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Summary
Coffee species such as Coffea canephora P. (Robusta) and C. arabica L. (Arabica) are important

cash crops in tropical regions around the world. C. arabica is an allotetraploid (2n = 4x = 44)

originating from a hybridization event of the two diploid species C. canephora and C. euge-

nioides (2n = 2x = 22). Interestingly, these progenitor species harbour a greater level of genetic

variability and are an important source of genes to broaden the narrow Arabica genetic base.

Here, we describe the development, evaluation and use of a single-nucleotide polymorphism

(SNP) array for coffee trees. A total of 8580 unique and informative SNPs were selected from

C. canephora and C. arabica sequencing data, with 40% of the SNP located in annotated genes.

In particular, this array contains 227 markers associated to 149 genes and traits of agronomic

importance. Among these, 7065 SNPs (~82.3%) were scorable and evenly distributed over the

genome with a mean distance of 54.4 Kb between markers. With this array, we improved the

Robusta high-density genetic map by adding 1307 SNP markers, whereas 945 SNPs were found

segregating in the Arabica mapping progeny. A panel of C. canephora accessions was

successfully discriminated and over 70% of the SNP markers were transferable across the three

species. Furthermore, the canephora-derived subgenome of C. arabica was shown to be more

closely related to C. canephora accessions from northern Uganda than to other current

populations. These validated SNP markers and high-density genetic maps will be useful to

molecular genetics and for innovative approaches in coffee breeding.

Introduction

The Coffea genus (Rubiaceae family) is a large genus that

currently comprises 125 accepted species (http://www.thepla

ntlist.org/1.1/browse/A/Rubiaceae/Coffea/). Despite the large

number of species in the genus, only two are economically

important and cultivated on a large scale: Coffea canephora

Pierre ex Froehner (commonly known as Robusta) and Coffea

arabica L. (Arabica). Both species occur in the inter-tropical region

of Africa with C. arabica being mainly restricted to Ethiopia and

C. canephora native to West and Equatorial Africa (Davis et al.,

2006).

Coffea arabica is an allotetraploid (amphidiploid; CaCaEaEa,

2n = 4x = 44 chromosomes) resulting from a natural hybridiza-

tion event estimated to have taken place 0.665 million years ago

at the most, between the ancestors of present-day C. canephora

(Ca subgenome donor) and Coffea eugenioides S. Moore (Ea

subgenome donor) (each with 2n = 2x = 22) (Yu et al., 2011).

The relatively recent origin and the self-fertilization of C. arabica

certainly contributed to its relatively low genetic diversity com-

pared to diploid Coffea species (Lashermes et al., 2000). Coffea

arabica was probably introduced to Arabia (now Yemen) from its

Ethiopian origin during the 14th century (Chevalier, 1929) and

has been cultivated there for at least five centuries. The human
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dispersal of Arabica coffee from Yemen to the rest of the world

started in the early 18th century and occurred mainly via two

genetic lineages: Typica and Bourbon. These lineages gave rise to

most of the current commercial Arabica cultivars grown world-

wide (Anthony et al., 2002) and as such this explains the low

genetic diversity among the cultivated forms. The lack of genetic

diversity in Arabica breeding lines has been recognized as a

significant limitation of the varietal tolerance towards biotic and

abiotic stresses (Anthony et al., 2002).

The closely related wild species (Crop Wild Relatives: CWR)

of C. arabica harbour a much greater level of genetic variabil-

ity. They belong to the secondary gene pool of C. arabica such

as its progenitor species C. canephora (Gomez et al., 2009).

They also represent an important source of gene variants to

broaden the cultivated C. arabica genetic base. These wild

genetic resources might help in developing novel Arabica

cultivars with higher resilience to the ongoing changes in

climatic conditions.

The development of new genomic tools can help us explore,

more deeply and more precisely, the genomic diversity at intra-

and inter-specific levels. Two examples of high-throughput

platforms include next-generation sequencing (NGS) (Davey

et al., 2011) and the development of DNA microarrays (Gupta

et al., 2008). Compared to a whole-genome sequencing method-

ology, an SNP array approach provides time-effective, low-cost

and more straightforward genotyping technology for germplasm

screening (You et al., 2018; Yu et al., 2014).

With its relatively small, diploid, sequenced and annotated

genome, Coffea canephora is highly compliant with genomic-

based breeding approaches using Genome Wide Association

Studies (GWAS). Thanks to the rapid development of genomic

resources and the publication of the reference genome (Denoeud

et al., 2014), third-generation markers based on single-nucleo-

tide polymorphisms (SNPs) have gradually been identified and

assayed in Coffea, particularly in C. arabica (Sant’Ana et al.,

2018; Tran et al., 2018).

However, high-throughput genotyping assays are still needed

in order to rapidly characterize the coffee genetic diversity and

to evaluate the introgression of different CWRs in a cost-

effective way. These assays would ultimately ensure more

efficient and time-effective breeding programmes. To conduct

such programmes, measures must be taken to construct high-

density genetic maps. Such maps have already been initiated

for C. canephora (Denoeud et al., 2014; Lefebvre-Pautigny

et al., 2010; Leroy et al., 2011), and C. arabica (Moncada

et al., 2016; Pearl et al., 2004). Some of these maps were also

used to identify QTLs for agronomic and quality-related traits in

C. canephora (Leroy et al., 2011; M�erot-L’Antho€ene et al.,

2014) and C. arabica (Moncada et al., 2016). However, the

use of SNP markers to generate denser maps has been poorly

exploited so far.

Here, we are reporting on the development of the Coffee8.5K

SNPs array that contains 8580 unique and informative SNPs,

covering the whole Coffea canephora genome. The genome-

wide distribution and accurate identification (coding vs. non-

coding regions) of the SNPs allowed to generate a high-quality

array. This high-density SNP array has greatly improved the high-

density genetic maps of C. canephora. This array also provides a

valuable resource for genetic diversity analyses and for the

investigation of genetic relatedness between Coffea arabica

CWRs.

