, 164.3, 

G39, 173.6, 151.9, 151.6, 172.4, 164.6, G57, 165, 28.11, 126, G63, 

G62, G60, 179.6, 179.2, 168.2, 162.2, 162.3, 162.4, 162.5, 162.7, 

G67, G77, G76 

G75, 136.8, G73, G72, 136.34, 183.4, 29, G97, G99, G88, G89, 

G106, G92, G96, G207, G113, G108, 300, G121, 76, 24, 28.2, 

186.41, 186.4, 186.2, G127, G128, G129, 136.27, G132, G133, 

136.31, 192.3, 81, 192.4, G142, G140, 45, 113, 182.5, 182.3, G148, 

182.9, 182.10, 31.6, 29.5, G150, 

29.3, G153, G154, 27.8, 32.11, 36.2, G162 and A1 

3 79 

G13, G12, G15, 26, 187, 59, G23, 168.6, G22, 171.10, G31, 105, 

176, 176.2, G32, 161.6, 161.7, G35, 169.4, G37, 169.8, 164, 173.7, 

151.5, G43, G44, 181.10, 181.8, 181.4, G48, G49, 161.14, 162, 

G50, 170, G51, G52, 201.2, 201.6, G54, 172.7, 172.10, 172.8, 

164.4, 165.3, 28.4, G85, G100, G101, G84, G82, 136.36, G80, 

179.3, 166.4, G71, 136.32, G94, G109, G119, G120, G124, G126, 

183.10, 184.3, G125, 281.2, G102, 21, 22, G131, 136.23, 136.26, 

G139, 112, G146, 31.2, 31.4 and G156 

4 
42 and 1 commercial 

clone 

G5, 32.9, G6, G17, 189, 62, 102, 161.8, 169.6, G36, G55, 164.7, 

164.8, 180.7, 176.6, 149, G64, 162.6, G68, G69, G70, G74, G104, 

G90, G91, G112, G110, 123, 75, G123, 124, 54, G118, 192.5, 83, 

G141, G144, 182.6, 145, 182.8, 27, 36 and BRS 

5 
5 and 1 commercial 

clone 
165.4, 143.2, 144, G95, G107 and P2 

6 4 G300, 166.2, 144.2 and 146 

7 3 G59, 166 and 143.3 

8 1 168.10 

 

Correlation analysis of the vegetative development variables with the drought and 

biotic stresses variables showed that the stresses, in general, negatively affected the initial 

growth of the plants in the families (Figure 8). Negative and significant correlations 
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between drought stress and final height (-0.78), mean height growth rate (-0.66), stem 

diameter (-0.72), and mean diameter growth rate (-0.67) indicated that drought negatively 

affected plant development. We found a high and positive correlation between plant 

height and stem diameter (0.90). 

It was possible to verify a high correlation between the severity of rust and the 

incidence of mealybugs (0.81), as well as between mealybugs and leaf miners (0.79). 

There was a significant positive correlation of 0.55 between drought and coffee rust. 

 

Figure 8. Pearson’s correlations for vegetative development data (final height, height 

growth rate, final diameter, and diameter growth rate) and abiotic (drought) and biotic 

(rust, leaf miners, and mealybugs) stresses for 200 half-sib families of Coffea canephora. 

The red color refers to significant positive correlations and the green color refers to 

significant negative correlations.  DRO = drought; RUS = leaf rust; MIN = leaf miner; 

HGT = plant height; DIA = diameter; AHG = average height growth rate; ADG = average 

diameter growth rate. 

In the second cluster analysis of half-sib families, we considered all development 

data and biotic and abiotic factors. The nine groups formed showed the variability of these 

families for the traits evaluated (Figure 8 and Table 5). 

The families in group 8 had the best vegetative development, with more vigorous 

and taller plants with larger stem diameters (Figure 8). For mealybugs, most families in 

this group showed no infestation, the exceptions being families 136.3, G8, 167, 162.4, 

and G66. This group showed incidences of rust, mealybug infestation, and stress caused 

by drought (at different levels). However, when compared to other groups, the scores for 

such stresses were lower, showing that these families had potential vegetative 
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development even when affected by biotic and abiotic stresses. Commercial clone A1 

was in this group. 

Group 9, formed by families 103, 168.5, G79, G14, 91, 151.9, 171.8, G26, 98, 61, 

164.8, 102, 100, 164.7, 180.7, G6, and clone P2, also had more vigorous plants (taller and 

with larger stem diameters), no mealybug infestation, low rust severity (most families 

with a score below 2), and low leaf miner infestation. Drought stress occurred variably in 

these families. Some families did not show symptoms of water deficit, while others 

showed symptoms of wilting, yellowing, chlorosis and leaf fall. 

In group 1, the clones BRS and RO had adequate initial growth but were affected 

by all stresses. The Verdim clone was in group 4, in which the plants obtained higher 

scores for all stresses and the initial development of the coffee plants was more 

compromised than in groups 8 and 9. 

Families 28.11 and G69 had the highest average heights, 144.60 and 145.60 cm, 

respectively, and average stem expansions of 50 and 42.60 mm, respectively, showing 

the greatest initial development and a plant architecture favorable to crop management. 

As for stresses, these families showed some tolerance to drought, leaf miners, and 

mealybug, but had a rust severity score of 2. 

For breeding we can indicate families with important traits, such as family 94 

(group 8), which had plant height of 130 cm, stem diameter of 45.82 mm, resistance to 

scale, and some tolerance to leaf miners and drought. However, it had an average rust 

severity score of 2.4. The G5 family (3) was tolerant to water stress and mealybugs, 

showing good tolerance to rust, height of 139.4 cm, and stem diameter of 36.63 mm. 

However, it was more sensitive to leaf miner infestation, with a score of 3. 
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Figure 8.  Grouping generated by the Ward method from measurements of the standardized mean Euclidean distance (SMED) and stacked bar 

graph of 200 families of half-sibs of Coffea canephora for the variables drought tolerance, rust severity, leaf miners, mealybugs, final height, height 

growth rate, final diameter, and diameter growth rate. The colors represent the ten groups formed, and commercial clones are indicated in the 

grouping by a black dot. The lines of values on the abscissa axis correspond to: values in relation to the dissimilarity in the last fusion level 

(dendrogram) and values in relation to the evaluated phenotypic traits (barplot).
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 Table 5. Groups formed by cluster analysis with the families of each group. 

Cluster Number of families Families 

1 
29 and 2 commercial 

clones 

173.3, G400, 132.2, G39, G76, 161.9, 136.33, 179.2, 179.6, 

176.5, BRS, G7, 32.9, 170.9, 181.3, G27, 172.6, 182.2, RO, 

169.5, G46, G67, G55, 170.4, 164.5, G56, 164.4, G16, G77, 

171.9 and G22 

2 23 
G65, 125, G53, 173, 32.10, G61, 161.12, 161.10, G25, 168.2, 

60, 179, 6, 136.18, 151.8, 162.5, 29, 32.4, 183.4, 136.34, G78, 

165.3 and 136.8 

3 9 G80, 168.10, G81, G4, G1, 136.5, 134, G3 and G5 

4 
36 and 1 commercial 

clone 

165.2, 133, G2, 171, 58, 32.8, 151.6, 171.6, 173.6, 104, G40, 

179.4, 170.5, 201.2, G15, Verdim, G85, 28.4, 136.36, G54, 

181.8, 173.2, 175, 171.2, 171.10, 136.32, G51, 172.5, 201, 

181.4, G45, G38, 169.10, G42, 176.4, G12 and 166.4 

5 13 170, G50, G82, G44, 164, G48, 181.10, 168.3, G24, G23, G52, 

26 and G47 

6 19 G37, 168.6, G49, 179.3, 172.7, 173.8, 162, 173.7, 173.9, 169.4, 

105, 59, G71, 172.8, 170.6, 180.6, 161.14, 169.8 and 151.5 

7 4 172.10, G43, 176.2 and G31 

8 
49 and 1 commercial 

clone 

164.6, G10, G11, G36, G68, G70, G62, G75, G63, G60, G18, 

126, 95, G72, 28.12, 165, G30, 163.2, 162.10, 162.9, 97, 164.3, 

168.9, G19, G21, 28.11, G9, G57, G17, G69, G20, 95.1, 94, 

G73, 164.10, A1, 187, 162.6, 166.5, G64, 162.3, 169.6, 62, 

162.7, 162.2, G66, 162.4, 167, G8 and 136.3 

9 
17 and 1 commercial 

clone 
103, 4, 168.5, G79, G14, 91, 151.9, 171.8, G26, 98, 61, P2, 

164.8, 102, 100, 164.7, 180.7 and G6 

 

The families in group 9 were good genetic resources for tolerance to the evaluated 

pests and diseases, and also showed greater vegetative development, along with group 8, 

and tolerance to infestation by mealybugs.  Some families did not show infestation of leaf 

miners and leaf rust incidence (61, 98, 100, and clone P2), but showed low tolerance to 

water deficit, and were thus possible sources of resistance genes to the evaluated biotic 

stresses. 

We noted examples where stresses affected the initial development of plants in 

the families of group 7 (G31, 176.2, G43, and 172.10), which obtained higher scores for 

all stresses. Their initial development was compromised since they showed lower height, 

growth, and diameter values than the other groups. Also, the families of group 6 (151.5, 

169.8, 161.14, 180.6, 170.6, 172.8, G71, 59, 105, 169.4, 173.9, 173.7, 162, 173.8, 172.7, 
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179.3, G49, 168.6, and G37) were also more affected by stresses and had less 

development. 

Biotic stresses showed wide variability depending on the group. We found groups 

of families with the occurrence of pests and diseases, as was the case of groups 8 and 9, 

both of which showed some type of tolerance to stresses, making them possible sources 

of genes for resistance. However, there were groups that suffered from stress and failed 

to properly develop, thus being considered sensitive to pest attacks, rust and drought. 

4. Discussion 

Half-sib families of Coffea canephora showed wide phenotypic variability for the 

traits of early development and stress resistance. This variability can be explained by the 

natural allogamy of the species due to gametophytic self-incompatibility and because they 

came from seeds (Conagin & Mendes, 1961; Berthaud, 1980; Partelli et al., 2020). The 

variability found in this germplasm is promising for genetic breeding (Rodrigues et al., 

2013; Carias et al., 2016; Dubberstein et al., 2020).  

Regarding the high positive correlation between height and stem diameter (0.88), 

Dubberstein et al. (2020) and Avellán et al. (2015) also detected positive and significant 

correlations for these same characteristics, 0.58 and 0.51, respectively. 

We focused on studying the development characteristics in the first year of 

planting the C. canephora crop with the ES germplasm. We identified materials with 

aptitude for initial development in conditions of absence of irrigation, demonstrating the 

rusticity present in these materials under stressful conditions in the field. Also, since few 

crop treatments were used, the detection and selection of these materials is important in 

the initial phase of development for crops with few technological resourced. This aptitude 

was expected and was confirmed, given the hypothesis used in this work involving plant 

matrices in seminal crops. Other studies in the state have shown the wide phenotypic 

diversity of germplasm collections in the state, evaluating only adult plants with reports 

of the root system (Silva et al. 2020), fruit production (Partelli et al., 2021), flowering 

(Silva et al., 2021a), stomatal characteristics (Dubberstein et al., 2021), nutrient 

concentration in leaves (Silva et al., 2021b) and traits related to the plants, branches, 

leaves, growing cycle, fruits, seeds, response to pests, diseases, drought, and harvest and 

post-harvest factors (Ferrão et al., 2021).  
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We submitted the data referring to the last measurement of plant height (cm) and 

stem diameter (mm) to linear regression analysis for the construction of the first cluster 

shown. This statistical method was used to obtain the regression coefficients to verify the 

grouping of families based on similar behavior according to analyzed β0 and β1 values 

due to height and diameter growth rates. From the growth rates, we observed only three 

groups (5, 6, and 7) with higher vegetative development rates in the first measurement 

period, with a reduction in growth rates throughout the measurements. The other groups 

did not show large rate fluctuations during all periods.  

We found wide phenotypic variation of drought tolerance, with plants that did not 

suffer water deficit and plants that showed permanent damage. Visual analysis for drought 

tolerance has been successfully used for cereals and coffee, proving to be efficient in 

discriminating genotypes tolerant to water deficit, an important tool for preliminary 

selection of resistant cultivars (Golabadi et al., 2006). The selection of superior genotypes 

tolerant to adverse environmental conditions is critical to produce C. canephora 

(Pezzopane et al., 2010; Covre et al., 2018; Thioune et al., 2020; Silva et al., 2020). 

Although the plants were grown in rainfed conditions, only 16.88% of the plants suffered 

permanent damage due to drought. Some families showed low scores for this stress, 

indicating potential for selection of drought-tolerant genotypes, as was the case of 

families G73, 183.4, 162.1, 28.11, 95.1, G22, G57, 187, G20, 136.5, 94, 164.1, G5 and 

commercial clones A1 and P2 (< 2.5). 

There was an atypical period of drought in January 2019, which may have 

aggravated the stressful condition at this stage of implementation of the crop. This loss 

can be due to the water deficit in the soil, which can influence the growth of the plants 

during their initial development, leading to permanent leaf damage, such as desiccation 

of young leaves or fully expanded leaves (Araújo et al., 2011; Oliveira et al., 2012; Pizetta 

et al., 2012; Carvalho et al., 2017). 

Drought is the most harmful abiotic stress to coffee production. Periods of extreme 

drought and super-optimal temperatures (van der Vossen et al., 2015; Rodrigues et al., 

2016) are considered the main climatic impediments to successful coffee cultivation 

(DaMatta & Ramalho, 2006; Ramalho et al., 2014). Covre et al. (2016), in a study 

evaluating the development of Conilon coffee under irrigated and non-irrigated 

conditions, reported that irrigated plants showed a total growth of orthotropic branches 
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31.4% higher than non-irrigated plants. We also found families (Groups 6 and 7) highly 

affected by drought and biotic field stresses. 

Plants considered to be drought tolerant remained vigorous and with turgid leaves, 

whereas susceptible ones showed yellowing, wilting and leaf drop, with some plants 

suffering permanent damage. Other studies have shown that water limitations cause a 

reduction in the turgor of the leaf cells, resulting in reduction in the photosynthetically 

active area and leaf chlorosis, which can lead to leaf fall, and branch death, affecting 

growth and productivity (DaMatta & Ramalho, 2006; Damatta et al., 2018).  

In the studied population, the qualitative visual analysis for drought tolerance 

showed that the plants which obtained grades above 5 in the grading scale used (1 to 9) 

had symptoms of wilting, chlorosis, drying, and dropping of leaves. The 350 plants in the 

field with a score of 9 all died. Similarly, Carvalho et al. (2017) detected coffee genotypes 

(Arabica and Conilon) susceptible and tolerant to water deficit through a grading scale. 

The groups which obtained higher scores for biotic stresses showed a clear 

reduction in plant growth. Both leaf miners and rust cause the coffee plant to drop its 

leaves, with a consequent reduction in photosynthesis, impairing initial development and 

final yield and quality (Esgario et al., 2020). The factors that favor the occurrence of leaf 

miner infestation are present mainly in the summer, especially January and February, but 

a hot and dry climate can provide favorable conditions for the insect throughout the year 

(Fornazier et al., 2017). We found this condition of drought and high temperatures during 

the evaluation, which may have influenced the increase in the incidence of this pest. 

The biotic stresses (leaf rust, leaf miner and mealybug) are also responsible for 

the decline in productivity and reduction of the initial growth of the coffee plants, since 

they are related to foliar disturbances, resulting in reduction of the photosynthetically 

active area. However, in this study, we observed that some families showed low scores 

for such stresses, so they can be considered potential families to select for resistance.  

We also detected half-sib families that were able to develop well even when 

affected by disease, pests or water stress, showing better growth averages This was the 

case of families 164.7, 28.11, G5, 62, and G57 (Table 3). It is also interesting to note that 

for the development traits (height and diameter), the families showed better averages than 

the commercial clones. Therefore, they are genetic resources for greater growth and 

development of coffee plants.  
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For rust disease, nine families had score below 1.5, while for leaf miners, 13 

families had score below 1.1, and for mealybugs, 29 families scored below 0.8. These 

families can also be considered good genetic resources for resistance to coffee pests and 

diseases. Regarding drought tolerance, we found 13 families which scored less than 2.5, 

representing potential resistance to this stress in rainfed conditions.  

  We detected genotypes that showed adequate vegetative development even under 

biotic stress and rainfed conditions. We also identified tolerant/resistant genotypes 

regarding the evaluated stresses. Such results are important for genetic breeding 

programs, to enable selecting materials resistant to adverse weather and stress conditions. 

The identification of these materials is also relevant for producers, whose crops suffer 

from these stresses in the initial development, and for crops grown with few technological 

resources.  

Tolerant genotypes can facilitate crop management by reducing the damage 

caused by water deficit, incidence of rust, leaf miners, and mealybugs. Besides this, 

materials that proved to be drought tolerant should be selected to improve resistance in a 

scenario of climate changes and the adverse conditions changes entail. The use of tolerant 

genotypes is a viable alternative to assure sustainability of coffee growing. On the other 

hand, half-sib families were also found that suffered greatly from adverse weather 

conditions, due to lower resistance to pest infestation and the incidence of rust.  

The state of Espírito Santo is globally important for the production and 

improvement of coffee, specifically the Conilon variety (Ferrão et al. 2019), since it 

constitutes a genetic reservoir of the species that still remains in old seminal crops in the 

south of the state. In this study, materials from seminal crops show aptitude for initial 

development in conditions of no irrigation, demonstrating the rusticity present in these 

materials under stressful conditions in the field. This aptitude was expected and 

confirmed, given the hypothesis of collecting matrix plants from seminal crops. 

5. Conclusions 

The population studied harbors divergent genotypes related to characteristics of 

vegetative development and tolerance to abiotic and biotic stresses. The phenotypic 

variability detected can serve as a genetic resource for coffee genetic breeding programs.  
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The high divergence of the groups was demonstrated in the morphological 

analyses with specific groups demonstrating substantial differences in the growth rates 

and in the cluster analyses. In comparison with commercial clones, there was germplasm 

differential with potential for genotype selection, verified in clusters with examples for 

possible selection of genotypes with high growth rate and tolerance to the stresses present 

in the field. The divergent groups detected can also be promising for crosses to improve 

Conilon coffee in the state of Espírito Santo. 

The characterization and preservation of these genotypes is fundamental for the 

maintenance of the culture, since the use of only a few clonal cultivars can lead to 

narrowing and eventual loss of the species’ genetic diversity. 

Moreover, given the climate changes and adverse conditions these changes will 

likely cause, the selection and use of more tolerant genotypes are important to assure good 

crop development and yield. 

The materials from seminal crops showed aptitude for initial development in 

conditions without irrigation, demonstrating the rusticity present in these materials under 

stressful conditions in the field. 
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CHAPTER 2 

DIVERSITY AND STRUCTURE OF Coffea canephora FROM OLD SEMINAL 

CROPS IN ESPÍRITO SANTO, BRAZIL: GENETIC RESOURCES FOR 

COFFEE BREEDING  

 

ABSTRACT 

The Coffea canephora germplasm found in old seminal crops in the south of Espírito 

Santo state represents a valuable genetic resource for coffee improvement programs. The 

renewal of these crops by a few clonal cultivars can lead to a narrowing of the genetic 

base. The objective of this study was to characterize the genetic diversity and population 

structure of 280 genotypes of C. canephora from selected matrices in old seminal crops 

(15–46 years) in southern Espírito Santo using Single nucleotide polymorphism (SNP) 

molecular markers. Of the 9,491 SNPs obtained with the DArTseqTM technology, 2,542 

high-quality ones were used in diversity and population structure analyses. Genetic 

diversity as expected heterozygosity and population structure using the STRUCTURE 

function. The cluster analysis revealed six groups and the STRUCTURE analysis detected 

two gene pools. The high expected frequency of heterozygotes (HE) for some of the 

groups formed by the cluster analysis indicates the genetic diversity in this population. 

Excess of heterozygous loci was verified for groups 4, 5, and 6. High FST values were 

detected between groups 4 and 2 (0.60), 2 and 5 (0.60), 4 and 3 (0.50), and between the 

two gene pools (0.59). This population had higher genetic diversity indices demonstrating 

that the seminal old crops in the south of Espírito Santo constitute a very rich germplasm 

bank. This valuable source must be maintained and conserved to ensure the sustainability 

of the coffee cultivation in an attempt to expand the genetic basis that has been reduced 

with the replacement of crops by clonal cultivars. 

Keywords: Genetic diversity; SNP markers; Conilon coffee; DArTseq; germplasm 
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1. Introduction 

The state of Espírito Santo (ES) is an important reference to produce C. canephora 

Conilon variety in the world (CONAB, 2021). In 2021, it produced 69% of all C. 

canephora in Brazil, with a production of 673.2 tons (CONAB, 2022). In the state, coffee 

farming occupies a special place in the history, culture, landscape and economy of more 

than 80% of the municipalities (Marré and Fonseca, 2021). 

The species C. canephora is a diplod species (2n =22) and has two botanical 

varieties of C. canephora, Robusta and Conilon, cultivated commercially in Brazil 

belonging to the Congolese group (Maurin et al., 2007; Cubry et al., 2008; Batista-Santos 

et al., 2011), correspond to divergent heterotic groups with complementary characteristics 

(Souza et al., 2013; Bikila et al., 2013; Bikila et al., 2017). The Conilon variety is 

characterized by bushy growth, elongated leaves, early maturation and drought tolerance; 

however, it is also more susceptible to pests and diseases (Montagnon et al., 2012; Santos 

et al., 2017; Oliveira et al., 2018). The Robusta variety has vertical growth, larger leaves, 

medium to high sieve, late maturity and greater resistance to pests and diseases, although 

less drought tolerance (Montagnon et al., 2012; Santos et al., 2017; Oliveira et al., 2018).  

The C. canephora germplasm present in the south of ES is maintained mainly by 

public institutions such as UFES, IFES, Incaper and by family farmers (Souza et al., 2013; 

Ferrão et al., 2019). The hypothesis is that there is a useful and diversified germplasm 

thanks to farmers who, historically, grow their crops via seed (Ferrão et al., 2019). This 

region probably contains the greatest variability of the species in the country (Fonseca et 

al., 1996). The old crops in the south of ES, originated from sexual reproduction from 

matrices selected by the farmers themselves, allowed the establishment of groups with 

wide genetic variability (Ferrão et al., 2019). 

The genetic variability of C. canephora is attributed to the natural allogamy of the 

species due to gametophytic self-incompatibility (Lashermes et al., 1996), as well as the 

recent domestication process (Musoli et al., 2009) and the species has one of the widest 

geographic distributions within of the genus Coffea (Maurin et al., 2007). Genetic 

diversity between and within C. canephora groups is relevant for coffee breeding 

programs that seek new varieties (Lashermes et al., 2000; Leroy et al., 2005; Alkimim et 

al., 2018). 
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However, with the release of the first cultivars for ES in 1993 (Bragança et al., 

1993), the increase in the use of these cultivars since then and the adoption of relatively 

few cultivars for crop renewal (Ferrão et al., 2007), can lead to the loss of genetic 

diversity, a key factor for genetic improvement. Therefore, the characterization of genetic 

diversity is necessary for better conservation and management of available genetic 

resources (Prakash et al., 2005; Bikila et al., 2017). 

Different studies have been carried out to assess the genetic diversity and 

population structure of C. canephora, as well as other species of the genus Coffea, using 

SNPs (Garavito et al., 2016; Bikila et al., 2017; Alkimim et al., 2018; Anagbogu et al., 

2019; Spinoso-Castillo et al., 2020), microsatellites (Prakash et al., 2005; Cubry et al., 

2008; Souza et al., 2013; Loor Solórzano et al., 2017), ISSR (Yan et al., 2019) and AFLP 

markers (Prakash et al., 2005). 

SNP markers are valuable tools used in genetic diversity studies in species of the 

genus Coffea (Garavito et al., 2016). DArTseq is based on next generation sequencing 

(NGS) and consists of reducing genome complexity using restriction enzymes (Sansaloni 

et al., 2011; Kilian et al., 2012). This methodology consists of whole genome sequencing 

and quickly identifies thousands of quality and highly informative SNPs in gene-rich 

regions (Kilian et al., 2012; Spinoso-Castillo et al., 2020).In coffee, this methodology has 

already been used efficiently to identify SNP markers in studies of diversity and 

population structure (Garavito et al., 2016; Spinoso-Castillo et al., 2020, 2021), detecting 

SNPs with a tendency to gene-rich regions when mapped to the newly sequenced C. 

canephora genome (Garavito et al., 2016). 

In Brazil, a study with C. canephora, using microsatellite markers, detected high 

polymorphism and two main groups of genotypes: one from germplasm banks and one 

from genotypes collected from crops in Espírito Santo and Rondônia (Souza et al., 2013). 

However, a narrowing of the genetic base of cultivated C. canephora has already been 

observed, in comparison with the great genetic diversity that is expected from the species 

(Anagbogu et al., 2019). Therefore, the characterization and, mainly, the preservation of 

this material remaining from the old seminal crops in the south of ES should be considered 

for the management and conservation of the genetic resources of Coffea canephora. 

The objectives of this study are: (i) to evaluate the genetic diversity and population 

structure of genotypes of ancient seminal cultures in the state of ES – Brazil by SNPs 
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obtained by the DArTseqTM methodology; (ii) to characterize the diversity of coffee 

genetic resources in the ancestral cultures that represent the germplasm cultivated in the 

cultures in ES in comparison with the commercial genotypes cultivated in the state; and 

(iii) to propose a new collection with new and divergent genotypes for the coffee growing 

program in Brazil. This is the first genome-wide SNP analysis of C. canephora genotypes 

from ancient seminal plants in ES.  

2. Material and Methods 

Plant Material 

A total of 280 C. canephora genotypes were selected and young leaves of these 

materials were collected for DNA extraction (Table S2). Of these, 251 represent the old 

genetic resources of Conilon from the state of ES (Table 1). These genotypes were 

selected based on the vegetative vigor and productive potential from 393 half-sibling 

families (totaling 2,085 plants) in experimental design implemented since April 2018. 

Half-sib families originated from seeds from selected matrices in old seminal crops 

(between 15 and 46 years of implantation). The crops where the seeds were collected for 

planting the seedlings came from seeds. The collection was carried out in four 

municipalities in the southern region of the state of ES (Figure 1).  

The experiment was implemented in Mimoso do Sul – ES (Latitude 21° 03' 01'' 

South, Longitude 41° 30' 44'' West, Altitude 620 meters). As C. canephora was initially 

introduced in the southern region of ES, cultures were sampled in representative 

municipalities that first received the introduced Conilon material. In addition, 29 

commercial clones available and recommended for cultivation in ES were also analyzed 

in the study (Table 2), including 24 materials provided by Incaper (Centenário, Vitória, 

Jequitibá, Diamante, Robustão and Marilândia) and another five commercial clones (A1, 

P2, BRS, RO and Verdim). These clonal materials were selected because they are widely 

planted in the state of ES, and the five commercial clones (A1, P2, BRS, RO and Verdim) 

are our controls for the experiment. 
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Table 1. List of 251 C. canephora genotypes and 29 commercial cultivars evaluated with 

DArTseqTM SNP markers. 