Results

The whole-genome coffee SNP array, Coffee8.5K, was primarily

designed to provide an efficient screening of the wild genetic

germplasm resources in Coffea, with two considerations: SNPs

had to (i) provide an adequate representation of the genome

diversity based on genotyped mapping populations and diverse

germplasm collections and (ii) additionally harbour sufficient

allelic variations at the level of the functional genes that control

important breeding traits. We define the ‘Discovery Panel’ as the

set of samples used to design the Coffee8.5K array; the ‘Diversity

Panel’ is the set of samples used to validate the array and perform

subsequent genetic analyses; the ‘Mapping Populations’ are the

Robusta and Arabica mapping progenies used to construct

linkage maps.

Filtering and SNP statistics

SNP selection and array design

Analysing resequencing data generated from both C. arabica

(five genotypes) and C. canephora (twelve genotypes) mapped

against the C. canephora reference genome (Denoeud et al.,

2014) led to the selection of 9827 high-quality SNPs.

The selection of SNPs was based on three main criteria: (i) SNPs

from the C. arabica Discovery Panel were chosen to be associated

with the intra-subgenome polymorphism and had to be polymor-

phic between the two parent species of the Arabica mapping

population, (ii) SNPs selected from the C. canephora Discovery

Panel had to be found in at least two genotypes in order to avoid

rare and individual-specific alleles; (iii) both genic and intergenic

SNPs, in equivalent numbers, were selected with a minimum

distance of 40 kb between SNPs, to provide an accurate represen-

tation of the genome without redundancy. The final SNP set also

included informative markers associated with 149 genes related to

traits of agronomic or organoleptic importance (Table S1).

In the end, our Coffee8.5K array comprised 8580 SNPs that

met Illumina-quality criteria during the manufacturing process

and were finally successfully synthesized (Table S3), representing

an 87.3% effective conversion rate. For initial data extraction and

filtering, SNPs with low GenTrain (<0.6) and GenCall (<0.2) scores
were considered as missing data prior to genotype calling. Then, a

series of quality control steps was performed to ensure the

accuracy of the genotype-calling process. For a given genotype,

the CallRate (i.e. the percentage of scorable SNPs) ranged from

81.7% to 97.7% in the different Mapping and Diversity Panels

screened, with an average call of 92.3% in the total 262

investigated samples (Table 1). Genotyping was consistent over

the two replicates of the four parents (C. canephora BP409,

Q121, and C. arabica Ar8 and Ar36B) and also between the two

SNPs duplicated on the SNP array: the signal and genotyping

qualities were efficient and reproducible. Moreover, 42 of the 50

SNPs previously targeted by KASPar assays were successfully

synthetized on the Coffee8.5K and used for validation purposes.

These 42 SNP-generated genotypes were 100% concordant with

those obtained from the KASPar assay, thereby validating the

presence of these SNPs in the coffee genome as well as the SNP

detection process itself.

SNP genomic position and distance between SNPs

Linkage disequilibrium (LD) occurs when alleles at two or more

loci appear together in the same individual more often than
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would be expected by chance. Two SNPs that are in strong LD

provide redundant genotyping information. The requisite knowl-

edge of the LD in the C. canephora genome was evaluated over

the whole-genome resequencing dataset of the C. canephora

Discovery Panel (12 genomes). The linkage disequilibrium

declined rapidly across all accessions to half its maximum value

at a distance of 8.1 kb (Figure S1). Since this C. canephora

discovery panel included genotypes from different genetic

groups, thereby maximizing the sequence diversity, the LD

decayed rapidly. It was particularly higher than when the LD

decay was calculated within a single-genetic group:

17.5 � 2.7 kb on average over the major genetic groups (min–
max: 14.7–21.9 kb) (data not shown). When filtering SNPs with a

distance of over 40 kb (Figure 1), we captured the largest

proportion of genetic variation. This is due to the fact that the

lower the LD between the SNPs is, the more independent

information they will represent.

In addition, we assessed the quality of coverage by studying the

physical distribution of selected Coffee8.5K SNPs along the

pseudo-chromosomes of the C. canephora reference genome

(Denoeud et al., 2014). As shown in Figure 2, the SNPs were

widely and evenly distributed along the 11 pseudo-chromosomes

of the genome, no matter which Discovery Panel was used to

design them, namely C. canephora or C. arabica. The average

density was 18.8 SNPs per megabase with a mean distance of

54.4 kb between the SNPs (excluding the pseudo-chromosome 0

made of unanchored sequences).

Lastly, the published annotation of the C. canephora reference

genome (Denoeud et al., 2014; Dereeper et al., 2015) was also

used to classify the SNPs of the Coffee8.5K array with respect to

their position in the genome. A total of 5152 (60%) and 3428

(40%) SNPs were located in non-coding and coding regions

respectively (Table 1). A total of 227 SNPs were located in 149

selected genes of interest (Table S1).

Table 1 (a) Utilization and efficiency of the Coffee8.5K array. Evaluation of the Coffee8.5K array for application in the three Coffea species

(C. canephora, C. arabica and C. eugenioides), genetic diversity assessment in the C. canephora panel and (b) genetic mapping in the segregating

populations of C. canephora and C. arabica

(a)

SNP source

Genomic

region

Synthesized

loci

C. canephora (N = 27)* C. arabica (N = 16)* C. eugenioides (N = 6)

Scorable

(%†)

Polymorphic

(%‡)

Scorable

(%)

Polymorphic in

Dihaploid

Et39 (Ca/Ea) Polymorphic (%) Scorable (%)

Polymorphic

(%)

C. arabica 3050 1978 (64.9%) 465 (23.5%) 1790 (58.7%) 383 (21.4%) 705 (39.4%) 1441 (47.2%) 110 (7.6%)

Coding 208 168 48 154 66 46 138 16

Non-coding 2842 1810 417 1636 317 659 1303 94

C. canephora 5530 5087 (92.0%) 4977 (97.8%) 5034 (91.0%) 1270 (25.2%) 19 (0.4%) 4742 (85.8%) 145 (3.1%)

Coding 3220 3046 3000 3028 801 14 2912 95

Non-coding 2310 2041 1977 2006 469 5 1830 50

Total 8580 7065 (82.3%) 5442 (77%) 6824 (79.5%) 1653 (24.2%) 724 (10.6%) 6183 (72.1%) 255 (4.1%)

Coding 3428 3214 3048 3182 867 60 3050 111

Non-coding 5152 3851 2394 3642 786 664 3133 144

(b)

SNP source Genomic region Synthesized loci

Segregating in

C. canephora Mapping

progeny* (N = 93)

C. arabica Mapping

progeny* (N = 138)

C. arabica 3050 158 (5.2%) 900 (29.5%)

Coding 208 14 69

Non-coding 2842 144 831

C. canephora 5530 1149 (20.8%) 45 (0.8%)

Coding 3220 651 25

Non-coding 2310 498 20

Total 8580 1307 (15.2%) 945 (11%)

Coding 3428 665 94

Non-coding 5152 642 851

(a) *See Table S2; †The percentage of scorable/used loci to successfully synthesized loci; ‡The percentage of polymorphic loci to scorable loci in the species.

(b) *See Table S2.

Bold values represent cumulative values of coding + non-coding statistics.
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Coffee8.5K evaluation and usefulness

Construction of genetic maps

High-density Robusta genetic map. The Robusta mapping

population was derived from an F1 cross between BP409

(Congolese hybrid) and Q121 (Conilon-type derived accession)

comprising 93 individuals. After the removal of low-quality SNPs

from the 8580 scorable SNPs, 1307 (15.2%) SNPs were

polymorphic between the two parents (BP409 and Q121) and

their segregation scored in the Robusta mapping population

(Table 2). The majority of these SNPs (80%, 1149) were derived

from the C. canephora Discovery Panel (Table S2) and 50.9%

(665 SNPs) were located in coding regions including 46 SNPs in

candidate genes (Table S1). All these polymorphic SNPs were

successfully added to the existing markers of the framework

linkage map (Denoeud et al., 2014), leading to almost double

(+43%) the total number of markers on the Robusta map

(Table 2). These SNPs were distributed on the 11 linkage groups

coded from A to K (Figure 2) and separated by a mean distance

of 0.99 cM. However, 76.2% of these markers were clustered

(i.e. mapped in groups of markers displaying no recombination)

and so finally the polymorphic SNPs were mapped on 620 unique

positions separated by a mean distance of 2.1 cM. The clustering

of the SNPs could be explained by the small size of the mapping

population (93 individuals). Significant segregation distortions (P

value < 0.01) were observed on 11.4% of the SNPs mapped. The

majority (69%) of the strong segregation distortions (P

value < 0.001) were grouped in two regions located on the LG

C (22 SNPs) and LG H (27 SNPs). The final high-density Robusta

genetic map consisted of 3039 loci distributed over 11 linkage

groups covering 1370 cM, with a mean distance between

markers of 2.2 cM (Table 2). Ninety-eight percent of the gaps

between two adjacent loci were smaller than 2 cM with the

largest being 8.9 cM at the distal end of LG B (Figure 2).

Segregation in Arabica mapping progeny. The Arabica F2
segregation population (138 individuals) was derived from a cross

between two wild Ethiopian Arabicas: Ar8 and Ar36B. We

successfully identified 945 polymorphic SNPs between the two

parents (Ar8 and Ar36B) (Table 1). As expected, the very large

majority (95.2%) of these SNPs were derived from the C. arabica

Discovery Panel, since they had been selected to discriminate the

two wild Ethiopian parents. Based on the C. canephora reference

genome, these SNPs were evenly distributed along the 11

pseudo-chromosomes and 41% of them were located on the

pseudo-chromosome 0 (of unanchored sequences). Only 1.3% of

the 945 SNPs selected for genetic mapping presented significant

segregation distortion (P value < 0.01) in the progeny. Conse-

quently, this pool of 945 new SNPs markers provides a promising

tool for constructing our Arabica genetic map.

23 590 929 
SNPs

12 accessions
C. canephora

315 153
Non Arabica

895

All CG SNPs

259 SNPs
60% of genes covered

314 258

All non CG SNPs

123 423

Coding SNPs

3395 SNPs

190 835

Non-coding SNPs

2634 SNPs

5 accessions
C. arabica

8 208 891

Set1
Ar8 / Ar36B /Et39 

2000 SNPs

10 063 130 

Set2
Mundo Novo / Bourbon / Et39

1489 SNPs

GATK

Perl

R

Allelic representa�vity

QUAL>400 & BIALLELIC

Distance > 60 kb

GATK

Perl

bedtools

Allelic representa�vity

QUAL>60 & BIALLELIC

At most 2 SNP/gene
(the most distant pair)

bedtools bedtools

bedtools bedtools

bedtools

GATKpreQUAL>40
Python61–61 bp region

GATK

Perl

R

No Et39 polymorphic SNP

QUAL>1000 & BIALLELIC

Distance > 40 kb

Python61–61 bp region 61–61 bp region

GATK

Perl

R

Different from Set1
No Et39 polymorphic SNP

QUAL>1000 & BIALLELIC

Distance > 40 kb

Python

GATK

Perl

R

Allelic representa�vity

QUAL>400 & BIALLELIC

Distance > 60 kb

(a) (b)

Variant source
(discovery panels)

Design Illumina
Validated

%

C. arabica (n = 5) 3489 3050 87.5
C. canephora (n = 12)

Genes of interest 259 227 87.6
Coding regions 3395 2962 87.2
Non-coding regions 2634 2299 87.3

SNP for KASPar assay 50 42 88
Total 9827 8580 87.3

(c)

Figure 1 Design and development workflow of the Coffee8.5K array. SNPs markers were identified, filtered and validated from (a) the C. arabica or (b)

the C. canephora Discovery panels. (c) Summary of variant source origin of the Coffee8.5k SNPs. Filters criteria are mentioned together with related tools

and programming languages (in blue).
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Among the 1307 and 945 SNPs segregating in the Robusta and

Arabicamapping populations, respectively, only 46 SNPs (2%)were

common and would thus be used for co-linearity analyses. The

mapped SNP markers of the Coffee8.5K SNP array are available in

the newly implemented MoccaDB v 2.0 database (Figure S2). This

database allows access and visualization of the SNP information,

including flanking sequences and possible alleles aswell as locations

onboth theC. canephoragenomeandon theRobusta linkagemap.