Location of matrix 

plant collection in 

sampled old crops 

No. of 

individuals 

Genotypes 

 

Alegre 5 176.5, 176.6, 201.2, 201.6, 203.2 

 

 

Cachoeiro de 

Itapemirim 

 

31 

125, 126, 131.3, 132.2, 133, 134, 136.18, 136.18.1, 136.19, 136.26, 

136.27, 136.3, 136.32, 136.33, 136.34, 136.5, 183.4, 186.2, 186.3, 

186.41, 186.5, 186.6, 187, 189.2, 189.4, 189, 192.2, 192.24, 192.3, 

192.4, 192 

 

 

Jerônimo Monteiro 

 

65 

144.2, 144, 145, 146, 149, 149.1 151.8, 151.9, 161.2, 161.7, 161.9, 

162.10, 162.10.1, 162.2, 162.6, 162.7, 162, 164.10, 164.4, 164.7, 

164.8, 165.3, 165.4, 166, 166.2, 166.2.1, 166.5, 168.10, 168.3, 168.5, 

168.6, 168.9, 169.10, 169.4, 169.5, 169, 170.6, 170, 171.10, 171.2, 

171.6, 171.9, 171, 172.3, 172.4, 172.5, 172.6, 172.8, 173.3, 173.6, 

173.8, 179.2, 179.2.1, 179.3, 179.5, 179, 180.7, 181.3, 181.4, 181.4.1, 

182.10, 182.3, 182.5, 182.8, 182.9 

 

São José do 

Calçado 

17 100, 103, 111, 112, 112.1, 113, 114, 114.1, 83, 85, 86, 91, 95.1, 95.1.1, 

95, 97, 98 

 

 

 

South* 

 

 

133 

06, 21, 22, 24, 28.2, 281.2, 281.6, 281.8, 282.8, 29.2, 290.4, 300, 31.2, 

31.4, 31, 32.10, 32.4, 32.4.1, 32.8, 34.2, 39.2, 40, 46, 53, 54, 58, 59, 

60, 60.1,61, 62, 64, 75, G1, G10, G102, G103, G104, G109, G11, 

G110, G111, G115, G117, G118, G12, G120, G120.1, G120.1.1, 

G127, G127.1, G128, G129, G130, G131, G132, G133, G135, G136, 

G137, G138, G14, G14.1, G140, G141, G143, G144, G145, G146, 

G147, G148, G149, G15, G151, G153, G154, G155, G156, G16, G17, 

G19, G2, G20, G23, G25, G26, G27, G3, G32, G34, G37, G38, G41, 

G42, G43, G44, G46, G50, G51, G52, G55, G56, G57, G59, G59.1, 

G60, G61, G62, G63, G64, G67, G68, G69, G7, G70, G72, G73, G74, 

G75, G77, G78, G79, G8, G80, G9, G91, G92, G93, G95, G96, G97, 

G98, G99 

Commercial 

cultivars 

29 A1, P2, BRS, RO, Verdim, Centenário P1, Centenário P2, Centenário 

P3, Centenário P4, Centenário P7, Diamante P4, Diamante P8, 

Jequitibá P1, Jequitibá P2, Jequitibá P3, Jequitibá P4, Jequitibá P6, 

Marilândia P4, Marilândia P8, Robustão P1, Robustão P2, Robustão 

P3, Robustão P4, Robustão P5, Vitória P1, Vitória P2, Vitória P3, 

Vitória P4 and Vitória P5 

 

*The "South" genotypes were collected in the municipalities of Alegre, Cachoeiro do 

Itapemirim, Jerônimo Monteiro and São José do Calçado in the state of Espírito Santo, 

but without identification in the field by the municipality of origin. In bold, are the 30 

most divergent materials found from the genetic distance of Nei (1972). 
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Figure. 1 Map of Espírito Santo indicating the municipalities where the seeds of the 

selected matrices were collected in the south-central region (Cachoeiro de Itapemirim and 

Jerônimo Monteiro) and Caparaó region (Alegre and São José do Calçado). The highlight, 

in green (up map), the location of the state of Espírito Santo on the map of Brazil. 

*Mimoso do Sul: municipality where the C. canephora seedlings from the experimental 

farm were planted.
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Table 2. Characteristics of 29 commercial cultivars used as field control (A1, P2, BRS, RO, Verdim) and of the six commercial C. canephora 

materials provided by Incaper. 

 Characteristics 

Commercial cultivar Variety/ 

release year 

No. of 

clones 

of the 

variety 

Cultivar 

type 

Origin Maturation Harvest 

concentration 

Water deficit Rust 

resistance 

Productivity 

(bags.ha-1) 

Reference 

A1 Tributun/2017 

Andina/2018 

6 Clonal Genotype initially propagated by Ivan 

Milanez and Hélio Dadalto, also 

known as H and H1 

Intermediate - - - 87.03 (Partelli et al. 

2020; Partelli et al. 

2019) 

P2 Monte 

Pascoal/2020 

6 Clonal Genotype selected by producer Paulo 

Benacchi, in the municipality of 

Marilândia – ES 

Intermediate - - - 135.60 (Partelli et al. 

2021) 

Centenário (Centenário 

P1, Centenário P2, 

Centenário P3, Centenário 

P4 and Centenário P7)  

Centenária 

ES8132/2013 

9 Clonal - Late July - MR* 82.40 (Ferrão et al. 

2019) 

Diamante (Diamante P4 

and Diamante P8) 

Diamante 

ES8112/2013 

9 Clonal - Early May - MR* 80.70 (Ferrão et al. 

2019) 

Jequitibá (Jequitibá P1, 

Jequitibá P2, Jequitibá P3, 

Jequitibá P4 and Jequitibá 

P6) 

Jequitibá 

ES8122/2013 

9 Clonal - Intermediate June - MR* 88.70 (Ferrão et al. 

2019) 

Marilândia (Marilândia 

P7 and Marilândia P11) 

Marilândia 

ES8143/2017 

12 Clonal Incaper conilon coffee breeding 

program, which presents the main 

characteristics of drought tolerance 

Intermediate May/June Tolerance 

 

MR* 80.98 (Ferrão et al. 

2018) 

Robustão (Robustão P1, 

Robustão P2, Robustão 

Emcapa 

8141/1999 

10 Clonal Incaper _ The most promising clones 

from the Incaper breeding program 

Intermediate May/June 

(with 

uniformity) 

Tolerance 

 

- 112.50 (Ferrão et al. 

2000) 
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P3, Robustão P4 and 

Robustão P5) 

were selected from those with drought 

tolerance characteristics 

Vitória (Vitória P1, 

Vitória P2, Vitória P3, 

Vitória P4 and Vitória P5) 

Vitória Incaper 

8142/2004 

13 Clonal Superior and selected clones among 

genetic material considered the “elite” 

of the Incaper breeding program 

May to July 

(depending 

on clone) 

- Tolerance - 70.40 (Ferrão et al. 

2019) 

 

Verdim - - - - - - - - - - 

BRS - - - - - - - - - - 

RO - - - - - - - - - - 

* Moderately resistant           
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DNA Extraction 

Young leaves were collected and stored in a freezer at -80°C until DNA 

extraction. DNA extraction followed the CTAB protocol of Doyle and Doyle (1990), with 

modifications from the coffee-optimized IAC, which only use MERK's chloroform, 

isoamyl alcohol and ethanol. The procedures performed were: 

• 200 mg of leaf plant tissue (young leaves) were macerated and transferred 

to 2.0 mL eppendorf tubes; 

• 700 μL of extraction buffer were added to the epperdorf with the 

macerated plant tissue and vortexed; 

• The eppendorf tubes were left for 30 minutes at 65°C in a dry bath; 

• 650 μL of CIA were added and it was homogenized for 10 minutes until 

an emulsion was formed; 

• The tubes were taken to the centrifuge at 12000 rpm for 10 minutes; 

• Then, the aqueous phase (700 μL) was transferred to a new 2.0 mL tube; 

• 200 μL of extraction buffer were added and homogenized; 

• 650 μL of CIA was added and homogenized again for 5 minutes; 

• The tubes were taken to the centrifuge at 12000 rpm for 10 minutes; 

• Afterwards, the aqueous phase (700 μL) was transferred to a new 1.5 mL 

tube and 650 μL of CIA was added 

• The tubes were taken to the centrifuge at 12000 rpm for 10 minutes; 

• The supernatant was transferred to a 1.5 mL tube; 

• The DNA was precipitated with 500 μL of ice-cold isopropanol and 

homogenized for 5 minutes; 

• After homogenization, the tubes were taken to the centrifuge at 12000 rpm 

for 10 minutes; 

• The surface of the precipitate was washed with 250 μL of 70% ethanol; 

• The tubes were taken to the centrifuge at 12000 rpm for 3 minutes; 

• The two previous steps were repeated two more times; 

• After these procedures, the ethanol is removed and taken to dry in a dry 

bath at 35°C; 

• It was resuspended in 40 μL of TE with RNAse (40 μg/mL) and left in a 

water bath at 37°C for 30 minutes. 
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DNA concentrations and integrity were estimated using a NanodropTM 2000 

spectrophotometer (Thermo Scientific). DNA quality was verified on 0.8% agarose gel. 

DNA genotypes prepared for genotyping using the DArTseqTM methodology were sent 

to the Service of Genetic Analysis for Agriculture (SAGA) in Mexico for high-throughput 

genotyping using the DArTseqTM technology. 

In this whole genome sequencing methodology, based on next-generation 

sequencing, the genome complexity was reduced through restriction enzymes. The 

DArTseqTM methodology consisted of identifying thousands of SNPs along the genome 

of the species under study, mainly targeting gene regions. And, from it, quality and highly 

informative SNPs were identified that were used in the analysis of genetic diversity and 

population structure. 

DArTseqTM Analysis Based on SNPs 

The genome representation of the 280 C. canephora genotypes was obtained from 

the reduction of DNA complexity using two restriction enzymes, HpaII (frequent cut) and 

PstI (rare cut), and the ends of the cleaved fragments were linked to a code adapter and a 

common adapter to identify each sample. The fragments were then subjected to the PCR 

technique (polymerase chain reaction) where they were heated until denatured. 

Oligonucleotides and polymerase were added to promote the reaction and taken to the 

thermocycler which, through temperature variations, allows DNA denaturation. After this 

step, annealing occurred, which is the union of DNA strands (primers) on each 

complementary side of the strand. From this moment, the fragments were then amplified, 

since the template of the new molecule grew due to the combination of these 

complementation.  

Subsequently, equimolar amounts of amplification products from each sample of 

the 96-well microtiter plate were pooled, purified and quantified, then sequenced on the 

Illumina Novaseq 6000 System platform. All successful amplifications were pooled and 

applied to a flow cell for amplification (Kilian et al., 2012). Clusters were sequenced on 

the Illumina HiSeq2500 sequencing platform, and sequences were processed using 

proprietary DArT analytical pipelines (Sansaloni et al., 2020). The barcode/sample 

sequences were identified and used in the label call. Poor quality sequences were filtered 

out, and identical ones were collapsed into fastqcall files. These files were used in a 

pipeline for DArT PL's proprietary SNP call algorithms (DArTsoft-seq14), as described 
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by Sansaloni et al. (2020).The amplified fragments were sequenced and the sequences 

were processed using the DArTseqTM, developed and patented by DArT Pvt. Ltd. 

(Australia), generating two types of data, (1) codominant markers SNPs (single 

nucleotide polymorphism) and (2) dominant markers SilicoDArTs ("presence/absence"). 

SNP markers were filtered by quality parameters to select high quality markers for this 

study. SilicoDArTs markers were not used in this study 

Data Analysis 

The dartR package of the R software automatically calculated several quality 

parameters for each SNP marker. The DArTseqTM quality markers were determined by 

four main marker selection parameters: call rate with a threshold of 0.74 reproducibility 

parameter of 0.985; filter for monomorphic loci; and minor allele frequency (MAF) of 

0.01. A total of 9,491 SNP markers for C. canephora were identified using the 

DArTseqTM methodology. After quality analysis by filtering the data, the 2,542 remaining 

SNPs were used for the genetic analysis. In addition to these parameters, the statistics of 

the DArTseqTM markers were verified from the expected and observed heterozygosity 

(HE and HO), the polymorphic information content (PIC), and the inbreeding fixation 

index (F), these diversity parameters were calculated from the dartR package of the 

RStudio software. After filtering the SNP markers through the quality parameters, the 

CMplot package of the R software was used to obtain the distribution of the SNP markers 

along the eleven chromosomes of C. canephora.  

From the grouping performed, two other groupings were performed for the groups 

formed. For both groups, the filters used were call rate (74%), reproducibility (98.5%), 

monomorphic loci and MAF (1%).  

Genetic Diversity and Population Structure 

For the study of genetic diversity, (i) principal component analysis (PCA) and (ii) 

cluster analysis was performed using the Ward.D2 method. Additionally, the F statistic 

(FST) was used to identify the genetic differentiation between the groups formed in the 

cluster analysis. The population structure of the study population was analyzed using the 

program STRUCTURE v.2.3.4 (Pritchard et al., 2000). A series of 75,000 Markov Chain 

Monte Carlo (MCMC) simulations was performed for each K value from 1 to 10 with a 

25,000 burn-in length, followed by 20 iterations. The number of hypothetical groups (∆K) 

was estimated with the Structure Selector program (Li and Liu, 2018) through application 
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of grouping by Bayesian approach for the organization of genetically similar genotypes 

in the same groups.  

Molecular analysis of variance (AMOVA) (Excoffier et al., 1992) was performed 

using the R software package poppr to separate the variation between and within groups 

belonging to the groups formed by the cluster analysis. The genetic distance was 

calculated using the StAMPP package of the R software and this function calculates Nei’s 

genetic distance (Nei, 1972) between individuals.  

3. Results 

The main results found in this study were: i) great genetic diversity in ancient 

germplasm with six clusters, but few genotypes in the most divergent clusters and a 

strongly structured germplasm, with two main gene pools, but the prevalence of one; ii) 

groups of genotypes not represented in the commercial materials analyzed and greater 

divergence of commercial clones A1 and P2 grouped in group 4; iii) groups showing wide 

genetic differentiation and genotypes with high divergence highly divergent for mating 

purposes, suggesting possibilities of outcrossing. iv) the new cluster analyses, with only 

the 23 genotypes of groups 4, 5 and 6 of the first cluster, and only with the 257 genotypes 

of groups 1, 2 and 3, demonstrate the formation of 3 and 14 clusters, respectively. 

The distribution of filtered SNP markers along the 11 chromosomes of C. 

canephora is shown in Fig.2. These SNPs were preferentially detected in gene regions 

according to the C. canephora reference genome (Denoeud et al., 2014). The number of 

SNPs per chromosome ranged from 129 to 470, and chromosomes 8 and 9 had the highest 

number of SNPs (Table S3). The observed heterozygosity (HO) with the eleven 

chromosomes of C. canephora ranged from 0.11 to 0.14, while the expected 

heterozygosity (HE) ranged from 0.14 to 0.17 (Table S3). The polymorphism information 

content (PIC) values ranged from 0.18 to 0.22. 
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Figure 2. Distribution of 2,542 DArT SNP markers along the 11 chromosomes of C. 

canephora after filtering by call rate (74%), reproducibility (98.5%) and MAF (1.0%). 

The x-axis represents the position of the chromosome in Mb.  

Six groups were obtained by cluster analysis (Fig. 3A). Group 4 presented the 

highest values of HO and HE (0.36 and 0.24 respectively), negative value of fixation 

index (-0.50), being considered the most divergent group, with 12 genotypes (Table 3). 

In group 4 there are two commercial clones: A1 and P2. Groups 5 and 6 can also be 

considered divergent, as they presented higher values of HO and HE, when compared to 

groups 1, 2, 3, and also presented negative values of fixation index (Table 3). In group 6 

there are three commercial clones: Jequitibá P3, Vitória P1 and Centenário P2. In the 

PCA analysis, groups 4 and 5 were more distant from the others and the genotypes of 

group 6 showed greater spatial dispersion in relation to the other groups (Fig. 3B). Group 

4 had the highest percentage of heterozygous loci, ranging from 33.7 to 43.7%. Groups 5 

and 6 followed, with percentages ranging from 20.8 to 31.0% (Fig. 3C).  
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Table 3. Distribution of 280 genotypes of C. canephora germplasm in groups obtained 

by the Ward.D2 method. Observed and expected average heterozygosity (HO and HE) 

and fixation index (F) among genotypes belonging to different hierarchical levels 

(clusters generated in the dendrogram) and the distribution of the 29 commercial 

germplasms along the clusters. 

Cluster  No. of 

genotypes 

Genotypes HO HE F 

 

 

 

 

 

1 

 

 

 

 

 

162 

171, G97, 192.24, 136.26, 134, 114.1, G115, G98, 146, G103, 31.4, 31, G78, 

Vitória P5, 111, G145, 164.8, 151.8, G117, 34.2, 64, 131.3, 181.3, 39.2, 32.8, 

G130, G131, 281.8, 125, G7, G75, 181.4.1, 162.2, G62, 95.1.1, 95.1, 100, 

G10, RO, G11, G91, 300, G77, G46, G154, G96, 144.2, G44, 114, G144, 97, 

95, 162.10.1, BRS, 181.4, 162, G104, 136.19, Marilândia P7, Centenário 

P3, G120, 136.32, 83, G34, 176.6, G19, G153, 172.6, 168.9, 170.6, G64, 

168.3, 172.5, 169.4, 168.6, 166, 161.2, 46, Marilândia P11, G118, G79, 

G135, 40, G140, G15, G17, 151.9, 112.1, 113, G141, G14, G14.1, 189.2, 

189.4, 179.5, 179.2.1, 179.4, G38, G111, 192, 192.3, 192.2, 166.2.1, 172.3, 

166.2, 165.4, 172.4, 32.4.1, Centenário P4, 132.2, Vitória P2, 186.41, 281.6, 

75, G42, G92, Centenário P1, 164.7, G63, 126, 149, G12, G51, G68, G146, 

G43, Verdim, 172.8, 173.3, G32, G149, 281.2, 171.9, 170, 176.5, 171.10, 

G50, 98, G69, G70, G60, G132, G133, 171.6, G37, G156, 173.6, G155, 

G138, G73, Jequitibá P4, 186.5, G127, 136.27, G52, 173.8, G120.1, 

G120.1.1, G23, 161.9, 180.7 and 22. 

 

 

 

 

 

0.11 

 

 

 

 

 

0.14 

 

 

 

 

 

0.21 

 

 

2 

 

 

86 

 

Robustão P3, 136.3, G110, 189, 136.34, 162.7, 32.4, 186.6, 182.3, 29.2, 

G102, 136.5, 136.33, 171.2, 162.6, 162.10, 182.9, G41, 182.8, 182.5, G72, 

G109, G74, 203.2, G55, Robustão P2, G127.1, 201.2, 112, G56, 179, 169, 

166.5, 60.1, Diamante P4, 60, G2, G129, G3, G95, 183.4, G20, Jequitibá 

P2, Vitória P3, G57, 28.2, 179.3, Vitória P4, Centenário P7, 24, G148, 

G67, 21, 169.5, 161.7, 32.10, Jequitibá P1, Diamante P8, G26, 62, 145, 

G27, Jequitibá P6, 164.10, 31.2, G95, 6, 103, 54, 53, 85, 86, 168.10, 186.2, 

179.2, 201.6, 144, 58, 186.3, G61, 136.18, 136.18.1, Robustão P4, Robustão 

P5, 59 and 61 

 

 

0.11 

 

 

0.12 

 

 

0.08 

 

3 

 

9 

 

G137, G92.1, 192.4, G147, G128, G151, 182.10, G136 and Robustão P1 

 

0.10 

 

0.07 

 

-0.43 

 

4 

 

12 

 

A1, 165.3, P2, G1, G59, 149.1, 290.4, G93, G80, 164.4, G59.1 and G143 

 

0.36 

 

0.24 

 

-0.50 

 

5 

 

6 

 

91, 168.5, 187, G25, G8 and G16 

 

0.24 

 

0.14 

 

-0.71 

 

6 

 

5 

 

G99, 169.10, Jequitibá P3, Vitória P1 and Centenário P2 

 

0.27 

 

0.25 

 

-0.08 

 

 

 



 

56 
 

 

Figure 3. a) Dendrogram of 280 genotypes of C. canephora obtained with Euclidean distances calculated with SNPs and Ward.D2 method with 

proximity criterion between groups. b) STRUCTURE analysis with two gene pools c) Percentage of heterozygous loci in 280 C. canephora 

genotypes, on the x axis are the genotypes and on the y axis the percentage of heterozygous loci.
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Groups 1, 2 and 3 comprise 257 genotypes from the total of genotypes evaluated, 

including 24 of the 29 commercial clones (Figure 3A and Table 3). The low values of HO 

and HE detected in these groups are indicators of inbreeding. As can be seen by group 1, 

which, in addition, presented the highest positive value of F (0.21), indicating an excess 

of homozygotes in the population (Table 3). Groups 1, 2 and 3 formed a large group in 

the PCA (Figure S1) and had their percentages of heterozygous loci ranging from 7.28 to 

18.4% (Figure 3C). The PCA analysis of the most divergent groups showed greater 

dispersion of the groups and explained 65.6% of the variation (Figure S1B). For the 

groups of 257 genotypes, some clusters were further away from the others (3, 9, 10 and 

14), but the other clusters did not diverge from the others (Fig. S1C). 

Commercial clones were grouped into five of the six groups. Group 1 included 

eight clones provided by Incaper (Vitória P2, Vitória P5, Marilândia P7, Marilândia P11, 

Centenário P2, Centenário P3, Centenário P4 and Jequitibá P4) together with the 

genotypes RO, BRS and Verdim. Group 2 included half of the clones belonging to five 

different cultivars provided by Incaper (Vitória P3, Vitória P4, Jequitibá P1, Jequitibá P2, 

Jequitibá P6, Diamante P4, Diamante P8, Robustão P2, Robustão P3, Robustão P4, 

Robustão P5 and Centenário P7). According to the methodology proposed by Evanno et 

al. (2005), the highest value of ∆K was obtained for K = 2 and in the STRUCTURE 

analysis there was the formation of two gene pools (Figure 3B and Figure S2). Group 4 

genotypes (Figure 3A) are included in the red gene pool (A1, 165.3, P2, G1, G59, 149.1, 

290.4, G93, G80, 164.4, G59.1 and G143) and 88.9% of the genotypes (ie, n = 249) 

belonged to the green gene pool (Figure 3B and Figure S2). The hybrid genotypes, which 

showed a mixture of the two gene pools, are represented by 19 genotypes: eleven 

belonging to groups 5 and 6 (91, 168.5, 187, G25, G8, G16, G99, 169.10, Jequitibá P3, 

Vitória P1 and Centenário P2), four belonging to group 1 (22, 180.7, 161.9 and G23) and 

one belonging to group 3 (136.33) (Figure 3B and Table 3). 

A new STRUCTURE analysis was performed with the green gene pool only, 

including 252 genotypes from the previous analyses. According to the methodology 

proposed by Evanno et al. (2005), the highest value of ∆K was obtained for K = 2 (Figure 

S3), showing that the genotypes can be separated into two groups. From a total of 29 

clones that were used in previous analyses, 23 were grouped into this new group, 

demonstrating that most commercial clones used in the state share the same gene pool. 

The other genotypes showed a mixture of the two new gene pools found, with the 
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exception of genotypes G136, 192.4, Robustão P1, G151 and G128, which had only the 

green gene pool (Figure S3). 

The results of molecular analysis of variance (AMOVA) for two hierarchical 

levels (groups formed by STRUCTURE and groups formed by hierarchical cluster 

analysis) revealed that the differences between the groups represented 31.88 and 17.76% 

of the genetic variation, respectively. So the genetic variation was greater between 

genotypes, within groups, than between groups, (both for groups formed by cluster 

analysis: 84.13%; and for those formed by STRUCTURE, 68.32%). A random 

permutation test indicated that the proportion of variance attributable to all two 

hierarchical levels was highly significant (p = 0.001) for differences between groups and 

within the sample (Table S4). 

The greatest genetic differentiation (FST) occurred between groups 4 and 2 (0.60), 

2 and 5 (0.59), and 4 and 3 (0.59) in the groups formed by clustering. Of the groups 

formed by STRUCTURE, the greatest genetic differentiation occurred between the green 

and red gene pools (0.59). The lowest values of genetic differentiation occurred between 

groups 1 and 3 (0.02) for the cluster analysis and, for STRUCTURE, the lowest value 

was between the green gene pool and the hybrids (0.12) (Table S5). 

Genetic distance was calculated to identify contrasting parents to propose a new 

collection with divergent genotypes (Figure S4, Figure S5 and Table S6). The genetic 

distance of Nei (Nei 1972) between the genotypes was calculated, and the highest values 

of distance found were 0.38 (G93 and 168.6), 0.37 (171.9 and G93; G92 and G93; 172, 5 

and G93; G55 and G93), 0.36 (172.8 and G93; 126 and G93; Jequitibá P1 and G93; G80 

and 168.6; and 162 and G93). These values indicate potential crosses for coffee breeding 

programs. 

From the previous analyses, two new groupings were made. One for the 23 

genotypes of groups 4, 5 and 6, generating another cluster with 3 groups, with the same 

genotypes as the previous cluster (Figure 4). The diversity parameters of this new cluster 

showed that groups 1 and 2 had higher values of expected and observed heterozygosity 

(Table S7). The fixation index of groups 1 and 3 were negative, confirming what we 

detected in the previous analysis, that there is an excess of heterozygotes in these 

populations. 



 

59 
 

In filtering for monomorphic loci, for each of the new clusters, fixed loci between 

clusters were removed. Many different groups were formed (14 clusters) (Figure 5), when 

these loci were removed by the new filtering. The initial difference between the groups 

(Figure 3, first grouping) was explained by loci fixed in homozygosity (within the 

groups). 

In this new approach, some groups showed negative (Table S7). The groups that 

showed the lowest negative values were cluster 3 (-0.78), 11 (-0.89), 14 (-0.89) and 12 (-

0.91). The percentage of heterozygous loci can be seen in Figure 4C. The observed 

heterozygosity of the groups ranged from 0.15 to 0.21, with most groups having HO = 

0.19. The commercial clones were well distributed in 8 of the 14 groups formed. 

The new analysis of genetic differentiation, among the 14 clusters, showed that 

there is a high genetic differentiation between the clusters formed (Table S5). The greatest 

genetic differentiation occurred between clusters 11 and 12 and the smallest genetic 

differentiation occurred between clusters 1 and 2 (Table S5). 
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Figure 4.   Cluster analysis with the 23 most divergent Coffea canephora genotypes from 

the first cluster, with the formation of three groups. We used the standardized mean 

Euclidean distance and Ward's method to form the groups; and, percentage of loci in 

heterozygosity for the group formed. On the x axis we have the genotypes and on the y 

axis we have the percentage of heterozygous loci.



 

61 
 

 

 

Figure 5.   Cluster analysis with the 257 Coffea canephora genotypes from the first 

cluster, with the formation of 14 groups. We used the standardized mean Euclidean 

distance and Ward's method to form the groups; and, percentage of loci in heterozygosity 

for the group formed. On the x axis we have the genotypes and on the y axis we have the 

percentage of heterozygous loci.
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4. Discussion 

For the first time, the genetic diversity and population structure of ancient seminal 

crops from southern ES were characterized by SNP markers via DArTseqTM 

methodology. This methodology has already been efficiently used to characterize the 

genetic diversity of germplasm within the genus Coffea (Garavito et al., 2016; Spinoso-

Castillo et al., 2020, 2021). 

After filtering the data, there was a 73.2% reduction in the initial number of SNPs. 