Array polymorphism and its application across Coffea species

The 8580 SNP markers on the Coffee8.5K were evaluated for

their transferability and genotyping capacity in three Coffea

species—C. canephora, C. arabica and C. eugenioides Diversity

Panels—(Table 1a). Across these three species, 7065 (82.3%)

markers successfully genotyped C. canephora, 6824 (79.5%)

C. arabica and 6183 (72.1%) C. eugenioides. As expected, we

observed a slow decline in the call rate as a function of divergence

from the species of the Discovery Panel together with a decrease

in polymorphic SNPs. However, the cross-species application of

our array, and particularly the transferability of C. canephora-

discovered SNPs to C. eugenioides, was shown to be efficient,

with a success rate of 85.8% (4742 of the SNPs derived from the

C. canephora Discovery Panel, Table 1).

The percentage of polymorphic SNPs was much higher for

C. canephora compared to the C. arabica (77% vs. 10.6%). A

lower diversity within the allotetraploid, self-compatible, and

recent C. arabica species was expected. Because of its alloploidy,

homeologous SNPs, that is polymorphism between the two

subgenomes Ca/Ea, were estimated based on the heterozygous

SNPs scored in the dihaploid Et39 (Figure 4b) and represented

24.2% of the scored markers. After filtering for these homeolo-

gous markers, we estimated the allelic SNPs (polymorphic positions

occurring within a single-subgenome among individuals) on the 16

tretraploid individuals of the Diversity Panel, which accounted for

10.6% of polymorphic SNPs.

0

10

20

30

40

50

60

70

80

0

200

400

600

800

1000

1200

1400

1600

1800

M
ea

n
Di

st
an

ce
 b

et
w

ee
n

m
ar

ke
rs

 (K
b)

SN
P 

de
ns

ity
(S

N
P/

 M
b)

N
um

be
rs

 o
f M

ar
ke

rs

SNP Nb Ara SNP Nb Can

Mean Distance (Kb) Density (SNP/Mb)

ssrM372

C2_At1g55480

ssrCFG3949

chr1_17981

chr1_262067 ssrR103 chr1_86506
chr1_96923

cccl27h22(2)

chr1_1314205 ssrCFG3880 C2_At4g34350(1)

MYB06_U354643

chr1_3344774

ssrCFG3481 chr1_4711580

CFC142_34 chr1_1592957

C2_At1g05055

chr0_128152623 chr1_1993343

ssr119699 chr1_7364627 ssr125835

chr0_156115417 chr1_2428804 chr1_2616815
chr1_4460588 chr1_4601462

chr1_7973254

chr1_5704248

GOS50_99(1) ssrR264

chr1_8548048 51B2

51B1 chr1_19350121 chr1_8559869
chr1_8570349 chr1_9093957

ssr37A5 ssr46E4

CFC41_10(1) cccp10f13(1)

ssr78YK11 102E2 85B2
chr1_10379397 chr1_20090496 chr1_6414164

chr1_9937352

chr1_6801926 chr1_6690857 ssrCFG4063

chr1_11323048 chr1_11324784 chr1_11321746
chr1_11200507

chr1_12918536 chr1_11431840 chr1_15629289
chr1_15550231 chr1_13001662

ssrCFG3778 cccl9c11 C2_At4g21580

chr1_17163727 chr1_17749432 chr1_17928170
chr8_31577824 cccs30w7g15

CFC119 chr1_14978747 chr1_15045867
C2_At5g04590

89E2 89E1 ssr19YG15
SSRcan-MR069 SSRcan-MR071 ssr87YM19

Genos9964 ssr88YO22 SCA042Db

chr1_26918393 chr1_26262390 ssrM354
SCA042Fb

C2_At2g32600(1)chr0_106483100 chr0_164599233
chr1_22155031 SSRcan-MR067

SSRcan-MR001 ssrCMA108 SSRcan-MR009
ssrAY220271

ssrM497

chr1_1064 ssrCMA276

chr1_23750620

ssr10YI10 SSRcan-MR356

chr1_28108007

ssrR168

chr1_1080 cccl4a6(1)

ssrA8824

chr2_5637746

chr1_1118

CFC7 ssrA8834

C2_At5g20890ssr130353

chr1_25638163

chr0_150382813

chr1_28639262 chr1_28640920 chr1_27750923

chr1_27356841 chr1_27625588 chr1_28790795
SSRcan-MR186 C2_At5g22750

C2_At2g27450SSRcan-MR218 chr1_1240
ssr80YA19 ssrM464

SSRcan-MR348

chr1_1273 C2_At5g22580

C2_At5g22620

chr1_1309 chr1_1317 ssr129431
C2_At3g44880

ssrCFG2776

CFC142_68

SSRcan-MR250 Genos5622

C2_At5g60540chr1_29041149 chr1_29114225
chr1_29209869 chr1_29855066

ssr50YJ09 C2_At5g60600

C2_At2g28370

ssrCMA068 C2_At2g28490chr1_1379

chr1_1406

chr1_29890067 chr1_29975169 ssrR240

chr1_30291776

ssrA8822

SSRcan-MR300

C2_At4g29890

chr1_1445

cccp4d07 C2_At2g28690

chr1_1479 CFC142_43 cccs30w13a16(1)
C2_At5g59960

chr1_31012680

chr1_1489 chr1_1507 chr1_31333260
ssr96YL16 ssr122665 ssr124302

chr1_31535482 ssrM428 chr1_31245169

ssr124158

cccp12k4 ssr124160 ssr124161
ssr53YC13

chr1_1540 ssrAY220272 C2_At4g37300

chr1_32594188 SSRcan-MR035 ssr93YA06

ssrCMA271 ssr76YP20 chr1_1557

C2_At5g58410ssr121086

chr1_32347824 chr1_32463258 chr1_32311468
chr1_1626 ssrCFG3501 chr1_33244507

ssrZAP2

ssrR216 C2_At5g58240cccp22c13
ssrCFG3853 cccl27h22(1) ssrCFG3492
chr1_1678 chr1_1635 SSRcan-MR274

ssr44YE14

chr1_1680 ssr123795 chr1_32904890
chr1_33450893 chr1_33719918 chr1_33865733

C2_At4g10360ssr123106 C2_At5g58490
C2_At3g25120

cccl7g1 ssrCFG3551 ssr126661
chr1_34208725 chr1_34233500 chr1_34367402
chr1_34606370 chr1_1691 SSRcan-MR213