A similar result was previously detected by Garavito et al. (2016) and Spinoso-Castillo et 

al. (2020) using the same DArTseqTM methodology (62.8 and 89.8%, respectively). Our 

analyzes detected values of PIC, HE and HO of the chromosomes higher than those 

detected by previous studies (Garavito et al., 2016; Spinoso-Castillo et al., 2020), 

demonstrating the potential of ancient seminal crops in southern ES as a source of genetic 

variability. However, an average PIC value of 0.35 was reported in coffee progenies 

derived from interspecific crosses between Catuaí and Híbrido de Timor (Sousa et al. 

2017), a higher value than that found in our study. 

The six groups obtained by cluster analysis can provide direction for 

crossbreeding between highly divergent genotypes. In the cluster analysis, it is possible 

to observe that the commercial clones are distributed in five of the six groups formed. 

This result is extremely relevant for genetic improvement programs to increase the 

genetic base of the species. It also demonstrates that the improvement strategies that are 

being adopted for C. canephora, corroborate for this to happen. The main breeding 

methods that are being used in the launch of new cultivars aim to explore the natural 

genetic variability of C. canephora, through the selection of matrices (Ferrão et al., 2019). 

The groups are differentiated by HE, HO, F and percentage of heterozygous loci, 

however, relatively few genotypes were grouped in the most divergent groups. The 

presence of most genotypes in the groups with lower diversity and low percentage of 

heterozygous loci, specifically for group 1 (57.9% of genotypes), indicates high 

inbreeding. This information is of great importance for breeding programs, suggesting 

the need to expand the narrow genetic base of new cultivars. For this reason, the use of 

these more divergent materials may favor the expansion of the genetic base of C. 

canephora (Eira et al., 2007). 
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Our cluster analysis detected the same number of clusters as reported by Bikila et 

al. (2017) studying clones of C. canephora (including Conilon and Robusta) and superior 

to what was detected by Alkimim et al. (2018), studying C. canephora (Conilon, Robusta 

and hybrids), both works also used SNP markers. With microsatellite markers, the genetic 

diversity of C. canephora cultivated in germplasm banks (IAC and UFV) and of 

genotypes collected from crops in Espírito Santo and Rondônia, revealed high 

polymorphism and two main groups of genotypes (Souza et al., 2013). 

The low percentage of heterozygous loci in groups 1, 2 and 3 contrasts with the 

other groups. These groups, which grouped the majority of representatives of the seminal 

genotypes (83.2%) and 25 of the commercial clones, presented the lowest values of HO 

and HE. On the other hand, we have groups 4, 5 and 6 (23 genotypes) that showed higher 

diversity parameters, indicating the potential of these materials as a source of genetic 

variability. The quality parameters detected were comparable with other studies, being 

superior to those detected by Spinoso-Castillo et al. (2020) and similar to those found by 

Garavito et al. (2016). 

Low heterozygosity and low percentage of heterozygous loci are not expected for 

C. canephora, as they originate from seeds and the species is allogamous with 

gametophytic self-incompatibility (Conagin and Mendes, 1961; Berthaud, 1980; Partelli 

et al., 2020). However, in groups 1 and 2 we observed positive values of F and a higher 

percentage of homozygous loci. This result is an indication that there may have been 

cooperation between producers in the south of ES through the exchange, distribution and 

propagation of these seeds, which is very common among producers from different 

regions (Fonseca et al., 1996). Allied to this hypothesis, the narrow genetic basis of C. 

canephora that has been detected, compared to the expected diversity for the species, can 

be explained why the introduction of this material would have been made in a single 

opportunity, brought from Guinea, Uganda and Angola (Eira et al., 2007). In a study 

carried out by Ngugi et al. (2019), also with C. canephora, most of the F values found 

were positive, ranging from 0.03 to 0.68. 

However, in our work we also observed groups with negative values of F, as was 

the case of groups 3, 4, 5 and 6. These negative values are expected for allogamous 

species and are indicative of excess heterozygotes in the population (Wright, 1965). 

Negative results for the fixation index were also found by Souza et al. (2021) in parental 

and intraspecific hybrid progenies of Conilon coffee (-0.35 and -0.13, respectively). 
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It is important to note that two of the commercial clones grown in ES, A1 and P2, 

belong to the important cultivars Tributun and Monte Pascoal (Partelli et al., 2020, 2021), 

respectively. These clones were allocated to the red gene pool, while most of the 

evaluated genotypes belong to the green gene pool. These two clones are in the most 

divergent group and this result is important, as such clones are being widely used in the 

state and are a source of genetic variability. They can be used in crosses with other 

divergent materials to expand the genetic base of the species. 

The cultivars released by Incaper were mostly allocated to groups 1 and 2, with 

20 clones (83.3% of the total) made available by the institution. These clonal cultivars 

launched by Incaper have been the basis for the planting and renewal of Conilon coffee 

plantations in ES, which occurs on the order of 5% per year (Ferrão et al., 2019). 

However, some clones (Jequitibá P3, Vitória P1 and Centenário P2) were grouped into a 

more divergent group (group 6). to broaden the genetic base of this species. 

 The highest percentages of genetic variation occurred within groups (between 

genotypes) by AMOVA. In another study, the results found for C. canephora by Musoli 

et al. (2009) showed that there is a high percentage of variation (20.3%) explained by the 

groups formed (7 groups). And the highest percentage of variation occurred between 

individuals (51.3%), a similar result was detected in our study, with greater variation 

between genotypes. 

The high values of FST detected are indicative of a greater genetic differentiation 

between the groups formed (Wright 1978), both for the cluster analysis and for the 

STRUCTURE analysis. The high genetic differentiation between groups should be 

exploited in genetic improvement in order to broaden the genetic base of the species. Our 

values were higher than those detected by Anagbogu et al. (2019) and similar to the mean 

FST values found by Garavito et al. (2016). 

In addition to the analysis of genetic diversity and population structure, we also 

calculated the genetic distance of Nei (1972) between genotypes to choose divergent 

parents to generate good hybrids. We were able to detect high values of distances, 

indicating potential crosses between contrasting genotypes. And, our values were similar 

to those found by Spinoso-Castillo et al. (2020) who detected genetic distance values 

ranging from 0.26 to 0.39. 



 

65 
 

The genetic distance between genotypes reveals that those with higher values may 

be promising for breeding programs. The perspective of increasing the variability of this 

group in the coffee germplasm of Espírito Santo, with crosses between divergent parents, 

must be considered. To propose a new collection with promising, divergent and 

unpublished genotypes for the coffee breeding program in Brazil, the most contrasting 

genotypes must be prioritized. When we performed the analyzes separately, only for the 

23 genotypes and only for the 257 genotypes, we observed that there is an increase in the 

number of groups for the grouping with the largest number of individuals. The quality 

parameters used were the same as in the initial analysis. The most divergent genotype 

groups remained the same as in the previous analysis. However, for the 257 individuals 

that were less divergent before, there was a cluster with 14 divergent groups, 

demonstrating the potential of these ancient materials from the south of the state as a 

source of genetic variability. 

The presence of clones in eight of the 14 groups formed indicates that the breeding 

strategies used for the species are correct. Since the improved cultivars of C. canephora, 

obtained and recommended by Incaper and its partners for cultivation in ES, have 

constituted the main basis for the renewal of crops in the state (Ferrão et al., 2019). The 

mean values of HE (0.18) and HO (0.19) of the new 14 groups were higher than those 

found by Garavito et al. (2016) and Spinoso-Castillo et al. (2020). For the groups formed 

by the 23 genotypes, the values of HE and HO were even higher than those detected by 

previous studies. This demonstrates that the population under study has high values of 

diversity parameters. 

Undoubtedly, the preservation of old seminal crops in the south of ES is 

fundamental. It is estimated that, currently, about 160 thousand ha, that is, 60% of coffee 

plantations in Espírito Santo, have been renewed using improved cultivars (Ferrão et al., 

2015). The premise is not to stop using clonal cultivars, even because they were divergent 

in the study carried out. And, using a defined number of clones (together), in addition to 

guaranteeing the productive potential of the crop, they contribute to maintaining the 

genetic base (Ferrão et al., 2019). However, care must be taken because, if the crop is 

conducted with a reduced number of clones, in addition to compromising production, it 

could lead to disastrous results in the future of conilon coffee farming, due to the 

reduction of the available genetic base (Ferrão et al., 2019). Therefore, the maintenance 
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of seminal crops, as sources of divergent alleles, are necessary tools for coffee genetic 

improvement programs. 

5. Conclusions 

Our analyzes detected six divergent clusters and a strongly structured germplasm 

with two gene pools. Groups of genotypes not represented in the commercial materials 

analyzed were detected and greater divergence of commercial clones A1 and P2, grouped 

in group 4. Commercial clones are distributed in five of the six clusters formed.  

In addition to the use of these clonal materials, it is interesting to characterize, 

preserve and manage the remaining crops of C. canephora in southern ES, using these 

materials in crosses with the clones that are already being planted, in order to expand the 

genetic base of this species.  

The values of genetic differentiation and genotypes with high divergence suggest 

possibilities of crosses, aiming to increase the genetic base of the species.  

The new analyzes were able to detect: i) the most divergent group, 23 genotypes, 

continued to show higher values of the diversity parameters (HO and HE), but the clusters 

formed were the same as in the first cluster analysis; ii) 14 new clusters in the genotypes 

that were previously in the less divergent groups, with higher values of HO and HE, when 

compared to previous analyses. 
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CHAPTER 3 

GENOME WIDE ASSOCIATION FOR INITIAL DEVELOPMENT 

CHARACTERS AND BIOTIC STRESSES IN Coffea canephora 

ABSTRACT 

The marker assisted selection is an important approach in coffee breeding programs. The 

GWAS methodology explores the association among molecular markers and genomic 

regions with the traits of interest. In this study, we aimed to identify chromosomal regions 

with significant associations, by GWAS, in 251 Coffea canephora genotypes for four 

traits related to early development and four related to incidence of biotic and abiotic 

stresses. After filtering, 2,542 SNP distributed along the entire genome of C. canephora 

were used. The mixed models were applied to phenotypic data. From the sum of the 

genetic values (BLUPs) and the residues of the materials that were genotyped, the p-

values were calculated and used in the GWAS analyses. A total of 115 SNPs had 

significant associations: 48 for height growth; 20 for mealybug incidence; seven for plant 

heigh and growth rate in diameter; 11 for stem diameter; 16 for rust incidence and five 

for leaf miner incidence. Most of these SNPs are located within or close to candidate 

genes and it was possible to identify the putative function of these candidate genes for the 

trait evaluated. Significant associations between molecular markers and the traits, as well 

as, the identification of candidate genes that could be used for further in-depth studies to 

carry out the selection assisted by molecular markers in coffee genetic breeding programs. 

 

Key words: GWAS; Molecular breeding; Conilon coffee; Single nucleotide 

polymorphism 
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1. Introduction 

Coffee genetic breeding programs involve expensive, time-consuming, complex 

and dynamic processes (Almeida et al., 2021), as it is a perennial crop that takes 25 to 30 

years to develop a new variety (Moncada et al., 2016). The use of molecular marker-

assisted selection (MAS) is a powerful and efficient tool to accelerate the selection of 

superior genotypes and the development of new coffee cultivars, increasing the efficiency 

of breeding programs (Alkimim et al., 2017; Sousa et al., 2019). Molecular markers have 

the advantage of not being affected by environmental conditions and can be used at any 

stage of plant development (Almeida et al., 2021).  

Molecular studies allow analyzing the genetic structure and similarity between 

individuals, concomitantly with phenotypic assessments, allowing the selection of 

superior genotypes (Sousa et al., 2017). With the identification of SNPs (single nucleotide 

polymorphisms), these can be used to identify genes that are associated with traits of 

interest and identify superior genotypes through genome-wide association (GWAS).  

The crop of Coffea canephora has high economic importance in the world, and 

the main objectives of breeding for the species are the selection of highly productive 

plants, resistant to biotic and abiotic stresses and with sensory quality (Maia et al., 2017). 

The discrimination and selection of superior genotypes has been carried out based on 

morpho-agronomic characters of interest. However, the use of only phenotypic characters 

has limitations such as environmental influence and low selection gain (Souza et al., 2011; 

Ferrão et al., 2019). 

In genetic breeding programs, phenotypic and genotypic evaluations are 

necessary. And, in addition to production-based selection, other traits have been evaluated 

to maximize selection gains, including early evaluations of morpho-agronomic traits in 

order to select the most promising genotypes and determine those traits that are most 

representative for the selection of genetic materials (Cruz et al., 2014). The 

characterization is based on descriptors defined for each species and the evaluation will 

include the measurement of characteristics related to productivity, development, quality 

attributes, tolerance to biotic and abiotic stresses (Ferrão et al., 2022). 

For the genetic breeding of C. canephora, in addition to criteria related to 

productivity, it is sought to select more vigorous plants, with a larger crown diameter that 

are associated with a lower plant height (Alkimim et al., 2017). Thus, the study of these 
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materials is a strategy for the discrimination of individuals with good initial vegetative 

development, based on characters highly correlated with yield and productivity, such as 

plant height and stem diameter (Martinez et al., 2007; Moncada et al., 2016). Biotic 

factors also cause damage to the growth and development of Conilon coffee, such as the 

biotrofic fungus Hemileia vastatrix, leaf miner (Leucoptera coffeella) and mealybugs. 

And, although the use of chemical control is efficient in controlling pests and diseases, 

the most interesting and efficient control would be the use of varieties with genetic 

resistance (Mohammed, 2015; Talhinhas et al., 2017). In this context, selecting genetic 

materials that are tolerant to stress and that present adequate vegetative development is 

fundamental within the strategies of new cultivar development. 

SNP markers are highly used in genetic breeding programs. They are the most 

abundant type of polymorphism in the genome, being generally biallelic and codominant 

(Resende et al., 2008) and may be associated with genes that control the main 

characteristics of agronomic interest (Heffner et al., 2009; Sousa et al., 2017). The 

availability of the C. canephora reference genome (Denoeud et al., 2014) and the use of 

NGS (next generation sequencing) technologies provide necessary tools for genotyping, 

resulting in highly informative and quality SNPs (Andrade et al., 2017). Modern 

statistical methods, such as the use of mixed models, together with the application of 

high-thought molecular markers, have been used in plant breeding, allowing the breeder 

to accurately estimate the genetic value (Kamfwa et al., 2015; Zuiderveen et al., 2016; 

Perseguini et al., 2016; Resende et al., 2018). 

GWAS studies seek the association between the phenotype of interest and the 

genotype, enabling the identification of regions of the genome that have the greatest effect 

on a given trait (Sant’Ana et al., 2018). This analysis allows to find genes that contain 

significant SNPs and the identification of candidate genes that participate in the control 

of the trait and its biological function, facilitating the understanding of the influence of 

the genotype on the phenotype (Yang et al., 2013).  

In GWAS it is possible to identify SNPs that arise from mutations throughout the 

evolutionary history of each species and persist with a pattern in a population in 

disequilibrium for a particular trait, this type of analysis requires a high density of markers 

such as SNPs (Gimase et al., 2020). SNPs with significant association in overlapping 

genes or close to them are considered potentially involved with the phenotypic character 

that was evaluated, and able to identify the genomic sequences in the reference genomes 
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as occurred for C. canephora (González et al., 2017; Visscher et al., 2017; Monteiro et 

al., 2021; Alquimin et al., 2020). 

GWAS studies are scarce for the crop of C. canephora and C. arabica. For C. 

arabica, the lipid content, including the diterpenes cafestol and kahweol, which are 

related to beverage quality had SNPs within or near candidate genes related to metabolic 

pathways of these chemical compounds in grains of coffee (Sant´Ana et al., 2018). For 

Colletotrichum kahawae, the causal agent of the Coffee Berry Disease, two SNP markers 

were significantly associated with CBD incidence on chromosomes 1 and 2 (Gimase et 

al., 2020). In another study, Spinoso-Castillo et al. (2022), working with 80 genotypes of 

some species of the genus Coffea (C. arabica, C. canephora and C. liberica), detected 3 

SNPs with significant association for important characteristics related to coffee quality 

related to metabolite content. The only published work for C. canephora found a 

significant association with plant height, canopy projection diameter, vegetative vigor, 

incidence of rust and incidence of cercosporiosis (De Faria et al., 2022). 

This study will provide information relevant for the genetic breedin programs for 

C. canephora, since the chromosomal regions can be used in studies of selection assisted 

by molecular markers. The objective of this study is to identify chromosomal regions with 

significant associations in C. canephora genotypes for the eight phenotypic traits of 

importance for this species, using GWAS methodology and to identify SNPs inserted in 

candidate genes. 

2.  Material and Methods 

Plant Material 

A total of 251 C. canephora genotypes were evaluated, including 246 genotypes 

from a breeding population of the UFES and five commercial clones (A1, P2, BRS, RO 

and Verdim) (Table S2). The breeding population are from seminal seeds from old crops 

in the south of Espírito Santo (15 – 46 years of implantation). The 246 genotypes were 

selected for vegetative vigor and productive potential in 388 half-sib families (totaling 

2,085 plants). The half-sib families come from seeds from selected matrices in four 

municipalities in the southern region of the state of Espírito Santo (Alegre, Cachoeiro de 

Itapemirim, Jerônimo Monteiro and São José do Calçado). The experiment was 

implemented in Mimoso do Sul – ES (Latitude: 21° 03 '01' 'South, Longitude: 41° 30' 44'' 

West, Altitude 620 meters) in Federer's augmented blocks in April 2018. 
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DNA Extraction and Genotyping 

Young leaves were collected and stored in a freezer at -80°C until DNA 

extraction. DNA extraction followed the CTAB protocol of Doyle and Doyle (1990), with 

modifications from the coffee-optimized IAC, which only use MERK's chloroform, 

isoamyl alcohol and ethanol. The procedures performed were: 

• 200 mg of leaf plant tissue (young leaves) were macerated and transferred 

to 2.0 mL eppendorf tubes; 

• 700 μL of extraction buffer were added to the epperdorf with the 

macerated plant tissue and vortexed; 

• The eppendorf tubes were left for 30 minutes at 65°C in a dry bath; 

• 650 μL of CIA were added and it was homogenized for 10 minutes until 

an emulsion was formed; 

• The tubes were taken to the centrifuge at 12000 rpm for 10 minutes; 

• Then, the aqueous phase (700 μL) was transferred to a new 2.0 mL tube; 

• 200 μL of extraction buffer were added and homogenized; 

• 650 μL of CIA was added and homogenized again for 5 minutes; 

• The tubes were taken to the centrifuge at 12000 rpm for 10 minutes; 

• Afterwards, the aqueous phase (700 μL) was transferred to a new 1.5 mL 

tube and 650 μL of CIA was added 

• The tubes were taken to the centrifuge at 12000 rpm for 10 minutes; 

• The supernatant was transferred to a 1.5 mL tube; 

• The DNA was precipitated with 500 μL of ice-cold isopropanol and 

homogenized for 5 minutes; 

• After homogenization, the tubes were taken to the centrifuge at 12000 rpm 

for 10 minutes; 

• The surface of the precipitate was washed with 250 μL of 70% ethanol; 

• The tubes were taken to the centrifuge at 12000 rpm for 3 minutes; 

• The two previous steps were repeated two more times; 

• After these procedures, the ethanol is removed and taken to dry in a dry 

bath at 35°C; 

• It was resuspended in 40 μL of TE with RNAse (40 μg/mL) and left in a 

water bath at 37°C for 30 minutes. 
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DNA concentrations and integrity were estimated using a NanodropTM 2000 

spectrophotometer (Thermo Scientific). And the DNA quality was verified in agarose gel 

(0.8% concentration). DNA genotypes prepared for genotyping using the DArTseq 

methodology were sent to the Service of Genetic Analysis for Agriculture (SAGA) in 

Mexico for high-throughput genotyping using the DArTseqTM technology. 

For the SNP-Based DArTseq analysis, the genome representation of the 251 

genotypes of C. canephora was obtained by reducing the DNA complexity using two 

restriction enzymes, HpaII (frequent cut) and PstI (rare cut) and the ends of the cleaved 

fragments were ligated to a code adapter and a common adapter to identify each sample. 

The fragments were amplified and after the PCR reaction, equimolar amounts of 

amplification products from each sample of the 96-well microtiter plate were pooled, 

purified and quantified, followed by sequencing on the Illumina Novaseq 6000 system 

platform and the sequences were processed using the analytical program developed and 

patented by DArT Unip. Ltd. (Australia), generating SNP marker data. 

In the data analysis, the SNP markers were filtered for quality by the dartR 

package of the R software using the parameters: call rate with a threshold of 0.74, 

reproducibility parameter of 0.985, filter for monomorphic loci and minor allele 

frequency (MAF) of 0.01. Missing data associated with the codominant marker genotypes 

(denominated missing values of NA) were imputed using the concept of mean or expected 

value, where the expected value of the indicator variable is 2p. And the percentage of 

missing values was also verified and there was 5.5% of missing data that were imputed. 

The position of each marker in the C. canephora reference genome was 

determined using the Browse Genome tool from the National Center for Biotechnology 

Information website (https://www.ncbi.nlm.nih.gov). From the positions that were 

provided by the results sent by the DArTseqTM methodology, as well as the chromosome 

number where the SNPs were located, in the search field of the Browse Genome tool, the 

chromosome number was entered along with the position of the SNP. From there, SNPs 

inserted in the genes or close to them were identified. With this information, it was 

possible to identify the annotations of the mentioned genes that were found.  

The C. canephora has 11 chromosomes as a basic number. In addition to the SNPs 

located in the 11 chromosomes of the species, SNPs are identified in “chromosome 0” 

The chromosome named “0” is not a true chromosome, but a set of sequence scaffolds 

https://www.ncbi.nlm.nih.gov/
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(Sousa et al., 2017; Sant'Ana et al., 2018; Merot-L'anthene et al., 2019; Gimase et al., 

2020), therefore, they were excluded from further analysis. However, a table (Table 3) 

was built, indicating in these scaffolds, those SNPs that showed a significant association 

for the evaluated characteristics. 

Principal component analysis (PCA) was used to assess the level of population 

structure of C. canephora genotypes using the kinship matrix H (Munoz) using the 

RStudio software by the "ggfortify" package (RStudio Team, 2022). 

Phenotypic Analyses 

 Eight characteristics were phenotyped, four related to early development and four 

to incidence to biotic and abiotic stresses. The plant height was evaluated with a graduated 

ruler and measured in centimeters (cm) from the ground level to the terminal pair of leaves 

of the orthotropic branch and the stem diameter was verified with a digital caliper and 

measured in millimeters (mm) at 5 cm above ground level. These two analyses were 

carried out bimonthly, from April 2019 to February 2020, totaling six measurements. 

With the plant height and stem diameter data, the growth rates were obtained in 

cm.day-¹ and mm.day-¹, respectively, using the formula below, in which GR = growth 

rate, Lf = final length; Li = initial length; and nd = number of days. 

 

GR = (Lf – Li) 

        nd 

 

 Drought tolerance was estimated from the visual categorical analysis of the plants 

using grades from 1 to 9. This analysis was carried out in February 2019 in 200 families 

(totaling 1040 plants), in which 1 = vigorous plants without wilting symptoms; 2 = 

vigorous plants with slightly overhanging leaves; 3 = vigorous plants with some drooping 

leaves; 4 = dangling leaves; 5 = completely hanging leaves; 6 = completely hanging 

leaves with onset of discoloration, loss of leaf shine, and slight drying; 7 = completely 

hanging leaves with discoloration, loss of brightness in all leaves and moderate drying of 

the leaves; 8 = completely hanging leaves with discoloration and loss of brightness in all 

leaves, in addition to high drying intensity, with some brown color; and 9 = completely 

dry plant, showing permanent damage (adapted from Carvalho et al., 2017). 
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The evaluation of biotic stresses was carried out through a graded visual analysis 

in December 2019, 600 days after planting, in which the rainy season (November-

December) favors the rust epidemic (Zambolim et al., 2015). For rust (Hemileia 

vastatrix), the scale ranged from 1 to 5, based on the severity of the disease, in which 

grade 1 = absence of spots or pustules or formation of spores; 2 = plants with lesions 

ranging from spots to chlorosis in the infected area but without the formation of 

urediniospores; grade 3 = low number of pustules per leaf with formation of 

urediniospores; grade 4 = medium number of pustules per leaf with formation of 

urediniospores; and grade 5 = high number of pustules per leaf with formation of 

urediniospores (adapted from Carvalho et al., 2017). 

For the analysis of resistance to leaf miners (Leucoptera coffeaella), lesions were 

classified as small (0.3 to 0.6 centimeters in diameter); medium (about 0.6 to 1.2 cm in 

diameter); and large (above 1.2 cm in diameter), adopting the grading scale from 1 to 5, 

in which grade 1 = plants with less than 1% of leaves with small lesions; grade 2 = plants 

with 2% to 4% of leaves with lesions; grade 3 = plants with 5% to 19% of leaves with 

lesions (small, medium and large); grade 4 = plants with 20% to 35% of leaves with 

lesions (small, medium, and large); and grade 5 = plants with 36 to 100% of leaves with 

lesions (small, medium, and large) (Andreazi et al., 2015). 

The evaluation of mealybug (Coccus viridis) resistance was also performed using 

a grading scale ranging from 1 to 5, in which grade 1 = absence of mealybugs; grade 2 = 

presence of a few individuals per plant; grade 3 = weak infestation (isolated females, 

colonies or nymphs); grade 4 = moderate infestation (presence of postures, 1st and 2nd 

instars on some branches); and grade 5 = strong infestation (presence of postures and all 

stages of development on the organs of all or almost all branches) (adapted from Andrade 

et al., 2017). 

The frequency distribution of traits related to early development and biotic 

stresses was demonstrated through histograms for each trait, considering the 251 

genotypes evaluated in the genome-wide association analysis. The histogram was built 

by the “ggplot2” package of the RStudio software (RStudio Team, 2022). 

Analysis of Phenotypic Data 

The phenotypic data were corrected for experimental design (augmented Federer 

blocks) using the linear mixed models (MLM) methodology, through the RStudio 
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software using the “sommer” package, the BLUP values (best unbiased linear prediction) 

and the residual averages. In this model we considered the kinship matrix H for Munoz 

method (Amadeu et al. 2016) and in this step we find the value of the phenotype corrected 

for environmental effect with the estimated genetic value (BLUP) plus the residue. 

For Federer augmented blocks where there is no repetition of the genotypes being 

evaluated, we used a dataset that contains the phenotypic data for all eight traits that were 

measured in this experimental design. In this model we were able to obtain the BLUP 

values for the genotypes that are not replicated in the field. The presence of control 

genotypes (commercial clones) allows the adjustment of non-replicated genotypes. 

y = Xf + Zg + Sb + e (1) 

where: 

y: phenotypes data vector; 

f: vector of the mean effect (considered fixed); 

g: vector of the genotypic effects of the genotypes (considered random) being 

g~N(0, H𝜎𝑔
2) where H is a kinship matrix including genotyped and non-genotyped 

individuals according to Legarra (2009) and Munoz (2014) e 𝜎𝑔
2 is the additive genetic 

variance; 

b: vector of the environmental effects of the blocks (considered random) being 

b~N(0, I𝜎𝑏
2) what 𝜎𝑏

2 is the variance associated with blocks; 

e: vector of residual effects (random) being e~N(0, I𝜎𝑒
2) what 𝜎𝑒

2 is the residual variance. 

The capital letters X, Z and S represent the incidence matrices of these effects.  

The phenotype corrected for design was obtained by means of: 𝑦 ∗= 𝑦 − 𝑋𝑓 − 𝑆�̂�. 

Linkage disequilibrium (LD) 

Pairwise linkage disequilibrium (LD) of the 251 Coffea canephora genotypes 

were estimated using the square allele frequency correlations (r2) for the DArTseq SNPs 

markers. This was done using LD measured by RStudio software. The r2 was estimated 

by LD sliding window size of 50000 (bp) and an r2 threshold set at 0.1. The distribution 

pattern of the entire LD genome was visualized using graphs generated by the "ggplot2" 

package by the RStudio software (RStudio Team, 2022). 
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Genomic Wide Association Study (MLM) 

From the equation above (1), we used only the corrected values of the genotyped 

individuals to perform the GWAS study through the equation model described below (2). 

The BLUP and residual values were used for further analysis in the RStudio software 

through the “sommer” package to find the “p” values (p-value) to determine which SNP 

markers had a significant association for each trait that was evaluated. From the “p” 

values (p-value <0.05) Manhattan plots were generated using the “qqman” package of the 

RStudio software (RStudio Team, 2022). The quantile-quantile (QQ) plot was also 

generated to assess how well the model adopted in GWAS for this study. 

y* = Xβ + Mi mi + e (2) 

where: 

y*: vector of phenotypes adjusted by the model described by equation 1; 

β: vector of the general mean and 2 first principal components of the genomic kinship 

matrix (fixed effects) with incidence matrix X; 

mi: fixed effect of the i-th marker; 

Mi: incidence matrix of the i-th marker; 

e: vector of residual effects (random) being e~N(0, I𝜎𝑒
2) what 𝜎𝑒

2 is the residual variance. 

Pearson's genetic correlation tests were then performed using the BLUPs to verify 

the correlation between the seven traits of early development and stress tolerance. 

Correlation distributions were plotted using the “ggplot2” package in software RStudio. 

From the BLUP values for each trait evaluated, boxplots were constructed for the marker 

with the lowest p-value to verify the behavior of these genotypes. 

Candidate Genes 

After verifying the SNPs with significant association, a search was performed on 

the NCBI (National Center for Biotechnology Information) website, in the available 

genome reference of C. canephora (Denoeud et al. 2014). Through the positions (pb) of 

the 115 SNPs and the chromosomes of C. canephora, SNPs inserted in or close to 

candidate genes related to the evaluated traits that had the function related to the trait were 

selected. The "downstream" and "upstream" distances were considered in the search for 
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candidate genes considering the shortest distance from the closest flanking gene to the 

SNP with significant association. 

The distribution of SNPs along the chromosomes of C. canephora was verified by 

the online map Gene2 Chrom web v2 (http://mg2c.iask.in/mg2c_v2.0/) (Jiangtao et al., 

2015).  

3. Results 

The distribution of the phenotypic characteristics evaluated in the population are 

represented in the histograms (Figures 1 and 2). Characteristics related to vegetative 

development present a normal distribution typical of quantitative characteristics (Figure 

1). The stronger the color of the bar (pink) the more plants have that specific measure, 

and the green bars are those plants that are at the extremes of the charts. On the other 

hand, traits related to biotic stresses showed different behavior, due to the classification 

by scale (Figure 2). For the rust characteristic, we had more than 100 plants with a score 

equal to 2. For the leaf miner and cochineal trait, most plants obtained a score of 1 (Figure 

2B). Generally, the plants presented lower values for all the evaluated stresses, 

demonstrating the potential of these plants in terms of tolerance to biotic stresses. For the 

drought tolerance trait, in some genotypes they were tolerant, with a score of 1 and others 

showed permanent damage with a score of 9 (Figure 2A).
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Figure 1. Histograms of phenotypic values distributions of plant height (cm), stem diameter (mm), height growth rate histogram (cm.dia-¹) and 

diameter growth rate histogram (mm.dia-¹) of the 251 genotypes of Coffea canephora of genome-wide association analysis. 
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Figure 2. Histograms of phenotypic values distributions of leaf rust, leaf miner and mealybug of the 251 genotypes of Coffea canephora of genome-

wide association analysis.
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Quality analysis across parameters (MAF of 0.01, call rate ≥ 74%, monomorphic 

loci and reproducibility of 98.5%) resulted in 2,542 SNP markers out of the total of 9,491 

SNPs identified. In the association analysis of the 2,542 SNPs, 115 showed a significant 

association for the evaluated characteristics (p-value <0.05) (Table 2). Of the 115 SNPs 

with significant associations found in this study, 62 were inserted into genes.  

The genetic correlation between traits ranged from -0.23 to 0.83 (Figure 3). The 

lowest positive correlation between early developmental traits was between average 

height growth rate and stem diameter (0.20). The leaf miner incidence had a negative 

correlation for all characteristics related to early development. The incidence of rust had 

a negative correlation for the characteristics related to diameter and positive for the 

characteristics related to plant height.  

The highest values of positive correlations were height and diameter (0.57), height 

and average growth rate in height (0.42), height and average growth rate in diameter 

(0.34) and average height of growth height and mean growth in diameter (0.33). 

 

Figure 3. Pearson's genotypic correlation through BLUP values between phenotypic 

traits that showed a significant association for early development and stress tolerance 

among the 251 Coffea canephora genotypes. alt = height; dia = diameter; tx_alt = average 

height growth rate; tx_dia = average growth rate in diameter; fer = leaf rust; bmi = leaf 

miner; coc = mealybug. 
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The LD analysis was performed from the r2 (correlation coefficient squared 

between the allele frequencies at each of the two loci) and this paired analysis among the 

2,542 SNP markers detected in this analysis generated 444,222 comparisons, of which 

54,101 (13.25 %) had an r2 equal to or greater than 0.1, while a total of 34,237 (8.39%) 

had an r2 equal to or greater than 0.5 (Figure S6, Figure S7 and Table 1). The whole 

genome distribution pattern can be seen in Figure S4 and S5. Some markers were in high 

LD to perfect LD (r2 = 1), which are more likely to be inherited together. 547 of the total 

comparisons were in perfect connection, while 177 were completely unlinked (r2 = 0). 

Table 1. Genome-wide Pairwise LD distribution for the SNP markers among the 251 

genotypes of Coffea canephora based on the chromosomes at threshold r² equal, or above 

0.1 and r² equal, or above 0.5 

 Pairwase SNP LD Percentage 

Chromosome 

Total 

pairs 

r² ≥ 

0.1 

r² ≥ 

0.5 0.1 (%) 0.5 (%) 

1 23220 3459 2516 14.90 10.84 

2 12246 1847 1172 15.08 9.57 

3 10153 1450 964 14.28 9.49 

4 58311 10290 4991 17.65 8.56 

5 8256 977 1078 11.83 13.06 

6 10153 1753 1223 17.27 12.05 

7 7626 635 874 8.33 11.46 

8 27028 5528 2490 20.45 9.21 

9 19701 2728 1184 13.85 6.01 

10 7140 757 1330 10.60 18.63 

11 2346 199 472 8.48 20.12 

12* 222111 24478 15943 11.02 7.178 

Total 408291 54101 34237 13.25 8.39 
*Coffea canephora genome scaffolds  

The eigenvalues of main components indicated that the first component accounted 

for most of the variation within the population that contributes more than 55.16% of the 

total variation and the second principal component was responsible for 3.4% of the total 

variation. There was the formation of a large group with most genotypes and two other 

smaller groups with few genotypes (Figure 4). 
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Figure 4. PCA of Coffea canephora from SNP markers illustrating the genetic divergence 

between genotypes, with the two main components explaining 58.56% of the total 

variability. 

Of the eight characteristics evaluated, seven had SNPs with significant 

associations. For drought tolerance no significant association was detected. The height 

growth rate presented the highest number of SNPs with significant association (48) which 

are distributed in eight chromosomes (Figure 5B).  For mealybug incidence 20 SNPs with 

significant association in seven chromosomes (Figure 6C). For height, seven SNPs on six 

chromosomes (Figure 5A); for stem diameter, 11 SNPs on nine chromosomes (Figure 

5C); for diameter growth rate, seven SNPs on four chromosomes (Figure 6D). The rust 

characteristic with 16 SNPs (Figure 6A) and leaf miner incidence with five SNPs (Figure 

6B). Quantile-quantile (QQ) plots were also generated to assess how well the model 

adopted in GWAS for this study (Figure 9).  

The 11 chromosomes of C. canephora with the SNPs with significant association 

were shown in the Figure 8. Chromosome 1 had the highest number of significant SNPs 

(28), followed by chromosome 9 with 16 (Figure 8). Chromosomes 10 and 7 had the 

lowest number of SNPs with significant associations, three and four respectively. The 

dots represent which characteristic is associated with a particular SNP. Markers that 

showed significance for more than one feature are marked with two colored dots. 

Four SNPs had significant association for more than one characteristic (Figure 8 

and Table 2). The SNP markers “100064936.13.T.C” and “100074576.62.T.C” 

(chromosome 8) had a significant association for the mealybug incidence (green dot) and 
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for height growth rate (red dot). The SNP marker “100064019.44.G.T” (chromosome 9) 

also had a significant association for these two traits (green and red dots). The SNP 

marker “100064293.27.T.C” (chromosome 1) had a significant association for the rust 

incidence trait (black dot) and for the diameter growth rate trait (purple dot). Markers that 

showed significance for more than one feature are marked with two colored dots (totaling 

20 SNPs). 

Of the 48 SNPs identified for height growth rate, 35 are embedded in or close to 

genes. For height, of the seven SNPs detected, five are inserted in or close to genes. Of 

the five SNPs detected for the leaf miner infestation, two SNPs are inserted into genes. 

The mealybug infestation, which had 20 SNPs with significant association, has 18 SNPs 

inserted into genes. Of the 10 SNPs found for the stem diameter, 6 are inserted into or 

close to the genes. For the rust incidence trait, 14 SNPs inserted in or close to genes were 

found out of a total of 16 SNPs with significant association. And, of the seven SNPs found 

for the diameter growth rate, 4 are embedded in or close to genes (Table 2). 

Some candidate genes with associates SNP showed functions related to the traits 

that were evaluated. GSCOC_T00019303001, GSCOC_T00022693001, 

GSCOC_T00039643001 and GSCOC_T00040251001 genes are related to plant defense 

mechanisms to protect against pathogens, pests and abiotic stresses. Other candidate 

genes such as genes GSCOC_T00040077001, GSCOC_T00028217001 and 

GSCOC_T00021883001 presented putative functions related to plant development and 

plant hormones.
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Figure 5. Manhattan plots of the genomic-wide association of single nucleotide polymorphisms (SNPs) of four traits related to early development 

of 251 Coffea canephora genotypes. The -log10(p) threshold of 0.05 (dashed line) was used to select SNPs and identify candidate genes. Significant 

SNPs are represented by red dots above the threshold line. The distribution of SNPs in the chromosomes is represented by the bar below each 

chromosome, the red colors indicate higher amounts of SNPs, the yellow colors indicate average amounts of SNPs and the green colors indicate 

lower amounts of SNPs. 
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Figure 6. Manhattan plots of the genomic-wide association of single nucleotide polymorphisms (SNPs) of four traits related to biotic stresses of 

251 Coffea canephora genotypes. The -log10(p) threshold of 0.05 (dashed line) was used to select SNPs and identify candidate genes. Significant 

SNPs are represented by red dots above the threshold line. The distribution of SNPs in the chromosomes is represented by the bar below each 

chromosome, the red colors indicate higher amounts of SNPs, the yellow colors indicate average amounts of SNPs and the green colors indicate 

lower amounts of SNPs. 
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Figure 7. Quantile–quantile (QQ) plots referring to the seven characteristics evaluated 

demonstrating how the model was adjusted for a given characteristic.
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Figure 8. SNP markers with significant association (115) distributed along the 11 chromosomes of Coffea canephora. Each colored dot refers to a 

specific characteristic. pink = height; yellow = diameter; red = average height growth rate; purple = average growth rate in diameter; black = leaf 

rust; blue = leaf miner and green = mealybug. 
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Table 2. Positions of single nucleotide polymorphism (SNP) markers with the lowest values of −log10 (p) and Coffea canephora genes overlapping 

or close to them, potentially associated with the evaluated traits (height, diameter, average growth rate in diameter, average growth rate in height, 

rust tolerance, mealybug incidence, leaf miner incidence). 

Characteristic SNP marker  Chra Genome position (bp) p-value Candidate geneb Distancec Putative function 

Height 100087984.59.A.T 3 29,808,608 0.0445 GSCOC_T00032264001 +174 RING_Ubox super family 

Height 100083263.38.A.G 3 20,789,026 0.0286 GSCOC_T00020497001 +76 Transmembrane 9 family protein 

Height 100074536.21.A.G 6 5,236,036 0.0110 GSCOC_T00022491001 +95 nsLTP2 domain-containing protein 

Height 100036353.45.A.C 7 21,452,163 0.0267 - - - 

Height 100076081.41.T.A 8 13,754,359 0.0332 - - - 

Height 100064204.60.G.C 9 5,378,240 0.0218 GSCOC_T00040077001 within PSK domain-containing protein 

Height 100036743.22.G.A 11 1,647,113 0.0450 GSCOC_T00017737001 within Thomboid family protein 

Leaf miner 100065474.20.A.T 2 16,164,468 0.0047 - - - 

Leaf miner 100088320.15.C.A 5 3,142,823 0.0449 - - - 

Leaf miner 100038570.9.T.C 7 27,303,009 0.0402 - - - 

Leaf miner 100036509.62.G.C 9 5,654,362 0.0419 GSCOC_T00040122001 within Hexokinase-like 

Leaf miner 100086491.25.C.A 11 20,673,337 0.0432 GSCOC_T00007638001 within 
Zinc finger, C3HC4 type (RING finger) 

/ PspA_IM30 super family 

Mealybug 100079795.58.C.T 1 3,898,518 0.0191 GSCOC_T00019303001 within Germin family protein 

Mealybug 100074462.62.G.T 1 5,376,425 0.0421 GSCOC_T00013211001 within Formate--tetrahydrofolate ligase 

Mealybug 100079748.50.T.C 1 36,705,213 0.0007 GSCOC_T00015989001 -46 
PPR_3 super Family / PPR_2 super 

family 

Mealybug 100065219.11.A.G 1 28,455,365 0.0352 GSCOC_T00024047001 within DNA_BRE_C super family 

Mealybug 100036776.32.A.G 1 31,007,192 0.0110 - - - 

Mealybug 100036044.18.A.G 4 44,260,989 0.0231 GSCOC_T00016697001 +171 PLN00156 family protein 

Mealybug 100045397.33.A.T 4 28,354,539 0.0283 GSCOC_T00018180001 within S10 family peptidase 

Mealybug 100074449.23.G.T 4 8,998,755 0.0039 GSCOC_T00029464001 within SLC5-6-like_sbd super family 

Mealybug 100037106.13.G.A 4 46,184,049 0.0065 GSCOC_T00015399001 +394 - 
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Mealybug 100064249.10.A.G 5 31,259,098 0.0008 GSCOC_T00026848001 within 
Glycosyltransferase_GTB-type super 

family 

Mealybug 100038192.26.C.T 6 6,697,667 0.0156 GSCOC_T00022693001 within 
G-type lectin S-receptor-like serine / 

threonine-protein kinase 

Mealybug 100063831.7.A.T 8 6,534,208 0.0307 GSCOC_T00031170001 within 
CUE and DUF460 domain-containing 

protein 

Mealybug 100064936.13.T.C 8 22,051,563 0.0076 GSCOC_T00022869001 within 
Ankyrin repeat domain-containing 

protein 

Mealybug 100074576.62.T.C 8 22,051,629 0.0010 GSCOC_T00022869001 within 
Ankyrin repeat domain-containing 

protein 

Mealybug 100083206.14.C.T 9 2,236,131 0.0001 GSCOC_T00039555001 +609 PTZ00265 super family 

Mealybug 100064270.13.C.G 9 10,367,632 0.0433 GSCOC_T00036697001 within PLN02586 super family 

Mealybug 100064019.44.G.T 9 1,489,438 0.0001 GSCOC_T00039398001 within PLN03014 super family 

Mealybug 100036488.15.A.C 9 9,964,738 0.0397 GSCOC_T00036763001 within TPR_12 / PRK15331 super family 

Mealybug 100036871.32.G.A 9 10,799,979 0.0348 GSCOC_T00036653001 within - 

Mealybug 100075215.44.G.A 11 481,190 0.0414 - - - 

Diameter 100086368.28.A.G 1 27,721,374 0.0492 - - - 

Diameter 100065543.64.C.G 2 20,833,088 0.0451 GSCOC_T00031874001 within Trm5 super family 

Diameter 100083449.12.C.T 3 29,972,245 0.0227 GSCOC_T00032235001 within DUF1666 domain-containing protein 

Diameter 100085459.6.G.T 4 17,110,256 0.0065 GSCOC_T00014444001 within DJ-1/PfpI family protein 

Diameter 100076158.35.G.A 4 30,896,226 0.0328 - - - 

Diameter 100081320.24.C.A 6 371,175 0.0455 GSCOC_T00021661001 +159 PLN02785 super family 

Diameter 100086414.43.T.C 7 3,297,187 0.0184 GSCOC_T00018230001 within PLN00113 super family 

Diameter 100089248.46.T.A 8 5,635,124 0.0390 GSCOC_T00031312001 within PLN02805 super family 

Diameter 100076172.21.A.C 10 3,103,119 0.0475 - - - 

Diameter 100082868.34.G.C 10 28,134,955 0.0423 - - - 

Diameter 100074719.15.C.T 11 2,372,421 0.0016 - - - 

Leaf rust 100064293.27.T.C 1 32,515,469 0.0416 - - - 

Leaf rust 100035881.53.G.T 2 1,980,982 0.0239 GSCOC_T00024764001 within glucose-1-phosphate adenylyltransferase 

Leaf rust 100037456.40.C.G 3 16,668,913 0.0358 GSCOC_T00034053001 +827 - 

Leaf rust 100089548.46.A.T 4 11,989,185 0.0029 GSCOC_T00029089001 within 

 

DnaJ-class molecular chaperone with C-

terminal Zn finger domain 
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Leaf rust 100085441.16.C.A 5 10,969,635 0.0262 - - - 

Leaf rust 100086363.65.G.T 6 3,257,238 0.0104 GSCOC_T00022154001 -589 MBD domain-containing protein 

Leaf rust 100086492.40.T.G 6 17,173,187 0.0126 GSCOC_T00012379001 -175 Rrp4 super family 

Leaf rust 100064920.51.G.A 6 4,189,010 0.0462 GSCOC_T00022322001 within 

Asp-tRNAAsn/Glu-tRNAGln 

amidotransferase A subunit or related 

amidase 

Leaf rust 100064771.8.G.C 8 19,812,110 0.0441 GSCOC_T00028935001 within HAD family hydrolase 

Leaf rust 100084742.9.C.T 8 2,219,690 0.0199 - - - 

Leaf rust 100079788.19.G.C 9 3,053,951 0.0122 GSCOC_T00039694001 +876 

STKc_IRAK domain-containing protein 

/ PKc_like super family / Malectin_like 

super family 

Leaf rust 100083409.14.C.A 9 3,054,017 0.0044 GSCOC_T00039694001 +932 

STKc_IRAK domain-containing protein 

/ PKc_like super family / Malectin_like 

super family 

Leaf rust 100087198.32.A.C 9 2,710,981 0.0026 GSCOC_T00039643001 +77 
CaM_binding domain-containing 

protein 

Leaf rust 100079788.25.C.G 9 3,053,951 0.0181 GSCOC_T00039694001 +876 

 

STKc_IRAK domain-containing protein 

/ PKc_like super family / Malectin_like 

super family 

Leaf rust 100083249.13.T.C 9 6,320,796 0.0432 GSCOC_T00040251001 within 
STKc_IRAK / PKc_like super family / 

GUB_WAK_bind / WAK_assoc 

Leaf rust 100086228.44.T.C 11 8,902,368 0.0153 GSCOC_T00036271001 -308 SEC14 family lipid-binding protein 

Average growth rate in height 100037364.63.T.A 1 31,246,273 0.0013 GSCOC_T00028217001 within dof zinc finger protein 

Average growth rate in height 100064842.26.C.T 1 32,724,024 0.0015 GSCOC_T00028476001 within 

family protein is a DUF640 domain-

containing protein that acts as a plant 

homeotic and developmental regulator 

Average growth rate in height 100065408.52.T.A 1 31,431,302 0.0013 GSCOC_T00028261001 +289 protein kinase family protein 

Average growth rate in height 100079824.67.C.G 1 32,710,237 0.0105 GSCOC_T00028475001 within 
rab3 GTPase-activating protein catalytic 

subunit 

Average growth rate in height 100080395.6.G.C 1 28,294,448 0.0002 - - - 

Average growth rate in height 100088878.35.C.T 1 25,196,040 0.0019 GSCOC_T00030165001 within F-box/kelch-repeat protein 

Average growth rate in height 100089339.6.A.G 1 31,108,237 0.0216 GSCOC_T00028187001 -214 histone H4 

Average growth rate in height 100036391.47.A.T 1 31,075,131 0.0339 GSCOC_T00028181001 within ADF_gelsolin super family 

Average growth rate in height 100080103.65.T.C 1 28,908,232 0.0010 GSCOC_T00024105001 within PLN02518 family protein 



 

97 
 

Average growth rate in height 100064247.15.C.G 1 30,769,382 0.0008 GSCOC_T00028127001 within HAD_like super family 

Average growth rate in height 100075370.65.C.T 1 34,070,883 0.0085 - - - 

Average growth rate in height 100075371.21.C.T 1 25,943,867 0.0002 - - - 

Average growth rate in height 100036613.16.T.A 1 25,509,292 0.0110 GSCOC_T00009382001 within PLN02342 family protein 

Average growth rate in height 100079937.14.C.A 1 28,019,911 0.0026 GSCOC_T00023992001 within 
Peptidases_S8_3 / fn3_6 / 

PA_subtilisin_like / Inhibitor_I9 / AprE 

Average growth rate in height 100067259.26.C.T 1 28,900,964 0.0219 GSCOC_T00024104001 within - 

Average growth rate in height 100075522.33.G.A 1 29,897,383 0.0340 GSCOC_T00024234001 +144 Sua5/YciO/YrdC/YwlC family protein 

Average growth rate in height 100064009.18.G.C 1 31,599,843 0.0277 - - - 

Average growth rate in height 100065530.34.C.T 1 37,418,320 0.0378 - - - 

Average growth rate in height 100037551.44.T.G 1 32,388,725 0.0341 GSCOC_T00028424001 within STKc_IRAK domain-containing protein 

Average growth rate in height 100036280.37.T.C 1 29,167,076 0.0123 GSCOC_T00024150001 within HMA domain-containing protein 

Average growth rate in height 100068468.47.G.A 2 1,687,561 0.0408 GSCOC_T00024722001 within TFIIF_beta super family 

Average growth rate in height 100037860.48.T.C 2 700,031 0.0221 GSCOC_T00024545001 within SLC5-6-like_sbd super family 

Average growth rate in height 100086401.26.C.G 4 51,432,427 0.0342 - - - 

Average growth rate in height 100037787.18.C.T 4 429,680 0.0298 GSCOC_T00019839001 within PTZ00265 super family 

Average growth rate in height 100064380.10.T.C 4 753,759 0.0224 GSCOC_T00019890001 +177 
IQ and DUF4005 domain-containing 

protein 

Average growth rate in height 100037951.22.A.G 4 4,208,098 0.0165 GSCOC_T00039037001 within 
NAD(P)-dependent glycerol-3-

phosphate dehydrogenase 

Average growth rate in height 100083384.6.T.A 5 4,474,459 0.0200 GSCOC_T00026300001 within MFS transporter 

Average growth rate in height 100038429.50.A.T 5 3,809,142 0.0251 GSCOC_T00026203001 within CorA family magnesium transporter 

Average growth rate in height 100091676.11.A.G 5 13,175,217 0.0315 - - - 

Average growth rate in height 100091676.20.T.C 5 13,175,217 0.0315 - - - 

Average growth rate in height 100091676.46.T.C 5 13,175,217 0.0047 - - - 

Average growth rate in height 100091676.57.C.G 5 13,175,217 0.0315 - - - 

Average growth rate in height 100036026.6.C.A 5 12,669,938 0.0319 GSCOC_T00031005001 within 
Surp and CTD_bind domain-containing 

protein 

Average growth rate in height 100036253.67.T.G 6 4,529,682 0.0042 GSCOC_T00022370001 within Macoilin super family 

Average growth rate in height 100063725.27.G.C 6 7,429 0.0054 GSCOC_T00021599001 within PEP_TPR_lipo super family 

Average growth rate in height 100080081.40.C.G 6 1,676,433 0.0422 GSCOC_T00021883001 within dof zinc finger protein 

Average growth rate in height 100065706.45.C.A 6 1,387,013 0.0165 - - - 
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Average growth rate in height 100089015.9.A.G 7 22,701,270 0.0126 GSCOC_T00016805001 within C1 family peptidase 

Average growth rate in height 100075246.24.A.G 8 2,946,700 0.0438 GSCOC_T00023678001 within 
DnaJ super family / PEP_TPR_lipo 

super family 

Average growth rate in height 100079823.38.A.G 8 3,674,494 0.0277 - - - 

Average growth rate in height 100064936.13.T.C 8 22,051,563 0.0100 GSCOC_T00022869001 within 
ankyrin repeat domain-containing 

protein 

Average growth rate in height 100037829.65.A.T 8 6,627,944 0.0198 GSCOC_T00031160001 within - 

Average growth rate in height 100065461.55.G.A 8 6,520,970 0.0164 - - - 

Average growth rate in height 100074576.62.T.C 8 22,051,629 0.0396 GSCOC_T00022869001 within 
ankyrin repeat domain-containing 

protein 

Average growth rate in height 100074989.15.A.G 9 1,957,693 0.0131 - - - 

Average growth rate in height 100064019.44.G.T 9 1,489,438 0.0023 GSCOC_T00039398001 within PLN03014 super family 

Average growth rate in height 100065172.52.A.G 9 12,350,600 0.0272 GSCOC_T00036462001 within solute carrier family 26 protein 

Average growth rate in height 100036385.14.G.T 9 17,303,493 0.0004 GSCOC_T00018633001 within 
ARGLU super family / AvrRxo1 super 

family 

Average growth rate in height 100075533.64.C.T 10 24,876,278 0.0449 GSCOC_T00026964001 within Ephrin_rec_like super family 

Average growth rate in diameter 100064293.27.T.C 1 32,515,469 0.0253 - - - 

Average growth rate in diameter 100065234.11.C.T 3 25,921,554 0.0261 GSCOC_T00032859001 within PLN02318 super family 

Average growth rate in diameter 100075981.5.A.C 3 22,212,357 0.0160 - - - 

Average growth rate in diameter 100067593.36.A.C 4 4,416,224 0.0494 GSCOC_T00039070001 within PLN03243 super family 

Average growth rate in diameter 100080633.26.T.A 11 10,714,632 0.0068 GSCOC_T00003808001 within GLTP domain-containing protein 

Average growth rate in diameter 100075074.54.T.C 11 620,844 0.0425 - - - 

Average growth rate in diameter 100086132.17.G.C 11 7,078,471 0.0044 GSCOC_T00011290001 -401 NB-ARC super family 

a Chr, chromosome. 

b Gene models were identified using the Coffea canephora genome.  

c Distance (bp) from the closest gene model; within, lies within the candidate gene sequence; +, downstream; −, upstream.
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After calculating the p-value, the q-value were calculated. For this analysis, two 

traits showed markers with significant association, mealybug incidence (5 SNPs) and 

average height growth rate (2 SNPs) (Table 3). The SNP marker “100083206.14.C.T” 

was significant for both traits. For these two characteristics (average height growth rate 

and mealybug), it can be observed that the quantile-quantile graphs presented a better fit 

to the model (Figures 7A and 7G).  