chr1_33774450 Genos2149

ssrAY2423 ssrAY2432 chr1_34583625

CFCA4_20 chr1_34647132 ssr47C6

cccl19g20 chr1_34788178 chr1_34785819

chr1_35034259 chr1_35717605 chr1_34961723
chr1_35669511 chr1_1772

ssr125629 ssr123238 ssrCFG3462
SSRcan-MR127 chr1_35871221

chr1_36007452 chr1_36072825 ssr37G1
SSRcan-MR161 chr1_36457183

ssrA8792 ssrCFG3839 cccl4a6(4)
ssr70YI18

ssr31YE21 C2_At1g03150CAG790

ssr26YE08 ssr87YB10

ssr120037 chr1_35530480 chr1_36810828

chr1_37280422 chr1_37303366 ssrCFG3926
ssrM364 C2_At5g43940

C2_At4g02680C2_At3g12290SSRcan-MR283
SSRcan-MR293 ssrCMA010

chr1_37344280 chr1_36808289

chr1_37436360 ssrR336

C2_At4g02070

SSRcan-MR032 ssrR26

C2_At1g02475C2_At4g01880

C2_At4g01650ssr123332

A
chr2_1030243

C2_At3g02910ssrR313

chr2_247430 ssr130475 SSRcan-MR034
C2_At5g17560SSRcan-MR358 ssrCMA259

C2_At5g53000

ssrM481 C2_At3g03070

cccp16n4

C2_At1g65000C2_At3g03100chr2_1084556

C2_At5g24170

ssrAY2429 C2_At5g67490

ssrAY2465 ssr81YC04

chr2_506256 cccp10f13(2) ssrCMA057

chr0_168450221 C2_At4g10810

C2_At3g49260

chr2_2480937 ssr124986

C2_At5g23880C2_At5g23940

cccs30w21n2 MYB12_U351175

C2_At4g25720

chr2_1643559 chr2_1943509

ssr123006 C2_At5g51700C2_At5g62390
cccl20f11

ssrAJ871895 ssrAJ871902 SSRcan-MR160

chr2_2707360

SSR94YH15

C2_At3g22660CFCDav13 chr2_3737970

chr2_3709712

C2_At2g40490C2_At3g10670(1)ssrCFG3937
ssr123682

chr2_4342180 cccl20k20

C2_At3g10920C2_At3g56460

chr2_4577906

C2_At3g55800ssr123391

chr2_5001977 ssrCFG3441

ssrA8809 cccp10h23

ssr120517 ssr1YK14

chr2_4849428 cccp23b15

chr2_5084859

chr2_5353762

chr2_6416495

C2_At1g54650ssr123909 ssrNesB1

chr2_7282139

ssrM329

chr2_6694214 chr2_7804431

C2_At3g55120ssrCFG3965

ssrA8854

chr0_177296024 chr2_7691602 BAC_DK46CO2_37
C2_At2g36740

SSR23YJ07

chr2_229 chr2_240 chr2_252

chr2_275

chr2_8482470 chr2_281 chr2_8981770

C2_At5g04420

C2_At5g04270C2_At5g04480

C2_At1g61780

chr2_304

chr2_8842960 ssr43D10

chr2_318

ssrNesB127 C2_At2g28380

ssr19YJ07

C2_At1g19130(1)chr0_115710344

ssr123669 MYB10_U358148ssr78YM08
chr2_10175610 chr2_10376651 chr2_9878092

chr2_2721720 chr2_10059005 ssrCMA147
C2_At4g21540ssrM371

chr2_10530053 ssrCFG3715 chr2_10783138

ssrCFG2355 chr2_11065104 chr2_11221422

cccl4a6(3)

chr2_11348399 chr2_11485216 chr2_11919006
C2_At4g21445

chr2_12043633 chr2_12054335 chr2_12136725

C2_At4g21520ssr129972 SSRcan-MR357

chr2_12310989

chr2_12478133 chr2_12574806 chr2_12678820
chr2_12802323 chr2_12864255

AGAL2(F2_R2)

Genos1084

chr2_13152549 chr2_13224259 ssrA8741

ssr120206

C2_At4g18810

chr2_13134585

ssrCFG4134 chr2_13298775 ssr32YB18
ssr85H2 SSRcan-MR011

ssr10YP19

chr2_15060417

chr2_14485551 chr2_14825255 chr2_14916024
chr2_14956483 MYB07_U359075cccs30w6o12
chr2_15070393 MYB61_CIRADchr0_141508123

chr0_181925954 chr2_16763870

C2_At1g29260chr2_1259 chr2_15978019

cccs30w31h1

chr2_1182 C2_At2g21290ssrM431

chr2_1200 chr2_15841065

chr2_1241 chr2_16256011 chr2_16333186

ssrCMA270 chr2_16229076 ssr131633
C2_At1g49510ssr120074 C2_At1g49410

C2_At3g19720cccp6a18 ssrCFG2413
ssrCFG3607

C2_At5g42700chr2_1291 chr2_1300

chr2_1296 SSRcan-MR214 C2_At2g14910
ssr43YN02 ssrCMA002

CCOAOMT1 cccs30w4g21 CFCA3_75
chr2_17194237 C2_At2g15290chr2_17105929

chr2_17323338 cccs42w2l22

chr2_17145178 chr2_17158409 chr2_17599573
chr2_17621067 chr2_17503591 chr2_16966015
chr2_17844952 chr2_17922656 chr2_18072908