Table 3. Q-values (q-value < 0.09) for two traits that showed SNPs with significant 

association for 251 Coffea canephora genotypes. Markers in bold refer to markers that 

also had significant p-values in the previous table 

Characteristic Allele ID 

Genome position 

(bp) q-value 

Mealybug 100086321.25.G.C 13,051,391 0 

Mealybug 100039204.33.G.C 8,637,761 0 

Mealybug 100088083.67.G.T 0 0 

Average height growth rate 100083206.14.C.T 2,236,131 0 

Average height growth rate 100075121.66.T.C 31,314,897 0 

Mealybug 100083206.14.C.T 2,236,131 0.05084 

Mealybug 100064019.44.G.T 1,489,438 0.05084 

Mealybug 100090110.40.G.A 2,193 0.08473 

 

In total, 57 SNPs were found, with significant p-values for "chromosome 0" 

(scaffolds) of C. canephora (Table S8). Of these, the marker "100076552.7.G.A" was 

significant for the characteristics height (0.0348) and diameter (0.0541); the marker 

"100076012.33.C.T" was significant for the diameter (0.0538) and average diameter 

growth rate (0.0522) and the marker "100084770.47.G.A" was significant for the 

diameter (0.0460) and average diameter growth rate (0.0163). 

The boxplots based on the effects of genetic values (BLUPs), in three loci for each 

characteristic related to vegetative development with significant associations (p-values), 

are shown in Figure 9. For the height of plants, we used the markers 

"X100083263.38.A.G" (0.0286) located on chromosome 3, "X100036353.45.A.C" 

(0.0267) located on chromosome 7 and "X100076081.41.T.A" (0.0332) located on 

chromosome 8 (Figure 10A and Table 4). The smallest amplitude of variation occurred 

for the marker "X100036353.45.A.C", for the alternative homozygote genotype (2), 

where we also had a greater effect when compared to the reference homozygote (0). 
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The average height growth rate was evaluated for the markers 

"X100079937.14.C.A" (0.0026), "X100067259.26.C.T" (0.0219) and 

"X100086401.26.C.G" (0.0342) (Figure 9B and Table 4). For the three markers 

evaluated, notice that the behavior of the genotypes was similar, only the heterozygous 

genotype (1) for the marker "X100067259.26.C.T" had a smaller effect when compared 

to the other genotypes, for the same marker (Figure 9B and Table 4). In the average, 

growth rate in diameter, the behavior of the genotypes, for the three evaluated markers 

"X100075981.5.A.C" (0.0160), "X100075074.54.T.C" (0.0425) and 

"X100086132.17.G.C " (0.0044), also showed a similar behavior, similar to what happens 

with the average height growth rate (Figure 10D and Table 4). 

 

Figure 9. Boxplots for traits related to vegetative development for 251 Coffea canephora 

genotypes from BLUP values. The colors represent the genotypes of the formed groups 

where: green = reference homozygote (0); dark pink = heterozygote (1) and light pink = 

alternative homozygote (2).  

For stem diameter, the selected markers were "X100065543.64.C.G" (0.0451) 

located on chromosome 2, "X100076158.35.G.A" (0.0328) located on chromosome 4, 
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and "X100074719.15.C.T" (0.0016) located on chromosome 11 (Figure 9C). For the 

markers "X100065543.64.C.G" and "X100074719.15.C.T" there was a greater effect (> 

BLUP) for the reference homozygous (0) and heterozygous (1) genotypes when 

compared to the alternative homozygous genotype (2). 

In the rust trait, for the marker "X100079788.25.C.G" (0.0181) located on 

chromosome 9, there is a difference between the effects of BLUP values for reference 

homozygotes (0) and heterozygotes (1), when compared to the homozygote alternative 

(2), which presented a lower estimated genetic value. Also for this trait, we have the 

marker "X100086363.65.G.T" (0.0104) located on chromosome 6, which showed a 

different behavior from the previous marker, with the alternative homozygous genotype 

(2) showing higher BLUP values than the other genotypes (Figure 10A). 

 

Figure 10. Boxplots for traits related to biotic stresses for 251 Coffa canephora genotypes 

from BLUP values. The colors represent the genotypes of the formed groups where: green 

= reference homozygote (0); dark pink = heterozygote (1) and light pink = alternative 

homozygote (2). 

For the markers "X100038570.9.T.C" (0.0402) located on chromosome 7, 

"X100036509.62.G.C" (0.0419) located on chromosome 9, and "X100086491.25.C.A" 

(0.0432) located on chromosome 11, for the leaf miner characteristic, we have for the 

marker "X100038570.9.T.C", the heterozygous genotypes with a higher BLUP value than 
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the other genotypes (Figure 10B). For the marker "X100086491.25.C.A", the alternative 

homozygous genotypes (2) had a lower BLUP effect. 

The effects of BLUP for the cochineal trait, for the three evaluated markers 

("X100079795.58.C.T", "X100075215.44.G.A" and "X100038192.26.C.T"), were very 

similar (Figure 11C). With the exception of the alternative homozygous genotype (2) for 

the marker "X100075215.44.G.A", which showed a slightly higher BLUP effect than the 

others, for the same marker (Figure 10C). 

The lowest percentage of the reference homozygote (0) was 0.40% for the average 

height growth rate characteristic at the marker "100065461.55.G.A." and the highest 

percentage was 98.41% in the marker "100036488.15.A.C." for the cochineal 

characteristic (Table 4). For the heterozygous genotypes (1) the lowest percentage was 

0.40% for the markers "100065530.34.C.T", "100091676.11.A.G", "100091676.20.T.C." 

and "100091676.57.C.G" for the characteristic average height growth rate. For alternative 

homozygous genotypes (2), the lowest percentage was 0.40% for the traits rust, cochineal, 

leaf miner and average height growth rate, the highest percentage was 98.80% for the 

characteristic average height growth rate, for the flag "100065530.34.C.T" (Table 4). 

The markers that showed the highest percentages for the alternative homozygote 

(above 90%) were "100067259.26.C.T", "100065530.34.C.T", "100037551.44.T.G", 

"100083384.6.T.A", "100036026.6.C.A" and "100065461.55. G.A", all markers with 

values above 90% for alternative homozygotes are for the average height growth rate 

characteristic (Table 4). 

Some markers have already presented mean percentage values, that is, there was 

a similar distribution between the reference, heterozygous and alternative homozygous 

loci, they are the markers "100086368.28.A.G" and "100086401.26.C.G" (Table 4).
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Table 4. Percentages of homozygous reference, alternative homozygous and heterozygous loci for the 115 markers with significant association for 

seven traits evaluated in 251 Coffea canephora genotypes. 

Characteristic Marker  Chromosome p-value 0 (aa) 1 (Aa) 2 (AA) 0% 1% 2% 

Leaf rust 

100035881.53.G.T 2 0.0239 -0.0122 0.0050 0.0877 70.91 25.90 3.19 

100037456.40.C.G 3 0.0358 0.0048 -0.0513 0.1184 78.49 19.52 1.99 

100079788.19.G.C 9 0.0122 0.0082 -0.0061 -0.0986 51.00 43.03 5.97 

100083409.14.C.A. 9 0.0044 0.0067 -0.0092 -0.0591 51.00 42.63 6.37 

100085441.16.C.A. 5 0.0262 -0.0231 0.0444 0.0712 72.90 25.50 1.60 

100086228.44.T.C 11 0.0153 -0.0054 -0.0174 0.0952 76.89 19.92 3.19 

100086363.65.G.T 6 0.0104 -0.0020 -0.0257 0.1601 84.06 15.14 0.80 

100087198.32.A.C. 9 0.0026 -0.0140 0.0688 -0.0967 87.25 12.35 0.80 

100089548.46.A.T. 4 0.0029 -0.0076 0.0488 -0.1403 69.72 23.11 7.17 

100086492.40.T.G 6 0.0126 -0.0064 0.0012 -0.0135 62.55 33.07 4.38 

100064293.27.T.C 1 0.0416 0.00002 -0.0852 - 95.22 4.78 - 

100079788.25.C.G 9 0.0181 -0.0018 0.0023 -0.2048 98.01 0.80 1.19 

100083249.13.T.C. 9 0.0432 -0.0499 0.0000 0.0107 17.93 38.64 43.43 

100084742.9.C.T 8 0.0199 0.0031 -0.0837 -0.1199 93.23 3.59 3.18 

100064920.51.G.A 6 0.0462 -0.0051 -0.0039 0.1767 97.21 2.39 0.40 

Mealybug 

100079795.58.C.T 1 0.0191 0.0062 -0.0099 0.0149 39.84 48.61 11.55 

100074462.62.G.T 1 0.0421 -0.0003 -0.0162 - 97.21 2.79 - 

100079748.50.T.C. 1 0.0007 -0.0028 0.0263 -0.0592 92.03 7.57 0.40 

100065219.11.A.G 1 0.0352 -0.0022 0.0080 0.0059 86.45 13.15 0.40 

100036776.32.A.G 1 0.0110 -0.0008 -0.0016 - 98.01 1.99 - 

100036044.18.A.G 4 0.0231 0.0003 -0.0094 -0.0090 88.84 10.76 0.80 

100045397.33.A.T 4 0.0283 -0.0007 -0.0037 - 96.41 3.59 - 

100074449.23.G.T 4 0.0039 -0.0010 0.0027 -0.0205 71.31 25.10 3.59 

100037106.13.G.A 4 0.0065 -0.0009 0.0024 -0.0057 92.83 5.58 1.59 

100064249.10.A.G 5 0.0008 0.0003 -0.0113 - 91.63 8.37 - 

100038192.26.C.T 6 0.0156 -0.0031 0.0211 -0.0069 80.48 10.36 9.16 

100063831.7.A.T 8 0.0307 0.0004 -0.0263 -0.0001 94.02 3.99 1.99 

100064936.13.T.C 8 0.0076 -0.0018 0.0227 -0.0122 87.65 6.77 5.58 

100074576.62.T.C. 8 0.0010 -0.0021 0.0348 -0.0103 86.06 5.98 7.97 

100083206.14.C.T 9 0.0001 -0.0010 0.0102 0.0109 98.01 1.59 0.40 

100064270.13.C.G 9 0.0433 -0.0005 -0.0093 - 97.21 2.79 - 
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100064019.44.G.T 9 0.0001 -0.0030 0.1021 - 98.01 1.99 - 

100036488.15.A.C. 9 0.0397 -0.0007 -0.0020 -0.0243 98.41 1.19 0.40 

100036871.32.G.A 9 0.0348 0.0005 -0.0147 -0.0050 91.63 7.18 1.19 

100075215.44.G.A 11 0.0414 -0.0034 0.0807 0.0227 96.41 3.19 0.40 

Average height growth rate 

100037364.63.T.A. 1 0.0013 -0.0010 0.0108 - 92.03 7.97 - 

100064842.26.C.T 1 0.0015 -0.0005 0.0074 - 94.42 5.58 - 

100065408.52.T.A. 1 0.0013 -0.0010 0.0108 - 92.03 7.97 - 

100079824.67.C.G 1 0.0105 -0.0001 -0.0124 0.0541 93.63 5.18 1.19 

100080395.6.G.C 1 0.0002 -0.0011 0.0123 - 92.43 7.57 - 

100088878.35.C.T 1 0.0019 -0.0003 0.0036 - 94.42 5.58 - 

100089339.6.A.G 1 0.0216 -0.0016 0.0085 -0.0392 80.87 18.33 0.80 

100036391.47.A.T 1 0.0339 -0.0015 0.0338 - 96.02 3.98 - 

100080103.65.T.C. 1 0.0010 -0.0017 0.0174 0.0415 92.03 7.57 0.40 

100064247.15.C.G 1 0.0008 -0.0010 -0.0098 0.1215 92.83 5.98 1.19 

100075370.65.C.T 1 0.0085 -0.0003 -0.0064 0.1660 92.83 6.77 0.40 

100075371.21.C.T 1 0.0002 -0.0003 0.0797 -0.0091 94.42 0.80 4.78 

100036613.16.T.A. 1 0.0110 -0.0010 0.0040 0.0737 93.22 5.98 0.80 

100079937.14.C.A. 1 0.0026 -0.0011 0.0368 0.0053 93.23 1.99 4.78 

100067259.26.C.T 1 0.0219 0.0162 -0.0156 -0.0002 3.58 2.79 93.63 

100075522.33.G.A. 1 0.0340 -0.0011 0.0507 - 98.01 1.99 - 

100064009.18.G.C 1 0.0277 -0.0010 0.0491 -0.0098 92.03 2.79 5.18 

100065530.34.C.T 1 0.0378 -0.0299 0.0228 0.0001 0.80 0.40 98.80 

100037551.44.T.G 1 0.0341 0.0243 0.0151 -0.0007 1.59 1.19 97.22 

100036280.37.T.C 1 0.0123 -0.0014 0.0152 -0.0418 93.63 4.38 1.99 

100068468.47.G.A. 2 0.0408 0.0002 -0.0014 -0.0353 92.03 7.57 0.40 

100037860.48.T.C 2 0.0221 -0.0005 -0.0051 0.0325 92.83 5.18 1.99 

100086401.26.C.G 4 0.0342 0.0125 -0.0069 -0.0054 32.67 34.26 33.07 

100037787.18.C.T 4 0.0298 0.0010 -0.0166 -0.0178 94.02 5.58 0.40 

100064380.10.T.C. 4 0.0224 0.0011 -0.0555 -0.0193 97.61 1.99 0.40 

100037951.22.A.G 4 0.0165 0.0012 -0.0170 0.0000 95.22 3.19 1.59 

100083384.6.T.A 5 0.0200 - 0.0026 -0.0002 - 5.98 94.02 

100038429.50.A.T 5 0.0251 -0.0002 -0.0115 0.0344 94.82 3.59 1.59 

100091676.11.A.G 5 0.0315 0.0004 -0.0914 -0.0016 95.22 0.40 4.38 

100091676.20.T.C. 5 0.0315 0.0004 -0.0914 -0.0016 95.22 0.40 4.38 

100091676.46.T.C. 5 0.0047 -0.0003 0.0172 -0.0016 94.02 1.59 4.38 

100091676.57.C.G 5 0.0315 0.0004 -0.0914 -0.0016 95.22 0.40 4.38 
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100036026.6.C.A 5 0.0319 0.0387 -0.0192 0.0002 1.59 4.38 94.02 

100036253.67.T.G 6 0.0042 0.0009 -0.0139 - 93.23 6.77 - 

100063725.27.G.C 6 0.0054 -0.0063 -0.0025 0.0100 27.09 45.42 27.49 

100080081.40.C.G 6 0.0422 -0.0011 0.0049 0.1771 94.02 5.58 0.40 

100065706.45.C.A. 6 0.0165 -0.0008 0.0001 0.1660 97.61 1.99 0.40 

100089015.9.A.G 7 0.0126 -0.0001 0.0009 - 94.82 5.18 - 

100075246.24.A.G 8 0.0438 0.0191 -0.0058 -0.0036 20.72 52.99 26.29 

100079823.38.A.G 8 0.0277 -0.0063 0.0072 0.0118 57.77 31.47 10.76 

100064936.13.T.C 8 0.0100 -0.0027 0.0094 0.0296 87.65 6.77 5.58 

100037829.65.A.T. 8 0.0198 0.0005 -0.0081 -0.0088 93.63 3.98 2.39 

100065461.55.G.A. 8 0.0164 -0.0353 0.0090 -0.0001 0.40 1.59 98.01 

100074576.62.T.C. 8 0.0396 -0.0036 0.0158 0.0264 86.06 5.98 7.97 

100074989.15.A.G 9 0.0131 -0.0014 0.0207 0.0046 93.63 5.98 0.40 

100064019.44.G.T 9 0.0023 -0.0012 0.0570 - 98.01 1.99 - 

100065172.52.A.G 9 0.0272 -0.0001 -0.0147 0.0559 92.43 5.98 1.59 

100036385.14.G.T 9 0.0004 0.0010 -0.0164 - 93.63 6.37 - 

100075533.64.C.T 10 0.0449 0.0010 -0.0190 - 94.82 5.18 - 

Leaf miner 

100065474.20.A.T 2 0.0047 0.0315 -0.0838 - 92.43 7.57 - 

100088320.15.C.A. 5 0.0449 0.0228 -0.0108 - 98.01 1.99 - 

100038570.9.T.C. 7 0.0402 0.0194 0.2979 -0.0247 51.59 38.25 9.16 

100036509.62.G.C 9 0.0419 0.0229 0.0041 0.0949 96.81 1.20 1.99 

100086491.25.C.A. 11 0.0432 0.0234 0.0303 -0.4240 89.24 10.36 0.40 

Diameter 

100086368.28.A.G 1 0.0492 -0.7359 -0.3703 -1.6117 29.48 34.26 36.26 

100065543.64.C.G 2 0.0451 -0.8817 -1.0608 -5.0070 91.63 7.57 0.80 

100083449.12.C.T 3 0.0227 -0.6472 -1.8423 -0.6519 76.10 23.50 0.80 

100085459.6.G.T 4 0.0065 -0.7708 -2.1324 - 88.45 11.55 - 

100076158.35.G.A. 4 0.0328 -0.8575 -0.5586 -3.2763 72.91 21.51 5.58 

100081320.24.C.A. 6 0.0455 -0.8488 -2.5071 - 92.22 4.78 - 

100086414.43.T.C 7 0.0184 -1.2235 -0.2949 -0.8945 66.13 30.68 3.19 

100089248.46.T.A. 8 0.0390 -1.0943 -0.2178 -2.4395 68.92 26.29 4.78 

100076172.21.A.C. 10 0.0475 -0.7257 -2.0106 1.6122 80.88 17.93 1.19 

100082868.34.G.C 10 0.0423 -0.9257 -0.6033 -1.9951 90.43 7.18 2.39 

100074719.15.C.T 11 0.0016 -0.9865 1.5698 -4.7015 92.83 5.18 1.99 

Average diameter growth rate 

100064293.27.T.C 1 0.0253 -0.0017 -0.0050 - 96.41 3.59 - 

100065234.11.C.T 3 0.0261 -0.0024 -0.0013 -0.0017 23.90 26.30 49.80 

100075981.5.A.C. 3 0.0160 -0.0058 -0.0031 0.0005 15.94 36.65 47.41 
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100067593.36.A.C. 4 0.0494 -0.0023 -0.0011 -0.0022 48.61 38.25 13.14 

100080633.26.T.A. 11 0.0068 -0.0016 -0.0012 -0.0113 60.96 35.86 3.18 

100075074.54.T.C. 11 0.0425 -0.0022 0.0001 0.0027 82.47 15.94 1.59 

100086132.17.G.C 11 0.0044 -0.0016 -0.0019 -0.0053 72.11 24.30 3.59 

Height 

100087984.59.A.T 3 0.0445 -1.7318 -1.9584 -4.4459 52.59 36.65 10.76 

100083263.38.A.G 3 0.0286 -0.8919 -1.9716 -4.5043 45.42 29.88 24.70 

100074536.21.A.G 6 0.0110 -2.0562 -4.1891 - 97.61 2.39 - 

100036353.45.A.C. 7 0.0267 -2.1783 -1.2721 4.8678 97.61 1.59 0.80 

100076081.41.T.A. 8 0.0332 -2.3906 0.5825 -3.3409 71.71 14.34 13.95 

100064204.60.G.C 9 0.0218 -2.0719 -2.7409 -4.1715 96.41 2.79 0.80 

100036743.22.G.A 11 0.0450 -2.0950 -2.2893 - 93.63 6.37 - 
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4. Discussion 

In this work, 115 SNPs with significant associations were detected for important 

coffee crop traits of initial development such as plant height, stem diameter, height growth 

rate, diameter growth rate, and for incidence to rust, leaf miner and mealybug. Of the115 

SNPs found, 62 were inserted into candidate genes. So far, few works have studied the 

GWAS in C. canephora. De Faria Silva et al. (2022) detected 404 SNPs with significant 

associations for five traits (plant height, crown diameter, vegetative vigor, incidence of 

rust and brown eye spot), working with 165 genotypes of C. canephora, including 

Conilon, Robusta and hybrid genotypes. Of the 404 SNPs, 217 were inserted in genes (De 

Faria Silva et al., 2022).  

The leaf rust trait had 16 significant SNPs distributed on chromosomes 1, 2, 3, 4, 

5, 6, 8, 9 and 11, of which 14 are inserted in the genes or are close to them. In the work 

by De Faria Silva et al. (2022), for the same trait, 22 significant SNPs were detected, nine 

of which were inserted into genes and four genes were found located on chromosomes 2, 

8, 10 and 11 and these are potentially associated with rust tolerance.  

On chromosome 8, two rust-related SNPs (“100064771.8.G.C”, 

“100084742.9.C.T.”) were detected, with the marker “100064771.8.G.C” inserted in the 

gene of a large group of hydrolase proteins of the HAD family at position 19,812,110. De 

Faria Silva et al. (2022) detected a SNP on the same chromosome inserted in the Flavone-

3-Hydroxylase gene (Cc08_g11560), however, the position was detected was different 

(26,333,822..26,335,804). We also detected a rust-related SNP on chromosome 11 

(“100086228.44.T.C”) at position 8,902,368 related to SEC14 family lipid-binding 

protein. And, on chromosome 2, a disease-related SNP (“100035881.53.G.T”) located in 

the GSCOC_T00024764001 gene with putative glucose-1-phosphate adenylyltransferase 

function was detected, and De Faria Silva et al. (2022) also detected a disease-related 

SNP on chromosome 11. disease in question, but the mitochondrial component E1 

pyruvate dehydrogenase gene (Cc11_g17430) was at position 33,430,810..33,440,872. 

For the height characteristic, seven significant SNPs were found on chromosomes 

3, 6, 7, 8, 9 and 11, and five are embedded in genes or are close to them. De Faria Silva 

et al. (2022) found 27 SNPs significant for plant height and 13 genes potentially linked 

to this feature were identified. As can be seen, the only work that studies two of the 

characteristics evaluated in this study (plant height and rust) is that of De Faria Silva et 
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al. (2022). Of the SNPs identified in 6 of the 11 chromosomes of Coffea canephora, De 

Faria Silva et al. (2022) also detected SNPs in the chromosomes detected in our study, 

but at different positions on the chromosomes. The putative functions were related to 

RING_Ubox super family, transmembrane 9 family protein, nsLTP2 domain-containing 

protein, PSK domain-containing protein and thomboid family protein. While De Faria 

Silva et al. (2022) detected serine-rich protein-related functions, probable ribosome 

biogenesis protein RLP24, putative Adipocyte plasma membrane-associated protein, 

pentatricopeptide repeat-containing protein At1g61870, mitochondrial, hypothetical 

protein and putative TPX2 (targeting protein for Xklp2) protein family. 

The other studies found with GWAS for coffee assess aspects related to quality 

(Sant’Ana et al., 2018; Spinoso-Castillo et al., 2022) or other diseases (Gimase et al., 

2020). This demonstrates the importance of this study and encourages other studies for 

these characteristics evaluated to consolidate what was detected in this study.  

The SNP marker “100064204.60.G.C” located on chromosome 9 is inserted in the 

GSCOC_T00040077001 gene, which has a putative function of plant-specific 

phytosulfocin precursor proteins. The gene GSCOC_T00019303001 detected on 

chromosome 1 for the cochineal trait, belongs to the family of germline proteins (oxalate 

oxidase) (Lu et al., 2020). It is widespread in fungi and in various plant tissues, having 

the characteristic of playing a role in plant signaling and defense, which may be related 

to the response of plants to pests and pathogens (Lu et al., 2020). 

Another gene related to pest attack, such as mealybug, is the gene 

GSCOC_T00022693001 located on chromosome 6. In this subfamily there are plant 

receptor-like kinases (RLKs), where BAK1 is linked to plant development regulated by 

brassinosteroid and in pathways related to plant incidence to pathogens and herbivore 

attack. For rust disease we found the gene GSCOC_T00039643001 which is located on 

chromosome 9 of C. canephora. It has the CaM_binding protein containing the domain 

that is a series of calmodulin-binding plant proteins dependent on the presence of calcium 

ions (Lu et al., 2020). These proteins may be involved in plant defense response 

processes, a fact that is extremely relevant because the SNP is related to rust (Lu et al., 

2020). 

The candidate gene GSCOC_T00040251001, also for the rust incidence trait, is 

found on chromosome 9 and is related to receptors linked to the galacturonan-binding 
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kinase wall. The GUB_WAK_bind domain is rich in cysteine and is the extracellular part 

of the serine/threonine kinase that will bind to cell wall pectins (Lu et al., 2020). In this 

context, the cysteine molecule plays a role in the redox signaling of several stress 

processes (Mieyal et al., 2012).  

For the characteristic height growth rate, the genes GSCOC_T00028217001 and 

GSCOC_T00021883001, located on chromosomes 1 and 6, respectively, of C. canephora 

have the putative function of the dof zinc finger protein. This protein acts as a 

transcription factor and can play several roles in multiple biological processes that include 

responses to plant hormones and stress, germination, flowering, among others. In this 

context, because it is related to the response to plant hormones, there may be a relationship 

with plant growth hormones, such as auxins and cytokinins (Chakraborty e Akhtar, 2021). 

Plants have defense mechanisms against pathogens and pests through signaling 

cascades (Takahashi et al., 2007; Coll et al., 2011) and these cascades can be regulated 

by transcriptional proteins such as case of the splicing factor rich in serine and arginine, 

detected in the candidate gene Cc06_g03240 (De Faria Silva et al., 2022). Alternative 

splicing and its regulators are known to be linked to plant responses to biotic and abiotic 

stresses (Duque, 2011). In this context, two SNPs were detected on chromosome 9, 

100079788.19.G.C and 100083409.14.C.A, related to the incidence of rust, which are 

found in the gene GSCOC_T00039694001. These SNPs are related to the same protein 

as the serine/specific protein kinase catalytic domains and some plant receptor kinases 

are found (Lu et al., 2020). 

The traits that showed the strongest Pearson genetic correlations are expected 

because these traits are directly related to the development, height and stem diameter 

(Martinez et al., 2007). These findings suggest that selection for growth-related traits, 

such as plant height, could lead to an increase in stem diameter. On the other hand, we 

have the characteristics related to biotic stresses that presented weak and/or negative 

correlations, such as, for example, the incidence of the leaf miner pest that presented 

negative correlations with all traits related to early development. 

5. Conclusion 

By a GWAS study, we detected 115 SNPs with significant associations located 

within or close to genes. Four SNPs are associated with more than one trait 

(100064936.13.T.C, 100074576.62.T.C, 100064019.44.G.T and 100064293.27.T.C). 
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Through the National Center for Biotechnology Information (NCBI) it was possible to 

identify candidate genes with putative functions related to developmental traits and plant 

defense mechanisms against pests and diseases.  

These results are relevant for coffee genetic breeding programs, since the 

chromosomal regions that were detected could be used for selection assisted by molecular 

markers to help and accelerate the coffee improvement process. 
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8. Final considerations   

This work consists of an unprecedented study in ancient seminal crops remaining 

in the south of Espírito Santo. The phenotypic and genetic variability that were detected 

consist of genetic resources, serving as raw material for coffee genetic improvement 

programs. The characterization and preservation of these genotypes is fundamental for 

the maintenance of the culture because the use of few clonal cultivars and the insertion of 

materials of the Robusta variety in the state, can lead to a narrowing and loss of genetic 

diversity of the species. 

In fact, the state of Espírito Santo is of world importance for the production and 

improvement of coffee, specifically Coffea canephora Conilon variety. Because it 

constitutes a genetic reservoir of the species that still remains in ancient seminal crops in 

the south of the state. However, there is a concern with the conservation and preservation 

of this material, due to the fact that these remaining seminal crops in the south of the state 

are decreasing due to the renewal by commercial clones of clonal propagation. 

Furthermore, the introduction of Robusta genotypes from Rondônia in the state has been 

taking place in the last ten years, and the recent wide dissemination of these genotypes in 

the state. 

In this study, materials from seminal crops have aptitude for initial development 

in conditions of absence of irrigation, demonstrating the rusticity present in these 

materials under stressful conditions in the field. This aptitude was expected and was 

confirmed, given the hypothesis for the collection of mother plants in seminal crops. In 

this study, few cultural treatments were used and the crop was in rainfed condition, so the 

detection and selection of these materials is extremely important in the initial phase of 

development, for crops with little technological resource. Materials that proved to be 

drought tolerant, must be observed and selected in the face of climatic changes and 

adverse conditions that these changes entail, the use of tolerant genotypes is a viable 

alternative aiming at the sustainability of the coffee culture. On the other hand, half-sib 

families were also found that suffered a lot in the face of adverse weather conditions, due 

to pest infestation and the incidence of rust. 
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The genetic diversity detected from the DArTseqTM methodology by SNP markers 

should also be explored. Divergent groups were found, with two groups presenting 

marker parameter values (fixation index, observed and expected heterozygosity) that 

indicate wide genetic variability, and therefore should be selected for genetic 

improvement purposes. The genetic distance values found for some of the genotypes 

(G93, 168.6, G92, 172.5, G55, 172.8, 126, Jequitibá P1, G80 and 162) serve as a starting 

point to propose a new collection of genotypes that can promote the expansion of the 

genetic base of coffee. In the crops of southern ES there are genotypes with around 10% 

of loci in heterozygosity, but there is also a smaller number of individuals with 50% of 

loci in heterozygosity, suggesting hybridization between different gene pools, which may 

be feasible by the introduction of Robusta genotypes in the state in the last ten years, 

suggesting the need for investigation into this fact. 

The high divergence of these groups was demonstrated in the morphological 

analyzes with specific groups demonstrating expressive differences in growth rates and 

molecular diversity. Comparing to commercial clones, there is a differential germplasm 

for both morphological and molecular aspects, demonstrating potential for the selection 

of genotypes, verified in clusters with examples of possibility of selection of genotypes 

with high growth rate and with tolerance to the stresses present in field. The divergent 

groups detected may also indicate promising crosses for the improvement of Conilon 

coffee in the state of Espírito Santo. 

The GWAS study was able to detect, among the 2,542 SNPs, 115 SNPs with 

significant association, of which 62 were inserted in genes. Of the eight traits evaluated, 

seven traits of agronomic interest related to early development and biotic stresses (plant 

height, average height growth rate, stem diameter, average diameter growth rate, rust, leaf 

miner and mealybug) showed SNPs with significant association. These results must be 

explored, since this study provides information of  relevance for the genetic improvement 

programs of the species Coffea canephora, which generally involve expensive, late, and 

complex processes, as it is a perennial species that requires 25 to 30 for the launch of a 

new variety. Therefore, once chromosomal regions have been found, they can be used in 

genome-wide association studies, which is a powerful and efficient tool to accelerate the 

selection of superior genotypes that have greater amounts of favorable attributes, thus 

increasing the efficiency of programs. of coffee improvement. 
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9. Supplementary Figures 

 

Figure S1. A) Principal components analysis of the six groups formed by the first 

grouping of the 280 genotypes of Coffea canephora. B) Analysis of principal components 

of the three groups formed by the 23 genotypes of Coffea canephora. C) Analysis of 

principal components of the 14 groups formed by the 257 genotypes of Coffea canephora 
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Figure S2. A) Population structure of 280 C. canephora genotypes using SNP marker 

data with the formation of two gene pools. B) Graphic obtained with the values of ∆K for 

visualization of the best K (K = 2), according to the methodology proposed by Evanno et 

al. (2005). C) Boxplot of plant height (mm) and stem diameter (mm) data for the three 

formed gene pools. AL = Alegre; CI = Cachoeiro de Itapemirim; IC = Incaper Cultivars; 

JM = Jerônimo Monteiro; SJ = São José do Calçado; UN = South
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Figure S3. Population structure of 252 Coffea canephora genotypes from the green gene 

pool from the first analysis performed for the 280 genotypes using SNP marker data with 

the formation of two gene pools for K = 2, according to the methodology proposed by 

Evanno et al. (2005). 



 

120 
 

 

Figure S4. Frequency of genetic distance values between pairs of evaluated genotypes. 
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Figure S5. Genetic distance heatmap (Nei, 1972) of the 280 Coffea canephora genotypes. 

The red color represents the most genetically dissimilar genotypes and the blue color 

represents the most genetically similar genotypes. Commercial clones are represented by 

the colors red (A1, P2, BRS, RO and Verdim), purple (Robustão), pink (Vitória), green 

(Jequitibá), blue (Diamante), yellow (Centenário) and orange (Marilândia). 
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Figure S6.  Allele pair linkage imbalance (r2) in Coffea canephora chromosomes for all 

genotypes, plotted according to genetic distance in base pairs. The pink line refers to the 

downward trend by combining the SNPs within 500000 bp windows and averaging the r² 

values (continue).  
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Figure S7. Allele pair linkage imbalance (r2) in Coffea canephora chromosomes for all 

genotypes, plotted according to genetic distance in base pairs. The pink line refers to the 

downward trend by combining the SNPs within 500000 bp windows and averaging the r² 

values. 
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10. Supplementary Tables 

Table S1. List of 388 half-sib families of Coffea canephora and five commercial clones. 

Family Origin Crop age (years)* Commercial/Cultivated Latitude Longitude Altitude 

176 Alegre 40 Cultivated S 20° 45' 08.9" W 41° 25' 49.4" 117 

176_2 Alegre 40 Cultivated S 20° 45' 08.9" W 41° 25' 49.4" 117 

176_4 Alegre 40 Cultivated S 20° 45' 08.9" W 41° 25' 49.4" 117 

176_5 Alegre 40 Cultivated S 20° 45' 08.9" W 41° 25' 49.4" 117 

201 Alegre 35 Cultivated S 20° 43' 47.1" W 41° 27' 12.7" 364 

201_2 Alegre 35 Cultivated S 20° 43' 47.1" W 41° 27' 12.7" 364 

201_6 Alegre 35 Cultivated S 20° 43' 47.1" W 41° 27' 12.7" 364 

176_6 Alegre 40 Cultivated S 20° 45' 08.9" W 41° 25' 49.4" 117 

203_2 Alegre 25 Cultivated S 20° 43' 33.9" W 41° 26' 32.2" 243 

206_7 Alegre NA Cultivated S 20° 43' 33.9" W 41° 26' 32.2" 243 

197 Alegre 35 Cultivated S 20° 42' 37.3" W 41° 23' 53.7" 118 

200_3 Alegre 45 Cultivated S 20° 43' 39.1" W 41° 26' 36.2" 257 

195 Alegre 80 Cultivated S 20° 42' 07.0" W 41° 20' 32.2" 105 

136_5 Cachoeiro de Itapemirim 32 Cultivated S 20° 49' 50.1"" W 41° 19'' 40'.3" 153 

136_3 Cachoeiro de Itapemirim 32 Cultivated S 20° 49' 50.1"" W 41° 19'' 40'.3" 153 

134 Cachoeiro de Itapemirim 32 Cultivated S 20° 49' 50.8" W 41° 19'' 39.2" 152 

133 Cachoeiro de Itapemirim 32 Cultivated S 20° 49'  51' .0" W 41° 19'' 39.6" 157 

132_2 Cachoeiro de Itapemirim 32 Cultivated S 20° 49'  51' . 3"  W 41° 19'' 39. 8" 157 

131 Cachoeiro de Itapemirim 32 Cultivated S 20° 49'  51' .7"  W 41° 19'' 39.6" 168 

190_2 Cachoeiro de Itapemirim 20 Cultivated S 20° 43' 35.5" W 41° 20'' 58.6" 136 

189_2 Cachoeiro de Itapemirim 20 Cultivated S 20° 43' 35.6" W 41° 20'' 59.6" 133 

189_4 Cachoeiro de Itapemirim 20 Cultivated S 20° 43' 35.6" W 41° 20'' 59.6" 133 

189_3 Cachoeiro de Itapemirim 20 Cultivated S 20° 43' 35.6" W 41° 20'' 59.6" 133 
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189 Cachoeiro de Itapemirim 20 Cultivated S 20° 43' 35.6" W 41° 20'' 59.6" 133 

187 Cachoeiro de Itapemirim 20 Cultivated S 20° 43' 35.4" W 41° 20'' 59.7" 130 

136_36 Cachoeiro de Itapemirim 32 Cultivated S 20° 49' 50.1" W 41° 19'' 40'.3" 146 

126 Cachoeiro de Itapemirim 40 Cultivated S 20° 48'' 26.8" W 41° 18' 43.3" 143 

125 Cachoeiro de Itapemirim 40 Cultivated S 20° 48'' 27.0"  W 41° 18' 43.1" 143 

136_8 Cachoeiro de Itapemirim 32 Cultivated S 20° 49' 50.1" W 41° 19' 40'.3" 151 

136_18 Cachoeiro de Itapemirim 32 Cultivated S 20° 49' 50.1" W 41° 19' 40'.3" 151 

136_34 Cachoeiro de Itapemirim 32 Cultivated S 20° 49' 50.1" W 41° 19' 40'.3" 151 

183_4 Cachoeiro de Itapemirim 20 Cultivated S 20° 43' 33.9" W 41° 20'' 59.6" 120 

136_33 Cachoeiro de Itapemirim 32 Cultivated S 20° 49' 50.1" W 41° 19' 40'.3" 151 

136_32 Cachoeiro de Itapemirim 32 Cultivated S 20° 49' 50.1" W 41° 19' 40'.3" 151 

123 Cachoeiro de Itapemirim 40 Cultivated S 20° 48' 28.3" W 41° 18' 41.5" 146 

183_10 Cachoeiro de Itapemirim 20 Cultivated S 20° 43' 33.9" W 41° 20' 59.6" 120 

184_2 Cachoeiro de Itapemirim 20 Cultivated S 20° 43' 34.7" W 41° 20' 59.7" 125 

184_3 Cachoeiro de Itapemirim 20 Cultivated S 20° 43' 34.7" W 41° 20' 59.7" 125 

124 Cachoeiro de Itapemirim 40 Cultivated S 20° 48' 28.0 " W 41° 18' 42.4" 144 

186_41 Cachoeiro de Itapemirim 20 Cultivated S 20° 43' 35.3" W 41° 20' 59.9" 129 

186_4 Cachoeiro de Itapemirim 20 Cultivated S 20° 43' 35.3" W 41° 20' 59.9" 129 

186_3 Cachoeiro de Itapemirim 20 Cultivated S 20° 43' 35.3" W 41° 20' 59.9" 129 

186_2 Cachoeiro de Itapemirim 20 Cultivated S 20° 43' 35.3" W 41° 20' 59.9" 129 

186_5 Cachoeiro de Itapemirim 20 Cultivated S 20° 43' 35.3" W 41° 20' 59.9" 129 

192_24 Cachoeiro de Itapemirim 20 Cultivated S 20° 43' 36.3"" W 41° 21' 00.1" 139 

136_19 Cachoeiro de Itapemirim 32 Cultivated S 20° 49' 50.1" W 41° 19' 40'.3" 151 

136_23 Cachoeiro de Itapemirim 32 Cultivated S 20° 49' 50.1" W 41° 19' 40'.3" 151 

136_26 Cachoeiro de Itapemirim 32 Cultivated S 20° 49' 50.1" W 41° 19' 40'.3" 151 

136_27 Cachoeiro de Itapemirim 32 Cultivated S 20° 49' 50.1" W 41° 19' 40'.3" 151 

136_31 Cachoeiro de Itapemirim 32 Cultivated S 20° 49' 50.1" W 41° 19' 40'.3" 151 

192 Cachoeiro de Itapemirim 20 Cultivated S 20° 43' 36.3" W 41° 21' 00.1" 137 
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192_2 Cachoeiro de Itapemirim 20 Cultivated S 20° 43' 36.3" W 41° 21' 00.1" 137 

192_3 Cachoeiro de Itapemirim 20 Cultivated S 20° 43' 36.3" W 41° 21' 00.1" 137 

192_5 Cachoeiro de Itapemirim 20 Cultivated S 20° 43' 36.3" W 41° 21' 00.1" 137 

192_4 Cachoeiro de Itapemirim 20 Cultivated S 20° 43' 36.3" W 41° 21' 00.1" 137 

168_6 Jerônimo Monteiro 27 Cultivated S 20° 49' 32.4" W 41° 21'' 30.1" 205 

168_5 Jerônimo Monteiro 27 Cultivated S 20° 49' 32.4" W 41° 21'' 30.1" 205 

168_10 Jerônimo Monteiro 27 Cultivated S 20° 49' 32.4" W 41° 21'' 30.1" 205 

168_9 Jerônimo Monteiro 27 Cultivated S 20° 49' 32.4" W 41° 21'' 30.1" 205 

182_2 Jerônimo Monteiro 46 Cultivated S 20° 46'' 18.8"" W 41° 23'' 17.4" 115 

168_3 Jerônimo Monteiro 27 Cultivated S 20° 49' 32.4" W 41° 21'' 30.1" 204 

172_2 Jerônimo Monteiro 35 Cultivated S 20° 49' 18.4"" W 41° 21'' 23'.8" 194 

172 Jerônimo Monteiro 35 Cultivated S 20° 49' 18.4"" W 41° 21'' 23'.8" 194 

171_10 Jerônimo Monteiro 35 Cultivated S 20° 49' 19.4" W 41° 21'' 25.7" 194 

171_9 Jerônimo Monteiro 35 Cultivated S 20° 49' 19.4" W 41° 21'' 25.7" 194 

171_8 Jerônimo Monteiro 35 Cultivated S 20° 49' 19.4" W 41° 21'' 25.7" 194 

171_6 Jerônimo Monteiro 35 Cultivated S 20° 49' 19.4" W 41° 21'' 25.7" 194 

173_8 Jerônimo Monteiro 35 Cultivated S 20° 49' 17.2"" W 41° 21'' 26.7" 199 

173_9 Jerônimo Monteiro 35 Cultivated S 20° 49' 17.2"" W 41° 21'' 26.7" 199 

175 Jerônimo Monteiro 33 Cultivated S 20° 45' 02.7" W 41° 24' 42.2" 122 

161_2 Jerônimo Monteiro 30 Cultivated S 20° 49' 25.7" W 41° 21'' 32.6" 252 

161_5 Jerônimo Monteiro 30 Cultivated S 20° 49' 25.7" W 41° 21'' 32.6" 252 

161_6 Jerônimo Monteiro 30 Cultivated S 20° 49' 25.7" W 41° 21'' 32.6" 252 

161_7 Jerônimo Monteiro 30 Cultivated S 20° 49' 25.7" W 41° 21'' 32.6" 252 

161_8 Jerônimo Monteiro 30 Cultivated S 20° 49' 25.7" W 41° 21'' 32.6" 252 

169 Jerônimo Monteiro 27 Cultivated S20° 49' 32.7" W 41° 21'' 30.8" 207 

169_4 Jerônimo Monteiro 27 Cultivated S20° 49' 32.7" W 41° 21'' 30.8" 207 

169_5 Jerônimo Monteiro 27 Cultivated S20° 49' 32.7" W 41° 21'' 30.8" 207 

169_6 Jerônimo Monteiro 27 Cultivated S20° 49' 32.7" W 41° 21'' 30.8" 207 
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169_8 Jerônimo Monteiro 27 Cultivated S20° 49' 32.7" W 41° 21'' 30.8" 207 

162_9 Jerônimo Monteiro 25 Cultivated S 20° 49' 24.4" W 41° 21'' 32.5" 256 

162_10 Jerônimo Monteiro 25 Cultivated S 20° 49' 24.4" W 41° 21'' 32.5" 256 

163_2 Jerônimo Monteiro 25 Cultivated S 20° 49' 24.1" W 41° 21'' 33.0" 262 

164 Jerônimo Monteiro 25 Cultivated S 20° 49' 23.3"" W 41° 21' 35.1" 264 

164_2 Jerônimo Monteiro 25 Cultivated S 20° 49' 23.3"" W 41° 21' 35.1" 264 

164_3 Jerônimo Monteiro 25 Cultivated S 20° 49' 23.3"" W 41° 21' 35.1" 264 

173 Jerônimo Monteiro 35 Cultivated S 20° 49' 17.2"  W 41° 21' 36.7" 280 

173_2 Jerônimo Monteiro 35 Cultivated S 20° 49' 17.2"  W 41° 21' 36.7" 280 

173_3 Jerônimo Monteiro 35 Cultivated S 20° 49' 17.2" W 41° 21' 36.7" 280 

173_6 Jerônimo Monteiro 35 Cultivated S 20° 49' 17.2" W 41° 21' 36.7" 280 

173_7 Jerônimo Monteiro 35 Cultivated S 20° 49' 17.2" W 41° 21' 36.7" 280 

151_9 Jerônimo Monteiro > 25 Cultivated S 20° 45' 25.3" W 41° 21' 42.6" 111 

151_8 Jerônimo Monteiro > 25 Cultivated S 20° 45' 25.3" W 41° 21' 42.6" 111 

151_6 Jerônimo Monteiro > 25 Cultivated S 20° 45' 25.3" W 41° 21' 42.6" 111 

151_5 Jerônimo Monteiro > 25 Cultivated S 20° 45' 25.3" W 41° 21' 42.6" 111 

181_10 Jerônimo Monteiro 46 Cultivated S 20° 46' 19.0" W 41° 23' 17.5" 115 

181_8 Jerônimo Monteiro 46 Cultivated S 20° 46' 19.0" W 41° 23' 17.5" 115 

181_4 Jerônimo Monteiro 46 Cultivated S 20° 46' 19.0" W 41° 23' 17.5" 115 

181_3 Jerônimo Monteiro 46 Cultivated S 20° 46' 19.0" W 41° 23' 17.5" 115 

161_10 Jerônimo Monteiro 30 Cultivated S 20° 49' 25.7" W 41° 21' 32.6" 254 

161_9 Jerônimo Monteiro 30 Cultivated S 20° 49' 25.7" W 41° 21' 32.6" 254 

161_12 Jerônimo Monteiro 30 Cultivated S 20° 49' 25.7" W 41° 21' 32.6" 254 

161_14 Jerônimo Monteiro 30 Cultivated S 20° 49' 25.7" W 41° 21' 32.6" 254 

162 Jerônimo Monteiro 25 Cultivated S 20° 49' 24.4" W 41° 21' 32.5" 254 

169_10 Jerônimo Monteiro 27 Cultivated S20° 49' 32.7" W 41° 21' 30.8" 208 

170 Jerônimo Monteiro 35 Cultivated S 20° 49' 19.0" W 41° 21' 26.3" 194 

170_4 Jerônimo Monteiro 35 Cultivated S 20° 49' 19.0" W 41° 21' 26.3" 194 
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170_5 Jerônimo Monteiro 35 Cultivated S 20° 49' 19.0" W 41° 21' 26.3" 194 

172_5 Jerônimo Monteiro 35 Cultivated S 20° 49' 18.4" W 41° 21' 23.8" 192 

172_4 Jerônimo Monteiro 35 Cultivated S 20° 49' 18.4" W 41° 21' 23.8" 192 

172_3 Jerônimo Monteiro 35 Cultivated S 20° 49' 18.4" W 41° 21' 23.8" 192 

172_6 Jerônimo Monteiro 35 Cultivated S 20° 49' 18.4" W 41° 21' 23.8" 192 

172_7 Jerônimo Monteiro 35 Cultivated S 20° 49' 18.4" W 41° 21' 23.8" 192 

172_10 Jerônimo Monteiro 35 Cultivated S 20° 49' 18.4" W 41° 21' 23.8" 192 

172_8 Jerônimo Monteiro 35 Cultivated S 20° 49' 18.4" W 41° 21' 23.8" 192 

164_4 Jerônimo Monteiro 25 Cultivated S 20° 49' 23.3" W 41° 21' 35.1" 267 

164_5 Jerônimo Monteiro 25 Cultivated S 20° 49' 23.3" W 41° 21' 35.1" 267 

164_6 Jerônimo Monteiro 25 Cultivated S 20° 49' 23.3" W 41° 21' 35.1" 267 

164_7 Jerônimo Monteiro 25 Cultivated S 20° 49' 23.3" W 41° 21' 35.1" 267 

164_8 Jerônimo Monteiro 25 Cultivated S 20° 49' 23.3" W 41° 21' 35.1" 267 

164_10 Jerônimo Monteiro 25 Cultivated S 20° 49' 23.3" W 41° 21' 35.1" 267 

165 Jerônimo Monteiro 32 Cultivated S 20° 49' 20.7" W 41° 21' 37.8" 265 

165_2 Jerônimo Monteiro 32 Cultivated S 20° 49' 20.7" W 41° 21' 37.8" 265 

165_3 Jerônimo Monteiro 32 Cultivated S 20° 49' 20.7" W 41° 21' 37.8" 265 

165_4 Jerônimo Monteiro 32 Cultivated S 20° 49' 20.7" W 41° 21' 37.8" 265 

166 Jerônimo Monteiro 32 Cultivated S 20° 49' 18.6" W 41° 21' 37.8" 265 

166_2 Jerônimo Monteiro 32 Cultivated S 20° 49' 18.6" W 41° 21' 37.8" 265 

143_2 Jerônimo Monteiro 40 Cultivated S 20° 45' 36.6"  W 41° 21' 17.0" 142 

143_3 Jerônimo Monteiro 40 Cultivated S 20° 45' 36.6"  W 41° 21' 17.0" 142 

144 Jerônimo Monteiro 40 Cultivated S 20° 45' 36.6"  W 41° 21' 17.0" 142 

144_2 Jerônimo Monteiro 40 Cultivated S 20° 45' 36.6"  W 41° 21' 17.0" 142 

146 Jerônimo Monteiro 40 Cultivated S 20° 45' 36.6"  W 41° 21' 17.0" 142 

171_2 Jerônimo Monteiro 35 Cultivated S 20° 49' 19.4" W 41° 21' 25.7" 194 

171 Jerônimo Monteiro 35 Cultivated S 20° 49' 19.4" W 41° 21' 25.7" 194 

180_7 Jerônimo Monteiro 46 Cultivated S 20° 46' 18.3" W 41° 23' 17.4" 115 
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180_6 Jerônimo Monteiro 46 Cultivated S 20° 46' 18.3" W 41° 23' 17.4" 115 

179_6 Jerônimo Monteiro 40 Cultivated S 20°  51' 02.9" W 41° 22'' 04.9" 131 

179_5 Jerônimo Monteiro 40 Cultivated S 20°  51' 02.9" W 41° 22' 04.9" 131 

179_4 Jerônimo Monteiro 40 Cultivated S 20°  51' 02.9" W 41° 22' 04.9" 131 

179_3 Jerônimo Monteiro 40 Cultivated S 20°  51' 02.9" W 41° 22' 04.9" 131 

179_2 Jerônimo Monteiro 40 Cultivated S 20°  51' 02.9" W 41° 22' 04.9" 131 

179 Jerônimo Monteiro 40 Cultivated S 20°  51' 02.9" W 41° 22' 04.9" 131 

149 Jerônimo Monteiro 40 Cultivated S 20° 45' 36.6"  W 41° 21' 17.0" 141 

168_2 Jerônimo Monteiro 27 Cultivated S 20° 49' 32.4" W 41° 21' 30.1" 205 

167 Jerônimo Monteiro 27 Cultivated S20° 49' 22.4" W 41° 21' 43.6" 272 

166_5 Jerônimo Monteiro 32 Cultivated S 20° 49' 18.6" W 41° 21' 37.8" 282 

166_4 Jerônimo Monteiro 32 Cultivated S 20° 49' 18.6" W 41° 21' 37.8" 282 

162_2 Jerônimo Monteiro 25 Cultivated S 20° 49' 24.4" W 41° 21' 32.5" 256 

162_3 Jerônimo Monteiro 25 Cultivated S 20° 49' 24.4" W 41° 21' 32.5" 256 

162_4 Jerônimo Monteiro 25 Cultivated S 20° 49' 24.4" W 41° 21' 32.5" 256 

162_5 Jerônimo Monteiro 25 Cultivated S 20° 49' 24.4" W 41° 21' 32.5" 256 

162_6 Jerônimo Monteiro 25 Cultivated S 20° 49' 24.4" W 41° 21' 32.5" 256 

162_7 Jerônimo Monteiro 25 Cultivated S 20° 49' 24.4" W 41° 21' 32.5" 256 

170_6 Jerônimo Monteiro 35 Cultivated S 20° 49' 19.0" W 41° 21' 26.3" 194 

170_9 Jerônimo Monteiro 35 Cultivated S 20° 49' 19.0" W 41° 21' 26.3" 194 

182_6 Jerônimo Monteiro 32 Cultivated S 20° 46' 18.8" W 41° 23' 17.4" 115 

182_5 Jerônimo Monteiro 32 Cultivated S 20° 46' 18.8" W 41° 23' 17.4" 115 

182_3 Jerônimo Monteiro 32 Cultivated S 20° 46' 18.8" W 41° 23' 17.4" 115 

145 Jerônimo Monteiro 40 Cultivated S 20° 45' 36.6"  W 41° 21' 17.0" 140 

116 Jerônimo Monteiro 15 Cultivated S 20° 47' 34.2" W 41° 19' 02.9" 117 

182_8 Jerônimo Monteiro 32 Cultivated S 20° 46' 18.8" W 41° 23' 17.4" 115 

182_9 Jerônimo Monteiro 32 Cultivated S 20° 46' 18.8" W 41° 23' 17.4" 115 

182_10 Jerônimo Monteiro 32 Cultivated S 20° 46' 18.8" W 41° 23' 17.4" 115 
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97 São José do Calçado > 25  Cultivated S 21° 00' 29.3" W  41° 38'" 51.0" 341 

95 São José do Calçado 30 Cultivated S 21° 02' 55.8" W 41° 39' 17.4" 312 

95_1 São José do Calçado 30 Cultivated S 21° 02' 55.8" W 41° 39' 17.4" 312 

94 São José do Calçado 30 Cultivated S 21° 02' 55.0" W 41° 39' 17.7" 307 

91 São José do Calçado 35 Cultivated S 21° 03'' 57'.2" W 41° 40'' 05.9" 308 

98 São José do Calçado > 25 Cultivated S 21° 00' 29.3" W 41° 38'' 51.1" 342 

100 São José do Calçado > 25 Cultivated S 21° 00' 30.9" W 41° 38'' 50.3" 344 

102 São José do Calçado 20 Cultivated S 20° 59' 13.2" W 41° 38'' 28.6" 360 

103 São José do Calçado 20 Cultivated S 20° 58' 06.4" W 41° 38'' 05.5" 359 

104 São José do Calçado 18 Cultivated S 20° 57'' 48'.3" W 41° 38'' 12.1" 390 

105 São José do Calçado 18 Cultivated S 20° 57'' 48'.5" W 41° 38'' 12.5" 390 

81 São José do Calçado 35 Cultivated S 21° 03'' 58.4" W 41° 40'' 05.6" 304 

83 São José do Calçado 35 Cultivated S 21° 03' 58.6" W 41° 40' 05.6" 304 

85 São José do Calçado 35 Cultivated S 21° 03' 59.2" W 41° 40' 05.6" 302 

86 São José do Calçado 35 Cultivated S 21° 03' 59.3" W0 41° 40' 05.4" 302 

113 São José do Calçado 18 Cultivated S 20° 57' 52.6" W 41° 38' 13.3" 408 

112 São José do Calçado 18 Cultivated S 20° 57' 52.4" W 41° 38' 13.3" 405 

111 São José do Calçado 18 Cultivated S 20° 57'  51.8" W 41° 38' 13.7" 410 

114 São José do Calçado 18 Cultivated S 20° 57' 52.8" W 41° 38' 12.2" 399 

4 - - Cultivated - - - 

6 - - Cultivated - - - 

7 - - Cultivated - - - 

21 - - Cultivated - - - 

22 - - Cultivated - - - 

23 - - Cultivated - - - 

24 - - Cultivated - - - 

26 - - Cultivated - - - 

27 - - Cultivated - - - 
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29 - - Cultivated - - - 