C2_At3g19630SSRcan-MR290

ssr43YC02 chr2_1343 ssr123903
ssr123903 ssrNesB147 chr2_18150466

chr0_118388190 chr2_1377 SSR27YM05
chr2_1354 chr2_18591642 chr2_19440177

chr2_19467245

ssrCFG3854 C2_At4g33690ssr49E12

C2_At2g14260ssrCMA265 ssr120823

SSRcan-MR329 chr2_1386

chr2_1409 chr2_18219310 chr2_18422319

chr2_1440 cccl18j15 cccp12d20

chr2_18631830 chr2_18751972

chr2_1403 chr2_18828409 chr2_18868327

ssrCFG4139 ssrCFG3951 Genos14148
ssr73E11

cccs18w7b18(1) cccl7o14

chr2_19335772

ssr122680 ssr32YC18 SSRcan-MR043

SSRcan-MR121

chr2_1458 chr2_1496 ssrCMA265

chr2_20283181 cccp1g6

chr2_20294434

C2_At1g10240ssrM327

C2_At5g49820

ssrAY2439

chr2_1533 chr2_1543

ssrM472

C2_At2g02500

chr2_1561 chr2_21426220

chr2_20011513 ssrAY2464

chr2_21067366

ssr131684 chr2_1609 chr2_1586
ssr20G2

chr2_21573394 ssrCFG3493 chr2_21626079

chr2_21809796 chr2_22109841

ssr122056 ssr1H1

ssr2C6

cccp28o20 SSRcan-MR119

ssrAY2455

chr0_162656116 chr2_23573394

chr2_23944708 C2_At3g20230

snpCcInvI1 SSRcan-MR086 ssrCMA298

ssrAY2461 chr2_1765

ssrM508 ssrCFG3812 ssr124278

chr2_22998934

chr2_23117541 chr2_23180647 chr2_23433995

C2_At1g64850

chr2_24791538

chr2_1828 chr0_97145794 chr11_19273635
chr2_1783

chr2_24091989 chr2_24094971 ssrCFG12

chr2_24400314 chr2_24485326 ssrCFG3442

chr2_24614457 chr2_24697926 ssrM509
SCA108b

cccs30w29d3 ssrCFG3904

ssrNesA130 chr2_1880

C2_At5g26880

chr2_1872 chr2_25079125 chr2_25158663
chr2_25255469

chr2_26529042

chr2_26118893 chr2_26348599 ssrR14

ssr15YG21 ssr95YB18

chr2_26783478 chr2_26904938 chr2_26927811
chr2_28822497 chr2_28840735

chr2_27919869 C2_At5g52820chr2_27920240

ssrCFG3851

chr2_28308347 chr2_28589489 chr5_20879754
chr2_28084772

82B1 C2_At3g04600

C2_At3g63490chr2_33779131 ssr21YJ08
ssrA8784

chr2_34092987 SSRcan-MR275 ssr53YK05
SSRcan-MR171

ssrCMA031 ssrCMA267 SSRcan-MR150
chr2_30137643 chr2_30608972 chr0_147221689
chr2_29262711 chr2_30477433 chr2_30815846
chr2_30885936 chr3_27890407 chr9_9814278

SSRcan-MR277

ssr6B2 ssr128993 chr0_26377701
chr0_33521264 chr2_34735899 chr2_34765330

C2_At2g46910chr0_20788875 chr2_29058698
chr2_34987183 chr2_35198262 chr2_35199730

chr2_35407153 ssr72YK20 ssrA8784
chr2_31039603

ssrCFG1181 chr2_42306123 chr2_42467497
chr9_9924437 ssrCFG30 ssrCFG3819

C2_At2g38730Genos520 SSRcan-MR135

122B1 chr2_35480325 chr2_35484978
SSRcan-MR297 chr0_22033529 chr2_32298460
chr2_37255617 chr2_38286253 chr2_38380473

SSRcan-MR209 ssrR285

chr2_35900911 chr2_36589342 chr2_36759137
chr2_36888519 chr2_37637375 chr2_38485149

chr2_42745004

chr2_41824313

C2_At4g21800chr2_41251107 ssrR34
ssr72YP01

C2_At1g54520chr2_39207161 chr2_39320158
chr2_39462482 chr2_39690629 chr2_39973231
chr2_40002236 chr2_40328604 chr2_40392704

ssr66YD08 chr2_43330462 ssr80YD11

chr2_44629252

chr2_43912489

chr2_458

cccl26o19 cccp32d7

111B2 ssrS13

chr0_108332839 chr2_45844930 chr2_46177026
chr2_46305906 chr2_47387861

chr2_549 chr2_45776884 chr2_45780355
SSRcan-MR030 ssrCMA233 chr2_572

cccp25i13

chr2_48069283 ssr29YD06 ssrM449

SSRcan-MR241

SSRcan-MR346

C2_At1g56300chr0_187003169

C2_At1g56345

ssr124612 ssr5YN01

C2_At1g09340

chr0_180357867 chr2_49067091

C2_At3g05810

ssr57YI18

ssr82D7

chr2_744 chr2_760

chr2_49704795 ssrCMA222

AP2_A5_812 ssrA8880 SSRcan-MR028
C2_At1g48050

chr2_51106886 chr2_51169772 chr2_51193007

C2_At2g45620chr2_51841796

CFC142_23

cccs30w6h20

chr2_51580270 chr2_51656964 chr2_52744580

chr2_51779828 chr2_52559633

C2_At1g29990SSRcan-MR172

ssr120227 chr2_52373693 chr2_52403992
chr2_52432288 chr2_52434092 C2_At4g00740

C2_At2g38000(1)

C2_At3g61140

ssr130030 C2_At1g01730

chr2_52848284 chr2_52957156

CAG818(2) C2_At5g64130

39E1 SSRcan-MR287 39E2
C2_At2g46370ssr120329

ssr123557 chr2_53434813

chr2_53460988 chr2_53550063 CAG818(1)
cccp5n4

cccl20j8

chr2_53685297 chr2_53733903 chr2_53754375
chr2_53810352 SSRcan-MR313 chr2_53893854

chr2_54117525

SSRcan-MR203 ssrM362 ssr11YA08
ssrCMA174(2)

ssrAY2453

ssrCFG3548

B
SSRcan-MR347

cccs30w14i24

snpCcInvI2

chr3_463969 snp124199

cccp13b16 ssrCMA101

C2_At3g06440C2_At1g48300C2_At3g06790

chr3_216057 chr3_311426 C2_At3g17300

cccp15j6 C2_At3g17020

C2_At4g15930chr3_1051410 chr3_1399867

ssr21YI05 C2_At3g16810ssrCFG1262

chr3_1784325

C2_At5g18580SSRcan-MR170

chr3_2291514

chr3_1969590

SSRcan-MR118

C2_At4g15520ssr11YK16

C2_At3g23590cccp7e19

Can_chr3_2739552chr3_2735821 chr3_2831574
chr3_2933280 chr3_2553793

C2_At1g05385

C2_At1g04190SSRcan-MR312 chr3_3082467
ssrR174

chr3_9360865

chr3_3501892

cccl8n8 ssrR196 chr3_3947536

cccs30w17h21(1)