31 - - Cultivated - - - 

31 - - Cultivated - - - 

36 - - Cultivated - - - 

39 - - Cultivated - - - 

40 - - Cultivated - - - 

45 - - Cultivated - - - 

46 - - Cultivated - - - 

53 - - Cultivated - - - 

54 - - Cultivated - - - 

57 - - Cultivated - - - 

58 - - Cultivated - - - 

59 - - Cultivated - - - 

60 - - Cultivated - - - 

61 - - Cultivated - - - 

64 - - Cultivated - - - 

75 - - Cultivated - - - 

76 - - Cultivated - - - 

122 - - Cultivated - - - 

281 - - Cultivated - - - 

300 - - Cultivated - - - 

27_8 - - Cultivated - - - 

28_11 - - Cultivated - - - 

28_12 - - Cultivated - - - 

28_2 - - Cultivated - - - 

28_4 - - Cultivated - - - 

281_2 - - Cultivated - - - 

281_3 - - Cultivated - - - 
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281_6 - - Cultivated - - - 

281_8 - - Cultivated - - - 

29_2 - - Cultivated - - - 

29_3 - - Cultivated - - - 

29_5 - - Cultivated - - - 

290_4 - - Cultivated - - - 

31_2 - - Cultivated - - - 

31_4 - - Cultivated - - - 

31_6 - - Cultivated - - - 

32_10 - - Cultivated - - - 

32_11 - - Cultivated - - - 

32_4 - - Cultivated - - - 

32_8 - - Cultivated - - - 

32_9 - - Cultivated - - - 

34_2 - - Cultivated - - - 

36_2 - - Cultivated - - - 

G1 - - Cultivated - - - 

G10 - - Cultivated - - - 

G100 - - Cultivated - - - 

G101 - - Cultivated - - - 

G102 - - Cultivated - - - 

G103 - - Cultivated - - - 

G104 - - Cultivated - - - 

G105 - - Cultivated - - - 

G106 - - Cultivated - - - 

G107 - - Cultivated - - - 

G108 - - Cultivated - - - 

G109 - - Cultivated - - - 
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G11 - - Cultivated - - - 

G110 - - Cultivated - - - 

G111 - - Cultivated - - - 

G112 - - Cultivated - - - 

G113 - - Cultivated - - - 

G114 - - Cultivated - - - 

G115 - - Cultivated - - - 

G116 - - Cultivated - - - 

G117 - - Cultivated - - - 

G118 - - Cultivated - - - 

G119 - - Cultivated - - - 

G12 - - Cultivated - - - 

G120 - - Cultivated - - - 

G121 - - Cultivated - - - 

G122 - - Cultivated - - - 

G123 - - Cultivated - - - 

G124 - - Cultivated - - - 

G125 - - Cultivated - - - 

G126 - - Cultivated - - - 

G127 - - Cultivated - - - 

G128 - - Cultivated - - - 

G129 - - Cultivated - - - 

G13 - - Cultivated - - - 

G130 - - Cultivated - - - 

G131 - - Cultivated - - - 

G132 - - Cultivated - - - 

G133 - - Cultivated - - - 

G134 - - Cultivated - - - 
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G135 - - Cultivated - - - 

G136 - - Cultivated - - - 

G137 - - Cultivated - - - 

G138 - - Cultivated - - - 

G139 - - Cultivated - - - 

G14 - - Cultivated - - - 

G140_1 - - Cultivated - - - 

G140_1 - - Cultivated - - - 

G141 - - Cultivated - - - 

G142 - - Cultivated - - - 

G143 - - Cultivated - - - 

G144 - - Cultivated - - - 

G145 - - Cultivated - - - 

G146 - - Cultivated - - - 

G147 - - Cultivated - - - 

G148 - - Cultivated - - - 

G149 - - Cultivated - - - 

G15 - - Cultivated - - - 

G150 - - Cultivated - - - 

G151 - - Cultivated - - - 

G153 - - Cultivated - - - 

G154 - - Cultivated - - - 

G155 - - Cultivated - - - 

G156 - - Cultivated - - - 

G157 - - Cultivated - - - 

G16 - - Cultivated - - - 

G160 - - Cultivated - - - 

G161 - - Cultivated - - - 
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G162 - - Cultivated - - - 

G17 - - Cultivated - - - 

G18 - - Cultivated - - - 

G19 - - Cultivated - - - 

G2 - - Cultivated - - - 

G20 - - Cultivated - - - 

G207 - - Cultivated - - - 

G21 - - Cultivated - - - 

G22 - - Cultivated - - - 

G23 - - Cultivated - - - 

G24 - - Cultivated - - - 

G25 - - Cultivated - - - 

G26 - - Cultivated - - - 

G27 - - Cultivated - - - 

G28 - - Cultivated - - - 

G3 - - Cultivated - - - 

G30 - - Cultivated - - - 

G300 - - Cultivated - - - 

G31 - - Cultivated - - - 

G32 - - Cultivated - - - 

G33 - - Cultivated - - - 

G34 - - Cultivated - - - 

G35 - - Cultivated - - - 

G36 - - Cultivated - - - 

G37 - - Cultivated - - - 

G38 - - Cultivated - - - 

G39 - - Cultivated - - - 

G4 - - Cultivated - - - 
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G40 - - Cultivated - - - 

G42 - - Cultivated - - - 

G43 - - Cultivated - - - 

G44 - - Cultivated - - - 

G45 - - Cultivated - - - 

G46 - - Cultivated - - - 

G47 - - Cultivated - - - 

G48 - - Cultivated - - - 

G49 - - Cultivated - - - 

G5 - - Cultivated - - - 

G50 - - Cultivated - - - 

G51 - - Cultivated - - - 

G52 - - Cultivated - - - 

G53 - - Cultivated - - - 

G54 - - Cultivated - - - 

G55 - - Cultivated - - - 

G56 - - Cultivated - - - 

G57 - - Cultivated - - - 

G59 - - Cultivated - - - 

G6 - - Cultivated - - - 

G60 - - Cultivated - - - 

G61 - - Cultivated - - - 

G62 - - Cultivated - - - 

G63 - - Cultivated - - - 

G64 - - Cultivated - - - 

G65 - - Cultivated - - - 

G66 - - Cultivated - - - 

G67 - - Cultivated - - - 
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G68 - - Cultivated - - - 

G69 - - Cultivated - - - 

G7 - - Cultivated - - - 

G70 - - Cultivated - - - 

G71 - - Cultivated - - - 

G72 - - Cultivated - - - 

G73 - - Cultivated - - - 

G74 - - Cultivated - - - 

G75 - - Cultivated - - - 

G76 - - Cultivated - - - 

G77 - - Cultivated - - - 

G78 - - Cultivated - - - 

G79 - - Cultivated - - - 

G8 - - Cultivated - - - 

G80 - - Cultivated - - - 

G81 - - Cultivated - - - 

G82 - - Cultivated - - - 

G83 - - Cultivated - - - 

G84 - - Cultivated - - - 

G85 - - Cultivated - - - 

G88 - - Cultivated - - - 

G89 - - Cultivated - - - 

G9 - - Cultivated - - - 

G90 - - Cultivated - - - 

G91 - - Cultivated - - - 

G92 - - Cultivated - - - 

G93 - - Cultivated - - - 

G94 - - Cultivated - - - 
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G95 - - Cultivated - - - 

G96 - - Cultivated - - - 

G97 - - Cultivated - - - 

G98 - - Cultivated - - - 

G99 - - Cultivated - - - 

G400 - - Cultivated - - - 

A1 Tributun (variety) - Commercial - - - 

Verdim - - Commercial - - - 

BRS - - Commercial - - - 

RO - - Commercial - - - 

P2 Monte Pascoal (variety) - Commercial - - - 
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Table S2. List of Coffea canephora genotypes evaluated with DArTseqTM SNP markers 

Accession  ID in structure Origin Crop age (years)* Commercial/ Cultivated Latitude Longitude Altitude 

176.5 38 Alegre 40 Cultivated S 20° 45' 08.9" W 41° 25' 49.4" 117 

176.6 82 Alegre 40 Cultivated S 20° 45' 08.9" W 41° 25' 49.4" 117 

201.2 52 Alegre 35 Cultivated S 20° 43' 47.1" W 41° 27' 12.7" 364 

201.6 77 Alegre 35 Cultivated S 20° 43' 47.1" W 41° 27' 12.7" 364 

203.2 166 Alegre 25 Cultivated S 20° 43' 33.9" W 41° 26' 32.2" 243 

125 226 Cachoeiro de Itapemirim  40 Cultivated S 20° 48'' 27.0"  W 41° 18' 43.1" 143 

126 163 Cachoeiro de Itapemirim  40 Cultivated S 20° 48'' 26.8" W 41° 18' 43.3" 143 

134 111 Cachoeiro de Itapemirim  32 Cultivated S 20° 49' 50.8" W 41° 19'' 39.2" 152 

187 159 Cachoeiro de Itapemirim  < 20 Cultivated S 20° 43' 35.4" W 41° 20'' 59.7" 130 

189 43 Cachoeiro de Itapemirim  < 20 Cultivated S 20° 43' 35.6" W 41° 20'' 59.6" 133 

192 259 Cachoeiro de Itapemirim  < 20 Cultivated S 20° 43' 36.3" W 41° 21' 00.1" 137 

131.3 74 Cachoeiro de Itapemirim  32 Cultivated S 20° 49' 51'.7"  W 41° 19'' 39.6" 168 

132.2 99 Cachoeiro de Itapemirim  32 Cultivated S 20° 49' 51'. 3"  W 41° 19'' 39. 8" 157 

136.18 119 Cachoeiro de Itapemirim  32 Cultivated S 20° 49' 50.1" W 41° 19' 40'.3" 151 

136.18.1 236 Cachoeiro de Itapemirim  32 Cultivated S 20° 49' 50.1" W 41° 19' 40'.3" 151 

136.19 223 Cachoeiro de Itapemirim  32 Cultivated S 20° 49' 50.1" W 41° 19' 40'.3" 151 

136.26 199 Cachoeiro de Itapemirim  32 Cultivated S 20° 49' 50.1" W 41° 19' 40'.3" 151 

136.27 262 Cachoeiro de Itapemirim  32 Cultivated S 20° 49' 50.1" W 41° 19' 40'.3" 151 

136.3 135 Cachoeiro de Itapemirim  32 Cultivated S 20° 49' 50.1"" W 41° 19'' 40'.3" 153 

136.32 106 Cachoeiro de Itapemirim  32 Cultivated S 20° 49' 50.1" W 41° 19' 40'.3" 151 

136.33 21 Cachoeiro de Itapemirim  32 Cultivated S 20° 49' 50.1" W 41° 19' 40'.3" 151 

136.34 34 Cachoeiro de Itapemirim  32 Cultivated S 20° 49' 50.1" W 41° 19' 40'.3" 151 

136.5 47 Cachoeiro de Itapemirim  32 Cultivated S 20° 49' 50.1"" W 41° 19'' 40'.3" 153 

183.4 58 Cachoeiro de Itapemirim  < 20 Cultivated S 20° 43' 33.9" W 41° 20'' 59.6" 120 

186.2 20 Cachoeiro de Itapemirim  < 20 Cultivated S 20° 43' 35.3" W 41° 20' 59.9" 129 

186.3 44 Cachoeiro de Itapemirim  < 20 Cultivated S 20° 43' 35.3" W 41° 20' 59.9" 129 

186.41 184 Cachoeiro de Itapemirim  < 20 Cultivated S 20° 43' 35.3" W 41° 20' 59.9" 129 

186.5 157 Cachoeiro de Itapemirim  < 20 Cultivated S 20° 43' 35.3" W 41° 20' 59.9" 129 

186.6 204 Cachoeiro de Itapemirim  < 20 Cultivated S 20° 43' 35.3" W 41° 20' 59.9" 129 

189.2 158 Cachoeiro de Itapemirim  < 20 Cultivated S 20° 43' 35.6" W 41° 20'' 59.6" 133 

189.4 84 Cachoeiro de Itapemirim  < 20 Cultivated S 20° 43' 35.6" W 41° 20'' 59.6" 133 

192.2 215 Cachoeiro de Itapemirim  < 20 Cultivated S 20° 43' 36.3" W 41° 21' 00.1" 137 

192.24 187 Cachoeiro de Itapemirim  < 20 Cultivated S 20° 43' 36.3"" W 41° 21' 00.1" 139 

192.3 145 Cachoeiro de Itapemirim  < 20 Cultivated S 20° 43' 36.3" W 41° 21' 00.1" 137 
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192.4 133 Cachoeiro de Itapemirim  < 20 Cultivated S 20° 43' 36.3" W 41° 21' 00.1" 137 

144 30 Jerônimo Monteiro 40 Cultivated S 20° 45' 36.6"  W 41° 21' 17.0" 142 

145 45 Jerônimo Monteiro 40 Cultivated S 20° 45' 36.6"  W 41° 21' 17.0" 140 

146 7 Jerônimo Monteiro 40 Cultivated S 20° 45' 36.6"  W 41° 21' 17.0" 142 

149 178 Jerônimo Monteiro 40 Cultivated S 20° 45' 36.6"  W 41° 21' 17.0" 141 

162 152 Jerônimo Monteiro 30 Cultivated S 20° 49' 24.4" W 41° 21' 32.5" 254 

166 18 Jerônimo Monteiro 32 Cultivated S20° 49' 32.7" W 41° 21'' 30.8" 207 

169 186 Jerônimo Monteiro 27 Cultivated S 20° 49' 19.0" W 41° 21' 26.3" 194 

170 54 Jerônimo Monteiro 35 Cultivated S 20° 49' 19.4" W 41° 21' 25.7" 194 

171 127 Jerônimo Monteiro 35 Cultivated S 20° 49' 19.4" W 41° 21' 25.7" 194 

179 189 Jerônimo Monteiro 40 Cultivated S 20°  51' 02.9" W 41° 22' 04.9" 131 

144.2 214 Jerônimo Monteiro 40 Cultivated S 20° 45' 36.6"  W 41° 21' 17.0" 142 

149.1 202 Jerônimo Monteiro 40 Cultivated S 20° 45' 36.6"  W 41° 21' 17.0" 141 

151.8 80 Jerônimo Monteiro > 25 Cultivated S 20° 45' 25.3" W 41° 21' 42.6" 111 

151.9 176 Jerônimo Monteiro > 25 Cultivated S 20° 45' 25.3" W 41° 21' 42.6" 111 

161.2 29 Jerônimo Monteiro 30 Cultivated S 20° 49' 25.7" W 41° 21'' 32.6" 252 

161.7 113 Jerônimo Monteiro 30 Cultivated S 20° 49' 25.7" W 41° 21'' 32.6" 252 

161.9 94 Jerônimo Monteiro 30 Cultivated S 20° 49' 25.7" W 41° 21' 32.6" 254 

162.10 95 Jerônimo Monteiro 25 Cultivated S 20° 49' 24.4" W 41° 21'' 32.5" 256 

162.10.1 237 Jerônimo Monteiro 25 Cultivated S 20° 49' 24.4" W 41° 21'' 32.5" 256 

162.2 36 Jerônimo Monteiro 25 Cultivated S 20° 49' 24.4" W 41° 21' 32.5" 256 

162.6 161 Jerônimo Monteiro 25 Cultivated S 20° 49' 24.4" W 41° 21' 32.5" 256 

162.7 162 Jerônimo Monteiro 25 Cultivated S 20° 49' 24.4" W 41° 21' 32.5" 256 

164.10 139 Jerônimo Monteiro 25 Cultivated S 20° 49' 23.3" W 41° 21' 35.1" 267 

164.4 190 Jerônimo Monteiro 25 Cultivated S 20° 49' 23.3" W 41° 21' 35.1" 267 

164.7 93 Jerônimo Monteiro 25 Cultivated S 20° 49' 23.3" W 41° 21' 35.1" 267 

164.8 165 Jerônimo Monteiro 25 Cultivated S 20° 49' 23.3" W 41° 21' 35.1" 267 

165.3 65 Jerônimo Monteiro 32 Cultivated S 20° 49' 20.7" W 41° 21' 37.8" 265 

165.4 144 Jerônimo Monteiro 32 Cultivated S 20° 49' 20.7" W 41° 21' 37.8" 265 

166.2 75 Jerônimo Monteiro 32 Cultivated S 20° 49' 18.6" W 41° 21' 37.8" 265 

166.2.1 272 Jerônimo Monteiro 32 Cultivated S 20° 49' 18.6" W 41° 21' 37.8" 265 

166.5 9 Jerônimo Monteiro 32 Cultivated S 20° 49' 18.6" W 41° 21' 37.8" 282 

168.10 26 Jerônimo Monteiro 27 Cultivated S 20° 49' 32.4" W 41° 21'' 30.1" 205 

168.3 61 Jerônimo Monteiro 27 Cultivated S 20° 49' 32.4" W 41° 21'' 30.1" 204 

168.5 28 Jerônimo Monteiro 27 Cultivated S 20° 49' 32.4" W 41° 21'' 30.1" 205 

168.6 124 Jerônimo Monteiro 27 Cultivated S 20° 49' 32.4" W 41° 21'' 30.1" 205 
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168.9 35 Jerônimo Monteiro 27 Cultivated S 20° 49' 32.4" W 41° 21'' 30.1" 205 

169.10 41 Jerônimo Monteiro 27 Cultivated S20° 49' 32.7" W 41° 21' 30.8" 208 

169.4 117 Jerônimo Monteiro 27 Cultivated S20° 49' 32.7" W 41° 21'' 30.8" 207 

169.5 249 Jerônimo Monteiro 27 Cultivated S20° 49' 32.7" W 41° 21'' 30.8" 207 

170.6 149 Jerônimo Monteiro 35 Cultivated S 20° 49' 19.0" W 41° 21' 26.3" 194 

171.10 37 Jerônimo Monteiro 35 Cultivated S 20° 49' 19.4" W 41° 21'' 25.7" 194 

171.2 53 Jerônimo Monteiro 35 Cultivated S 20° 49' 19.4" W 41° 21' 25.7" 194 

171.6 25 Jerônimo Monteiro 35 Cultivated S 20° 49' 19.4" W 41° 21'' 25.7" 194 

171.9 72 Jerônimo Monteiro 35 Cultivated S 20° 49' 19.4" W 41° 21'' 25.7" 194 

172.3 175 Jerônimo Monteiro 35 Cultivated S 20° 49' 18.4" W 41° 21' 23.8" 192 

172.4 254 Jerônimo Monteiro 35 Cultivated S 20° 49' 18.4" W 41° 21' 23.8" 192 

172.5 89 Jerônimo Monteiro 35 Cultivated S 20° 49' 18.4" W 41° 21' 23.8" 192 

172.6 86 Jerônimo Monteiro 35 Cultivated S 20° 49' 18.4" W 41° 21' 23.8" 192 

172.8 6 Jerônimo Monteiro 35 Cultivated S 20° 49' 18.4" W 41° 21' 23.8" 192 

173.3 172 Jerônimo Monteiro 35 Cultivated S 20° 49' 17.2" W 41° 21' 36.7" 280 

173.6 116 Jerônimo Monteiro 35 Cultivated S 20° 49' 17.2" W 41° 21' 36.7" 280 

173.8 66 Jerônimo Monteiro 35 Cultivated S 20° 49' 17.2"" W 41° 21'' 26.7" 199 

179.2 115 Jerônimo Monteiro 40 Cultivated S 20°  51' 02.9" W 41° 22' 04.9" 131 

179.2.1 238 Jerônimo Monteiro 40 Cultivated S 20°  51' 02.9" W 41° 22' 04.9" 131 

179.3 8 Jerônimo Monteiro 40 Cultivated S 20°  51' 02.9" W 41° 22' 04.9" 131 

179.4 68 Jerônimo Monteiro 40 Cultivated S 20°  51' 02.9" W 41° 22' 04.9" 131 

179.5 169 Jerônimo Monteiro 40 Cultivated S 20°  51' 02.9" W 41° 22' 04.9" 131 

180.7 48 Jerônimo Monteiro 46 Cultivated S 20° 46' 18.3" W 41° 23' 17.4" 115 

181.3 225 Jerônimo Monteiro 46 Cultivated S 20° 46' 19.0" W 41° 23' 17.5" 115 

181.4 83 Jerônimo Monteiro 46 Cultivated S 20° 46' 19.0" W 41° 23' 17.5" 115 

181.4.1 261 Jerônimo Monteiro 46 Cultivated S 20° 46' 19.0" W 41° 23' 17.5" 115 

182.10 264 Jerônimo Monteiro 46 Cultivated S 20° 46' 18.8" W 41° 23' 17.4" 115 

182.3 207 Jerônimo Monteiro 46 Cultivated S 20° 46' 18.8" W 41° 23' 17.4" 115 

182.5 219 Jerônimo Monteiro 46 Cultivated S 20° 46' 18.8" W 41° 23' 17.4" 115 

182.8 253 Jerônimo Monteiro 46 Cultivated S 20° 46' 18.8" W 41° 23' 17.4" 115 

182.9 192 Jerônimo Monteiro 46 Cultivated S 20° 46' 18.8" W 41° 23' 17.4" 115 

83 126 São José do Calçado  35 Cultivated S 21° 03' 58.6" W 41° 40' 05.6" 304 

85 227 São José do Calçado  35 Cultivated S 21° 03' 59.2" W 41° 40' 05.6" 302 

86 193 São José do Calçado  35 Cultivated S 21° 03' 59.3" W0 41° 40' 05.4" 302 

91 23 São José do Calçado  35 Cultivated S 21° 03'' 57'.2" W 41° 40'' 05.9" 308 

95 81 São José do Calçado  30 Cultivated S 21° 02' 55.8" W 41° 39' 17.4" 312 
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97 110 São José do Calçado  > 25 Cultivated S 21° 00' 29.3" W 41° 38'" 51.0" 341 

98 136 São José do Calçado  > 25 Cultivated S 21° 00' 29.3" W 41° 38'' 51.1" 342 

100 148 São José do Calçado  > 25 Cultivated S 21° 00' 30.9" W 41° 38'' 50.3" 344 

103 271 São José do Calçado  20 Cultivated S 20° 58' 06.4" W 41° 38'' 05.5" 359 

111 97 São José do Calçado  20 Cultivated S 20° 57' 51.8" W 41° 38' 13.7" 410 

112 229 São José do Calçado  20 Cultivated S 20° 57' 52.4" W 41° 38' 13.3" 405 

113 239 São José do Calçado  20 Cultivated S 20° 57' 52.6" W 41° 38' 13.3" 408 

114 188 São José do Calçado  20 Cultivated S 20° 57' 52.8" W 41° 38' 12.2" 399 

112.1 276 São José do Calçado  18 Cultivated S 20° 57' 52.4" W 41° 38' 13.3" 405 

114.1 273 São José do Calçado  18 Cultivated S 20° 57' 52.8" W 41° 38' 12.2" 399 

6 147 Unknown - Cultivated - - - 

21 230 Unknown - Cultivated - - - 

22 3 Unknown - Cultivated - - - 

24 79 Unknown - Cultivated - - - 

31 155 Unknown - Cultivated - - - 

40 206 Unknown - Cultivated - - - 

46 263 Unknown - Cultivated - - - 

53 90 Unknown - Cultivated - - - 

54 120 Unknown - Cultivated - - - 

58 170 Unknown - Cultivated - - - 

59 112 Unknown - Cultivated - - - 

60 100 Unknown - Cultivated - - - 

61 181 Unknown - Cultivated - - - 

62 49 Unknown - Cultivated - - - 

64 62 Unknown - Cultivated - - - 

75 107 Unknown - Cultivated - - - 

300 39 Unknown - Cultivated - - - 

28.2 151 Unknown - Cultivated - - - 

281.2 242 Unknown - Cultivated - - - 

281.6 32 Unknown - Cultivated - - - 

281.8 96 Unknown - Cultivated - - - 

29.2 209 Unknown - Cultivated - - - 

290.4 121 Unknown - Cultivated - - - 

31.2 240 Unknown - Cultivated - - - 

31.4 143 Unknown - Cultivated - - - 

32.10 201 Unknown - Cultivated - - - 
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32.4 50 Unknown - Cultivated - - - 

32.4.1 250 Unknown - Cultivated - - - 

32.8 92 Unknown - Cultivated - - - 

34.2 251 Unknown - Cultivated - - - 

39.2 98 Unknown - Cultivated - - - 

60.1 213 Unknown - Cultivated - - - 

95.1 19 Unknown - Cultivated - - - 

95.1.1 260 Unknown - Cultivated - - - 

G1 2 Unknown - Cultivated - - - 

G10 15 Unknown - Cultivated - - - 

G102 154 Unknown - Cultivated - - - 

G103 265 Unknown - Cultivated - - - 

G104 88 Unknown - Cultivated - - - 

G109 108 Unknown - Cultivated - - - 

G11 134 Unknown - Cultivated - - - 

G110 130 Unknown - Cultivated - - - 

G111 142 Unknown - Cultivated - - - 

G115 174 Unknown - Cultivated - - - 

G117 203 Unknown - Cultivated - - - 

G118 104 Unknown - Cultivated - - - 

G12 55 Unknown - Cultivated - - - 

G120 138 Unknown - Cultivated - - - 

G120.1 269 Unknown - Cultivated - - - 

G127 22 Unknown - Cultivated - - - 

G127.1 212 Unknown - Cultivated - - - 

G128 247 Unknown - Cultivated - - - 

G129 235 Unknown - Cultivated - - - 

G130 191 Unknown - Cultivated - - - 

G131 211 Unknown - Cultivated - - - 

G132 270 Unknown - Cultivated - - - 

G133 131 Unknown - Cultivated - - - 

G135 275 Unknown - Cultivated - - - 

G136 217 Unknown - Cultivated - - - 

G137 194 Unknown - Cultivated - - - 

G138 205 Unknown - Cultivated - - - 

G14 67 Unknown - Cultivated - - - 
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G14.1 248 Unknown - Cultivated - - - 