chr3_298 chr3_295

ssrCMA178 BACED989454

chr3_4563305 chr3_4413490 ssrAY2434
chr3_310

chr3_292 cccs46w4f6

chr3_4684352

ssrR108 chr3_4448870

chr3_320

C2_At3g23400C2_At3g23490

ssrA8883

C2_At5g20070

chr3_5349163 CCAF804 C2_At3g16840

chr3_5486313 chr3_6115198 chr3_5942738
ssrM323

chr3_372 chr3_377 chr3_379
chr3_385 chr3_384

chr3_6528247 C2_At1g04690

chr3_6945909 ssrCFG1531 chr3_6831465
chr3_6592552 chr3_6834093 chr3_6807517

chr3_429 CFG3875(1) cccp8j10CS

chr3_418

chr3_442 CFCA5_69

ssr122383 SSRcan-MR238 chr3_472

ssr12YL10 chr0_109142118

chr3_7846032 ssr29E1 chr3_8426559

chr3_8481580 chr3_7983420

cccp10b3

ssrNesA13 ssr1F1

C2_At2g31970chr3_8574704 chr3_9420401
Can_chr3_10496367

CFCDav1_11 chr3_10368131 chr3_11803742
chr3_10540420

ssrCFG3484 chr3_11898066

chr3_7876935

ssrCMA008

chr3_12978377

chr3_12771834 C2_At4g02730

ssr38YA13

ssr15C10

C2_At3g28040SSR85YD12 Genos56

SSRcan-MR271 Genos1905 chr3_14130207

chr3_15749342 chr3_15922309 chr3_25744546
chr3_26301953

cccp22k7 ssr76YH02

chr3_15239844 chr0_109546308 chr3_18823721

cccl25d23 chr3_19339524

137B1

ssrCMA193 chr0_102984191 chr3_20785237
chr3_21424721

chr3_26762406 99B1 ssrM516

chr3_15895454 chr3_25321454 chr3_25774654
Genos11312 SCA078Db ssr95YD15

SCA033Fb ssrR270 ssrR107

ssr36YJ14 SCA067Fb ssr119864

C2_At5g64670chr3_21083709 chr3_23013035
chr3_23241086 chr4_10533269 chr5_6316644

chr0_133279995

cccs30w13a16(2) chr3_21103111

ssrCFG3575

C2_At3g12300

ssrCFG3753 ssrR222(1)

chr3_28322384 ssr56YD18

chr3_28873547 CFG3875(2)

ssrCFG3507

chr3_30300140 chr3_30308337 cccl8l15

C2_At1g05350

chr3_31759673 chr3_31769066 SSRcan-MR327
ssr64YJ05

ssrCFG2263 SSRcan-MR220

chr0_198215846 ssr126427

ssrR126

ssrR165

ssr128527

cccs30w13e17

ssrA8856

ssrAY2466

C
ssrA8884

Genos5143

chr4_511 C2_At5g06360cccs30w4h18
ssrCFG3646

ssrCFG3556 ssrR135

MYB03_U359320

chr4_349951 chr4_97965 CCAF429
chr4_456 chr4_781127

chr4_415195 ssrAJ871892 C2_At3g56160
ssrCMA190 ssr42YA02

chr4_418750 chr4_424976 ssrAJ871886
ssrCMA062 C2_At1g54050ssrAJ871905

ssrM413

chr0_159730591 chr4_1111302 chr4_1174597
chr4_1232010 chr4_867174 chr4_992852

chr4_999676

chr4_1490463 chr4_1982226

cccs30w8a6 ssrA8837

ssrM430

chr4_471 SSRcan-MR117

cccl7j7 CFC39_65 CFC39_40

chr4_2522741

chr0_187023698 C2_At1g79975chr4_2579706

CFCA3_74 C2_At1g80360chr4_516
C2_At4g16710

cccp18n1 ssr119925 ssrCMA148
C2_At1g52590

chr4_3037118 SSRcan-MR097 C2_At3g15840

cccp5l2 SSRcan-MR258

chr4_3372630

C2_At3g18430chr4_3310024 chr4_3677899

chr4_3684656 chr4_569

ssrA8742 ssrAY2450 ssr20YI24
ssrCMA020

CCAF742 chr4_3910809 Can_chr4_4051721
C2_At1g09760(1)ssrCFG3736 ssr66YN17

snp4cl3 C2_At1g16180

ssr13A8 ssr43YA20 ssr40YD05
chr4_612

chr4_4867873 chr4_4797924 chr4_4032896
C2_At5g51040

chr4_5116600 cccp28e5(1)

ssrCMA122 ssr30YG14 Genos6550

chr4_4615796 chr4_4939995 chr4_4518373

cccp13m12 C2_At3g17940C2_At3g17970

ssr71A3 SSRcan-MR152

ssrCMA173 ssr90YB02

ssrR272 chr4_5277536 chr4_5078446
chr4_5173352 chr4_5350801

Genos17839 chr4_5634578

C2_At5g23060chr4_605

chr4_5845405 chr4_5893562 C2_At1g68660

SSRcan-MR026

chr4_5969936 chr4_6495354 chr4_6307150

ssrR301 ssrCFG3649

chr4_6637338

chr4_6678802 chr4_6695149 ssrM444

ssrR148 chr4_7613612

chr4_7466772 chr4_619

chr4_9092010 C2_At5g41040

chr4_7776009 chr4_8035450 chr4_8127434
chr4_8153909 chr4_8155171 chr4_8929408

ssrCMA230 chr4_7946381

C2_At4g31130ssrM455

C2_At5g63440

C2_At5g63380cccp21sn7

ssr33B6 ssr131583

chr4_663 C2_At3g48610

ssrA8805 chr4_10089694

chr4_686 ssr42YB21 chr4_10135235
chr4_10158232 chr4_10323491 chr4_10344249

chr4_699

chr4_11558581 chr4_11087967 chr4_11323266
chr4_11476880 ssrCMA155 ssrCMA034

ssrA8796

ssrZAP32 cccl7d8

chr4_11090302

ssrM342

chr4_780 chr0_150059589 chr4_12011404
chr4_12026244 chr4_12194403 MYB08_U357410

C2_At2g42490C2_At4g24690ssrM401
chr4_12500361 ssr86G1

chr4_13449416 CFCDav1_53

CAG900 chr4_13250288

chr4_20398317

C2_At3g06980

chr4_9906512

chr0_122904233

chr4_19572516 chr4_19941530 cccs30w20h17
chr4_18851194 chr4_19925917

SSRcan-MR145 chr4_15280015

40YC02RM1

chr0_200766442 ssr122656

ssr77YD18 124E2

SSR26YG10 SCA065Fa ssr37YE18
97B1 chr0_105144596 chr4_18007267

chr4_18062432 chr4_18067267 chr0_163518595
chr8_1413 chr0_171172734 ssrNesA114

chr0_108927917 chr1_12444717 ssrM423
Genos63251

ssr50YG16 chr0_149747132 chr10_14973905
cccs30w17h21(2) C2_At1g03360

chr4_15471955 chr4_15713975 chr4_17430784
chr4_17610038

chr0_106193957 chr4_15943083 chr4_16385596
chr4_18683881 Genos10317

chr4_24155198 chr4_24316051

chr9_18800281

C2_At2g31170chr4_21461076 chr4_23152645
chr4_23361062

ssrM382 CFG1(1)