G140 228 Unknown - Cultivated - - - 

G141 274 Unknown - Cultivated - - - 

G143 218 Unknown - Cultivated - - - 

G144 241 Unknown - Cultivated - - - 

G145 243 Unknown - Cultivated - - - 

G146 109 Unknown - Cultivated - - - 

G147 179 Unknown - Cultivated - - - 

G148 216 Unknown - Cultivated - - - 

G149 231 Unknown - Cultivated - - - 

G15 123 Unknown - Cultivated - - - 

G151 5 Unknown - Cultivated - - - 

G153 252 Unknown - Cultivated - - - 

G154 114 Unknown - Cultivated - - - 

G155 200 Unknown - Cultivated - - - 

G156 132 Unknown - Cultivated - - - 

G16 73 Unknown - Cultivated - - - 

G17 46 Unknown - Cultivated - - - 

G19 11 Unknown - Cultivated - - - 

G2 122 Unknown - Cultivated - - - 

G20 180 Unknown - Cultivated - - - 

G23 31 Unknown - Cultivated - - - 

G25 70 Unknown - Cultivated - - - 

G26 40 Unknown - Cultivated - - - 

G27 14 Unknown - Cultivated - - - 

G3 177 Unknown - Cultivated - - - 

G32 76 Unknown - Cultivated - - - 

G34 87 Unknown - Cultivated - - - 

G37 91 Unknown - Cultivated - - - 

G38 182 Unknown - Cultivated - - - 

G41 63 Unknown - Cultivated - - - 

G42 173 Unknown - Cultivated - - - 

G43 105 Unknown - Cultivated - - - 

G44 140 Unknown - Cultivated - - - 

G46 17 Unknown - Cultivated - - - 

G50 183 Unknown - Cultivated - - - 
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G51 69 Unknown - Cultivated - - - 

G52 103 Unknown - Cultivated - - - 

G55 164 Unknown - Cultivated - - - 

G56 185 Unknown - Cultivated - - - 

G57 13 Unknown - Cultivated - - - 

G59 78 Unknown - Cultivated - - - 

G59.1 156 Unknown - Cultivated - - - 

G60 57 Unknown - Cultivated - - - 

G61 195 Unknown - Cultivated - - - 

G62 33 Unknown - Cultivated - - - 

G63 56 Unknown - Cultivated - - - 

G64 125 Unknown - Cultivated - - - 

G67 42 Unknown - Cultivated - - - 

G68 101 Unknown - Cultivated - - - 

G69 12 Unknown - Cultivated - - - 

G7 85 Unknown - Cultivated - - - 

G70 171 Unknown - Cultivated - - - 

G72 137 Unknown - Cultivated - - - 

G73 141 Unknown - Cultivated - - - 

G74 129 Unknown - Cultivated - - - 

G75 60 Unknown - Cultivated - - - 

G77 4 Unknown - Cultivated - - - 

G78 150 Unknown - Cultivated - - - 

G79 16 Unknown - Cultivated - - - 

G8 71 Unknown - Cultivated - - - 

G80 51 Unknown - Cultivated - - - 

G9 146 Unknown - Cultivated - - - 

G91 59 Unknown - Cultivated - - - 

G92 24 Unknown - Cultivated - - - 

G92.1 224 Unknown - Cultivated - - - 

G93 27 Unknown - Cultivated - - - 

G95 118 Unknown - Cultivated - - - 

G96 167 Unknown - Cultivated - - - 

G97 160 Unknown - Cultivated - - - 

G98 102 Unknown - Cultivated - - - 

G99 10 Unknown - Cultivated - - - 
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120.5.1 280 Unknown - Cultivated - - - 

A1 1 Tributun (variety) - Commercial - - - 

Verdim 64 Tributun (variety) - Commercial - - - 

BRS 128 - - Commercial - - - 

RO 153 - - Commercial - - - 

P2 168 Monte Pascoal (variety) - Commercial - - - 

Centenário P1 210 Incaper Cultivars - Commercial - - - 

Centenário P2 222 Incaper Cultivars - Commercial - - - 

Centenário P3 234 Incaper Cultivars - Commercial - - - 

Centenário P4 246 Incaper Cultivars - Commercial - - - 

Centenário P7 258 Incaper Cultivars - Commercial - - - 

Diamante P4 244 Incaper Cultivars - Commercial - - - 

Diamante P8 256 Incaper Cultivars - Commercial - - - 

Jequitibá P1 245 Incaper Cultivars - Commercial - - - 

Jequitibá P2 257 Incaper Cultivars - Commercial - - - 

Jequitibá P3 268 Incaper Cultivars - Commercial - - - 

Jequitibá P4 279 Incaper Cultivars - Commercial - - - 

Jequitibá P6 198 Incaper Cultivars - Commercial - - - 

Marilândia P11 255 Incaper Cultivars - Commercial - - - 

Marilândia P7 266 Incaper Cultivars - Commercial - - - 

Robustão P1 277 Incaper Cultivars - Commercial - - - 

Robustão P2 196 Incaper Cultivars - Commercial - - - 

Robustão P3 220 Incaper Cultivars - Commercial - - - 

Robustão P4 208 Incaper Cultivars - Commercial - - - 

Robustão P5 232 Incaper Cultivars - Commercial - - - 

Vitória P1 267 Incaper Cultivars - Commercial - - - 

Vitória P2 278 Incaper Cultivars - Commercial - - - 

Vitória P3 197 Incaper Cultivars - Commercial - - - 

Vitória P4 221 Incaper Cultivars - Commercial - - - 

Vitória P5 233 Incaper Cultivars - Commercial - - - 
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Table S3. Chromosomal distribution of 2,542 polymorphic SNPs used to genotype 280 

C. canephora genotypes, including mean polymorphism information content (PIC), 

expected heterozygosity (HE), observed heterozygosity (HO), and fixation index (F). 

¹National Center for Biotechnology Information 

(https://www.ncbi.nlm.nih.gov/genome/?term=coffea+canephora) 

Chromosome PIC HE HO F N° of 

SNPs 

Chromosome size 

(Mb)¹ 

N° of 

genes¹ 

Chr 1 0.20 0.13 0.16 0.23 216 38.19 2,198 

Chr 2 0.19 0.11 0.14 0.21 158 27.62 1,653 

Chr 3 0.20 0.12 0.16 0.25 141 33.54 1,753 

Chr 4 0.19 0.11 0.15 0.27 342 54.52 4,000 

Chr 5 0.20 0.12 0.17 0.29 129 32.03 1,632 

Chr 6 0.18 0.12 0.14 0.14 143 28.19 1,727 

Chr 7 0.19 0.12 0.15 0.20 165 29.14 1,661 

Chr 8 0.19 0.11 0.15 0.27 470 37.29 2,389 

Chr 9 0.20 0.13 0.16 0.19 402 28.83 2,146 

Chr 10 0.22 0.14 0.17 0.18 238 31.59 1,718 

Chr 11 0.20 0.12 0.14 0.14 138 22.35 1,094 

Average 0.20 0.12 0.15 0.22 231 33.03 1,997 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www.ncbi.nlm.nih.gov/genome/?term=coffea+canephora
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Table S4. Analysis of molecular variance (AMOVA) for the extraction of SNP variation 

between and within groups (groups) based on 280 Coffea canephora genotypes 

genotyped with 2.542 polymorphic SNPs. 

Category Source of 

variation 

d.f. Sum of 

squares 

Mean 

square 

deviations 

Percentag

e of 

variation 

P-value 

Groups based 

on 

STRUCTUR

E at K = 2 

Between 

groups 

2 13712.97 6856.4855 31.88 0.001 

Between 

genotypes 

Within groups 

277 68717.15 248.0763 -0.20 0.493 

Within 

genotypes  

280 69861.49 249.5053 68.32 0.001 

Total 559 152291.60 272.4358 100.00  

Groups based 

on cluster 

analysis 

Between 

groups 

5 17138.91 3427.7828 17.76 0.001 

Between 

genotypes 

Within groups 

274 65291.20 238.2891 -1.89 0.829 

Within 

genotypes 

280 69861.49 249.5053 84.13 0.001 

Total 559 152291.60 272.4358 100.00  

 *degrees of freedom 
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Table S5.1 Pairwise FST for different hierarchical levels based on 280 Coffea canephora 

accessions genotyped with 2542 SNPs based on six Clusters generated in the dendrogram 

by the Ward.D2 method. 

 Cluster 4 Cluster 1 Cluster 2 Cluster 3 Cluster 6 Cluster 5 

Cluster 4 0      

Cluster 1 0.5636057          0     

Cluster 2 0.5970950 0.15788759         0    

Cluster 3 0.5936376 0.02142376 0.1563861         0   

Cluster 6 0.3362023 0.26468237 0.3902023 0.3028636         0  

Cluster 5 0.5145880 0.41850564 0.5957493 0.4604507 0.3498602    0 

 

Table S5.2 Pairwise FST for different hierarchical levels based on 280 Coffea canephora 

accessions genotyped with 2542 SNPs based on Structure. 

 Cluster 2  Cluster 1 Cluster 3 

Cluster 2 (red pool) 0   

Cluster 1 (hybrids) 0.3901153         0  

Cluster 3 (green pool) 0.5948044 0.1019733    0 

 

Table S5.3 Pairwise FST for different hierarchical levels based on 23 Coffea canephora 

accessions genotyped with 2722 SNPs based on three Clusters generated in the 

dendrogram by the Ward.D2 method. 

 

 
Cluster 1 Cluster 2 Cluster 3 

Cluster 1 0 
 

 

Cluster 2 0.3490969 0  

Cluster 3 0.5596507 0.3559234 0 

 

 



 

150 
 

Table S5.4 Pairwise FST for different hierarchical levels based on 257 Coffea canephora accessions genotyped with 1295 SNPs based on 14 

Clusters generated in the dendrogram by the Ward.D2 method. 

 

 
Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 Cluster 6 Cluster 7 Cluster 8 Cluster 9 Cluster 10 Cluster 11 Cluster 12 Cluster 13 Cluster 14 

Cluster 1 0              

Cluster 2 0.007766725 0             

Cluster 3 0.185740294 0.20009244 0 
 

          

Cluster 4 0.027687179 0.03887753 0.2137103 0           

Cluster 5 0.010851012 0.02098482 0.1568006 0.03236783 0          

Cluster 6 0.044384306 0.05071526 0.3166646 0.07312560 0.05552992 0 
 

       

Cluster 7 0.079609248 0.08078361 0.3325213 0.13079877 0.10451477 0.12569367 0        

Cluster 8 0.073950782 0.07871339 0.3056131 0.10807126 0.08357412 0.13221727 0.1783450 0       

Cluster 9 0.076361762 0.08001336 0.2498082 0.08506713 0.07359072 0.14135429 0.1833105 0.1582378 0      

Cluster 10 0.171693985 0.17484498 0.4808530 0.21234669 0.20122607 0.07148355 0.2458757 0.2723704 0.2876711 0     

Cluster 11 0.182800595 0.18792818 0.5431535 0.23559531 0.20480692 0.28142998 0.3194716 0.2685894 0.2736389 0.4598779 0    

Cluster 12 0.179528806 0.19502870 0.5015144 0.19636165 0.19502414 0.28196537 0.3159182 0.2887492 0.2712967 0.4443775 0.5695486 0   

Cluster 13 0.030775851 0.03084302 0.2742851 0.07411112 0.04712191 0.07849660 0.1066844 0.1015471 0.1234881 0.2082453 0.2290171 0.2550524 0 
 

Cluster 14 0.206214227 0.21519542 0.5091226 0.25469492 0.22976619 0.33148330 0.3602968 0.3189202 0.3099294 0.4837620 0.5074829 0.5667479 0.2826391 0 
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Table S6. Genetic distance was calculated in order to identify contrasting parents to 

propose a new collection with divergent genotypes 

Genotype X Genotype Y Greater genetic distance 

G93 168.6 0.375759 

168.6 G93 0.375759 

171.9 G93 0.372521 

G92 G93 0.371065 

172.5 G93 0.366913 

G55 G93 0.366401 

172.8 G93 0.36351 

126 G93 0.362977 

Jequitibá P1 G93 0.362857 

G80 168.6 0.361678 

162 G93 0.361513 

171.10 G93 0.361473 

6 G93 0.361385 

172.3 G93 0.361233 

186.3 G93 0.361014 

162.10 G93 0.36065 

166.2.1 G93 0.360415 

186.5 G93 0.3603 

G69 G93 0.360233 

G19 G93 0.360215 

G64 G93 0.360198 

G59 168.6 0.360162 

169.4 G93 0.35973 

Robustão P4  G93 0.359699 

136.5 G93 0.359359 

G127 G93 0.358998 

G109 G93 0.357998 

164.4 168.6 0.357979 

95 G93 0.357892 

166 G93 0.357571 

G16 G93 0.357484 

186.2 G93 0.357466 

145 G93 0.357373 

32.10 G93 0.357331 

189.4 G93 0.357201 

192.3 G93 0.356961 

192 G93 0.356914 

136.27 G93 0.356828 

G143 168.6 0.356813 

G11 G93 0.356718 

181.3 G93 0.356474 

176.5 G93 0.356303 

G32 G93 0.356257 

114.1 G93 0.356016 

144 G93 0.355894 

164.7 G93 0.355442 

179.2.1 G93 0.355405 

G115 G93 0.355352 

173.8 G93 0.355096 

Robustão P2 G93 0.354903 

64 G93 0.354771 

G70 G93 0.354589 

G60 G93 0.354573 

G12 G93 0.354054 

169.5 G93 0.354049 
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G52 G93 0.353811 

136.19 G93 0.353715 

111 G93 0.353478 

G79 G93 0.353351 

179.4 G93 0.353318 

Robustão P5 G93 0.353202 

182.9 G93 0.352995 

G130 G93 0.352843 

170.6 G93 0.352607 

170 G93 0.352551 

G20 G93 0.352524 

G140 G93 0.35229 

G63 G93 0.351825 

G77 G93 0.351796 

151.9 G93 0.351669 

189.2 G93 0.35164 

171 G93 0.351597 

149 G93 0.351565 

G91 G93 0.351556 

164.8 G93 0.351376 

98 G93 0.351352 

G103 G93 0.351078 

161.7 G93 0.351 

G117 G93 0.350961 

G42 G93 0.350767 

134 G93 0.350726 

165.4 G93 0.350688 

G97 G93 0.350617 

G59.1 168.6 0.350534 

31.4 G93 0.350528 

62 G93 0.350514 

G120.1.1 G93 0.35044 

151.8 G93 0.350369 

168.3 G93 0.350356 

G44 G93 0.35034 

179.2 G93 0.350307 

131.3 G93 0.350251 

G144 G93 0.350162 

166.5 G93 0.350151 

60 G93 0.350023 

G27 G93 0.349968 

162.6 G93 0.349898 

G98 G93 0.349722 

39.2 G93 0.349438 

G14.1 G93 0.349104 

G120.1 G93 0.349086 

168.9 G93 0.348919 

162.2 G93 0.348863 

G1 168.6 0.348844 

G104 G93 0.348566 

146 G93 0.348527 

32.4.1 G93 0.348478 

281.2 G93 0.348409 

G50 G93 0.348402 

G67 G93 0.34825 

162.7 G93 0.348139 

G148 G93 0.348133 

161.2 G93 0.347824 

G146 G93 0.347507 

100 G93 0.347464 
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192.2 G93 0.347377 

176.6 G93 0.347142 

290.4 168.6 0.346836 

G74 G93 0.346824 

95.1 G93 0.346774 

G68 G93 0.346766 

172.6 G93 0.346724 

281.8 G93 0.346723 

Vitória P3 G93 0.34671 

G141 G93 0.34663 

G156 G93 0.346482 

40 G93 0.346258 

Verdim G93 0.346257 

136.34 G93 0.346249 

G111 G93 0.346168 

149.1 168.6 0.346163 

114 G93 0.34614 

136.26 G93 0.346094 

166.2 G93 0.346075 

187 G93 0.346002 

G8 G93 0.345966 

75 G93 0.34575 

G131 G93 0.345665 

Vitória P2 G93 0.34559 

183.4 G93 0.345589 

186.41 G93 0.345524 

181.4 G93 0.345522 

Diamante P4 G93 0.345439 

168.10 G93 0.345351 

203.2 G93 0.345321 

162.10.1 G93 0.345243 

144.2 G93 0.345132 

172.4 G93 0.345062 

G41 G93 0.345005 

G9 G93 0.344968 

173.6 G93 0.344924 

G25 G93 0.344904 

192.24 G93 0.344903 

G120 G93 0.344768 

182.3 G93 0.344704 

169 G93 0.344702 

G110 G93 0.344643 

91 G93 0.344549 

173.3 G93 0.344505 

G135 G93 0.344405 

189 G93 0.344349 

G73 G93 0.34428 

161.9 G93 0.34422 

G75 G93 0.344217 

G72 G93 0.343906 

53 G93 0.343662 

136.32 G93 0.343629 

P2 168.6 0.343429 

A1 168.6 0.343158 

G147 G93 0.343052 

G57 G93 0.342889 

G7 G93 0.342698 

G15 G93 0.342694 

G127.1 G93 0.342351 

G137 G93 0.342331 
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179.5 G93 0.342226 

58 G93 0.342226 

112 G93 0.342209 

32.8 G93 0.342034 

31.2 G93 0.34203 

Vitória P5 G93 0.341998 

300 G93 0.341973 

61 G93 0.341964 

171.2 G93 0.341758 

168.5 G93 0.341691 

192.4 G93 0.34148 

103 G93 0.341329 

G26 G93 0.341165 

179 G93 0.341077 

Jequitibá P4 G93 0.341038 

G155 G93 0.340995 

G149 G93 0.340926 

G43 G93 0.340872 

G96 G93 0.340781 

G151 G93 0.340746 

97 G93 0.340564 

86 G93 0.340461 

G23 G93 0.340457 

Centenário P4 G93 0.340383 

186.6 G93 0.340325 

G138 G93 0.340325 

136.18.1 G93 0.340275 

31 G93 0.340233 

Centenário P3  G93 0.339808 

G128 G93 0.339618 

Marilândia P7 G93 0.33958 

G92.1 G93 0.339534 

59 G93 0.339471 

112.1 G93 0.339287 

165.3 168.6 0.33926 

G51 G93 0.339182 

G129 G93 0.33911 

G61 G93 0.33898 

BRS G93 0.338937 

G95 G93 0.338877 

21 G93 0.338752 

95.1.1 G93 0.33871 

G136 G93 0.338344 

46 G93 0.338226 

G17 G93 0.338146 

G154 G93 0.338049 

Robustão P1 G93 0.337984 

G78 G93 0.337867 

32.4 G93 0.337668 

G14 G93 0.337435 

182.8 G93 0.337219 

182.10 G93 0.337168 

113 G93 0.336803 

125 G93 0.336748 

G145 G93 0.33649 

G153 G93 0.336265 

G56 G93 0.336188 

182.5 G93 0.336012 

G38 G93 0.335941 

G102 G93 0.335919 
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179.3 G93 0.335903 

RO G93 0.335713 

Marilândia P11 G93 0.335705 

164.10 G93 0.335241 

G46 G93 0.3351 

G118 G93 0.334742 

136.3 G93 0.334229 

G10 G93 0.333482 

201.2 G93 0.333237 

136.18 G93 0.332934 

132.2 G93 0.332933 

G2 G93 0.332755 

Centenário P1 G93 0.332663 

G34 G93 0.332322 

Jequitibá P2 G93 0.332056 

29.2 G93 0.332029 

34.2 G93 0.331811 

54 G93 0.331659 

Centenário P7 G93 0.331537 

83 G93 0.330914 

180.7 G93 0.33067 

201.6 G93 0.330479 

Diamante P8 G93 0.33015 

28.2 G93 0.329673 

G132 G93 0.329436 

60.1 G93 0.329107 

171.6 G93 0.328962 

Robustão P3 G93 0.328435 

24 G93 0.327394 

G3 G93 0.326913 

G133 G93 0.325133 

136.33 G93 0.324501 

Jequitibá P6 G93 0.324178 

281.6 G93 0.323222 

G62 G93 0.323222 

181.4.1 G93 0.323212 

85 G93 0.322113 

G37 G93 0.32121 

Vitória P4 G93 0.320143 

22 G93 0.307425 

G99 G93 0.286445 

169.10 G93 0.280762 

Jequitibá P3 G93 0.27796 

Centenário P2 G16 0.27514 

Vitória P1 G93 0.257687 
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Table S7.1. Distribution of 23 genotypes of C. canephora germplasm in groups obtained 

by the Ward.D2 method. Observed and expected average heterozygosity (HO and HE) 

and fixation index (F) among genotypes belonging to different hierarchical levels (groups 

generated in the dendrogram). 

Cluster  No. of 

genotypes 

Genotypes HO HE F 

1 12 A1, G1, G93, G80, 165.3, G59, 290.4, G59.1, P2, 164.4, 

149.1 and G143 

0.34 0.20 -0.70 

2 5 G99, 169.10, Centenário P2, Vitória P1 and Jequitibá P3 0.27 0.28 0.03 

3 6 91, 168.5, G25, G8, G16 and 187 0.21 0.12 -0.75 

 

Table S7.2. Distribution of 257 genotypes of C. canephora germplasm in groups obtained 

by the Ward.D2 method. Observed and expected average heterozygosity (HO and HE) 

and fixation index (F) among genotypes belonging to different hierarchical levels (groups 

generated in the dendrogram). 

Cluster 
No. of 

genotypes 
Genotypes HO HE F 

1 47 

22, 172.8, G79, G92, 161.2, 281.6, 162.2, 145, G12, G63, 

Verdim, G51, 131.3, G7, 281.8, 132.2, G68, G118, G43, 75, 

G146, 136.3, 126, 173.3, G42, G115, 151.9, 149, G38, 186.41, 

G130, 136.26, 40, Centenário P1, G131, Robustão P3, G140, 

G149, 281.2, Centenário P4, 32.4.1, Marilândia P11, 181.4.1, 

46, 114.1, G135 and Vitória P2 

0.19 0.24 0.21 

2 51 

G77, 146, G57, G10, G46, 95.1, 300, G17, 180.7, G91, G75, 

G14, 189.4, 32.8, 164.7, 111, 39.2, G98, 134, G154, G15, 171, 

G44, G111, 31.4, 192.3, 100, G78, 31, 189.2, G97, G96, 

192.24, 144.2, 192.2, 181.3, 125, Vitória P5, Centenário P3, 

113, G145, Jequitibá P1, G14.1, 192, 95.1.1, G103, 

Marilândia P7, 103, 166.2.1, G141 and 112.1 

0.19 0.23 0.17 

3 9 
G151, 192.4, G147, G137, G136, G92.1, G128, 182.10 and 

Robustão P1 
0.19 0.10 -0.78 

4 28 

179.3, 186.2, 168.10, 144, 186.3, 183.4, 64, 201.6, 151.8, 53, 

59, 179.2, 54, G11, 6, 28.2, 58, 61, 86, G61, Vitória P3, G117, 

Robustão P4, 85, Robustão P5, 31.2, 34.2 and Jequitibá P2 

0.19 0.21 0.11 

5 31 

166.5, G27, G62, G26, G67, 62, 24, 60, 161.7, G95, 136.18, 

G2, 164.10, G9, RO, G3, G20, 169, 179, Jequitibá P6, 32.10, 

60.1, G148, Vitória P4, 21, G129, 136.18.1, Diamante P8 and 

Centenário P7 

0.19 0.22 0.14 

6 7 G19, 176.6, G34, 136.32, 83, G120 and G153 0.20 0.20 0.02 

7 12 
G69, 171.10, 176.5, 170, G60, 179.4, 171.9, 98, 179.5, G70, 

G50 and 179.2.1 
0.18 0.19 0.04 
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8 11 
166, G23, 168.9, 168.3, 172.6, 172.5, 161.9, 169.4, 168.6, G64 

and 170.6 
0.19 0.20 0.04 

9 26 

136.33, 136.34, 189, 136.5, 32.4, 171.2, G41, G32, 162.10, 

G109, G74, G110, G72, G102, 162.6, 162.7, G55, 164.8, 203.2, 

182.9, Robustão P2, 186.6, 182.3, 29.2, 182.5 and 182.8 

0.20 0.20 0.02 

10 7 G127, 173.8, G52, 186.5, 136.27, G120.1 and G120.1.1 0.15 0.14 -0.06 

11 4 171.6, G37, G133 and G132  0.20 0.11 -0.89 

12 4 201.2, G56, G127.1 and 112 0.19 0.10 -0.91 

13 14 
166.2, 95, 181.4, G104, 97, BRS, 165.4, 162, 172.3, 114, 

136.19, 162.10.1, G144 and 172.4  
0.19 0.21 0.12 

14 6 173.6, G156, G73, G155, G138 and Jequitibá P4 0.21 0.11 -0.89 
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Table S8. P-values (p value < 0.059) for seven traits that showed SNPs with significant 

association for 251 Coffea canephora genotypes for "chromosome 0" (scaffolds) 

Characteristic Allele ID p-value 

Height 100076552.7.G.A 0.0348 

Height 100086221.57.G.A 0.0586 

Diameter 100076012.33.C.T 0.0538 

Diameter 100076552.7.G.A 0.0541 

Diameter 100084770.47.G.A 0.046 

Diameter 100087976.25.G.C 0.0296 

Diameter 100067022.15.G.A 0.0251 

Diameter 100090515.18.T.G 0.0215 

Diameter 100088948.5.T.C 0.0449 

Diameter 100090515.6.T.C 0.0377 

Diameter 100036156.28.G.T 0.0001 

Diameter 100091848.44.C.A 0.052 

Diameter 100039587.29.C.G 0.0482 

Diameter 100091505.58.G.A 0.0207 

Diameter 100087714.30.T.G 0.0077 

Diameter 100084443.8.A.T 0.0011 

Average diameter growth rate 100076012.33.C.T 0.0522 

Average diameter growth rate 100084770.47.G.A 0.0163 

Average diameter growth rate 100089844.20.C.A 0.0177 

Average diameter growth rate 100090449.23.T.C 0.0245 

Average diameter growth rate 100066922.26.G.T 0.0066 

Average diameter growth rate 100068294.29.G.A 0.0038 

Average diameter growth rate 100065316.18.T.A 0.0573 

Average diameter growth rate 100068706.6.G.A 0.0029 

Average diameter growth rate 100065136.14.G.A 0.0092 

Average diameter growth rate 100065956.19.A.C 0.0425 

Average diameter growth rate 100074498.63.T.C 0.0382 

Average height growth rate 100036170.5.A.G 0.0516 

Average height growth rate 100087322.28.G.A 0.0209 

Average height growth rate 100083446.13.T.C 0.0516 

Average height growth rate 100064056.24.C.T 0.0256 

Average height growth rate 100088839.5.C.T 0.0541 

Average height growth rate 100036546.20.G.C 0.0335 

Average height growth rate 100087432.9.A.G 0.0068 

Average height growth rate 100080126.43.A.G 0.0024 

Average height growth rate 100038714.31.T.G 0.0261 

Average height growth rate 100063716.48.C.A 0.0004 

Average height growth rate 100085234.17.A.G 0.0002 

Leaf rust 100088143.16.G.A 0.0382 

Leaf rust 100037030.38.A.G 0.0375 

Leaf rust 100091851.23.C.G 0.0514 

Leaf rust 100064790.66.G.T 0.0011 

Leaf rust 100081314.12.G.A 0.0132 

Leaf rust 100076012.28.T.G 0.0301 

Leaf rust 100085127.48.C.G 0.0376 

Leaf miner 100064333.58.A.G 0.0518 

Leaf miner 100089967.5.T.A 0.0497 

Leaf miner 100063802.10.A.T 0.0582 

Leaf miner 100083240.32.G.C 0.0532 

Leaf miner 100091178.11.A.T 0.0204 

Leaf miner 100063835.51.A.T 0.0467 
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Mealybug 100067274.5.C.T 0.0184 

Mealybug 100080157.63.G.T 0.0167 

Mealybug 100090110.40.G.A 0.0002 

Mealybug 100090110.26.G.A 0.0064 

Mealybug 100065046.24.T.G 0.0204 

Mealybug 100064996.16.C.A 0.0078 

 