ssrA8842 chr4_21623520 chr4_24014714
chr0_162085688 chr4_24629625 chr4_23462728

chr0_106959484 chr4_26626319 ssrCFG3916

CFG1(2) ssrM355

SSRcan-MR140

chr4_27124175 chr4_26956473 chr4_26957868

chr5_22455476 chr0_146366013

chr4_27199084

chr4_25787915 chr4_25425306 chr4_25850500

chr4_25887782

chr4_25451449

CFC169

chr4_25985488

SSRcan-MR132

63B2

ssr124436 ssrM471

chr2_30035842

D
chr5_117297 chr5_19305 chr5_55849

C2_At1g06690

ssr123451

chr5_832405 ssrCFG3576

cccp21sm2 ssr122903

C2_At2g44050

ssr59YE01

chr5_1308228 chr5_1085505

chr5_1294697

chr5_2612296

chr5_2461210 chr5_2748251

chr8_26932941

chr5_3225905 ssrCFG3704

ssr129793 chr8_26495166

chr8_26600139 C2_At5g0988084E2
105E1 105E2

chr5_3921582 chr1_6189217 chr1_6253687
chr5_4691605 chr5_5001968 chr5_5438051
chr5_4431453 chr5_4553062 chr5_6377089

chr5_6568656 chr5_6889855 ssr96YE18

Genos2300 chr5_5287045

chr0_31335704 chr0_31583161 chr1_6062598

C2_At4g37130

84B2 SSRcan-MR272 SSRcan-MR072

SSRcan-MR010 chr0_31254608 chr1_6882386
125338q chr0_133564079 chr5_11723350

chr5_12723041 chr5_12927971 ssrCMA131

ssrCMA211 C2_At2g32950chr5_10205316
chr5_10588968 chr5_10807863 chr5_11560458

chr5_9992869 ssr42C11

chr5_10770180 chr5_12025764 chr5_13608582

chr5_13326538 cccl9m5 ssr57YP13
ssrAY2452

ssrCFG3549 cccp5g8

chr5_13138010

chr5_13963846 chr5_13897073 ssrR211

SSRcan-MR320 chr5_15593785

ssr73YG18 C2_At4g15420

CAG805 chr5_14731646

ssrCFG3536 SSRcan-MR225

SCA097b chr5_14815622 chr5_15479356
chr5_15490587 chr5_15644079

chr5_17071578 chr5_17623158 chr5_17964942
chr5_18024991

Genos3128 SSRcan-MR240

chr5_18100862

chr0_116589785 chr5_19283394

chr5_19406428 chr5_19484994

ssrCFG3792 chr5_18952176

chr6_3698306

chr5_19975389 chr5_19355879

chr5_19210074 chr0_120098992

chr5_19638470 chr5_20336577 chr5_20345506

C2_At4g03280

chr5_20156752

chr5_20419114 chr5_20778022 C2_At4g03210

MYB17_U356152ssrCFG1252

ssrNesC190 chr5_21499427 C2_At2g20690

ssr119663 C2_At1g03600

chr5_21643207 chr5_22059274 ssrCMA158
chr5_21644057

chr5_22707433 ssr60YF16 C2_At1g03820
ssr124003

chr5_22426102 chr5_22320184

ssrCFG4145 C2_At4g28450ssrCFG3825

CAG786

chr5_22559292 ssr74H11 ssr32YK06
C2_At2g42620

chr5_23053210 chr5_23124748

chr5_23600698

C2_At2g42750ssrCFG4032

ssrCFG4119

chr0_178166017 ssrR776

chr5_23577179

chr5_24015582 chr5_24230492 C2_At4g11120
C2_At3g58790

ssrR43 chr5_23921547 SSRcan-MR062

ssrCFG3993 C2_At5g48300

ssrCMA254 C2_At2g38020C2_At1g06550
ssr125169

SSRcan-MR286 chr5_437

chr5_24397760 chr5_24714578 chr5_24738836
chr5_24774840 ssr37YL20

C2_At1g17130chr5_24944418 chr5_457

C2_At1g78600chr5_25101749 ssr71YL02

ssr125286 ssr128550

C2_At1g53000

chr5_25506108 cccp18c7 ssrR338
ssrCFG3755

chr5_25730264 chr5_25737906 chr5_519
C2_At5g53880C2_At3g15290

cccp10c22 chr5_26072245 C2_At1g52980
ssrA8814 chr5_537

chr5_26116264 chr5_26231234 C2_At3g15430
chr5_26295068

chr5_561 chr5_26360027 chr5_26776622
chr5_600 C2_At3g20660C2_At1g55265
chr5_589 chr5_26557803 chr5_26627627

ssr125933 ssrCMA075

chr5_26693063 chr5_26847141 chr5_628
C2_At3g20720SSRcan-MR248

chr5_613 chr5_27169524 chr5_27322335
SSRcan-MR336

ssrR206

CFC142_46 cccs30w11e5 GOS3233
chr5_27540511 C2_At5g54770

cccl5n1 C2_At3g21610cccl3h11
chr5_27563769 ssr120239

C2_At5g54310ssr121068

C2_At4g26750ssr124759

chr5_27839808 ssr119559 ssr78YD08

cccp13p8 C2_At1g55670C2_At3g16150

C2_At1g55870chr5_28645028 chr5_28055875
chr5_28127981 chr5_28314780 chr5_695

chr5_29038057 chr5_29115499

ssr65YM17 ssrR354

chr5_28761870

ssrR278

C2_At5g08420chr5_28529620 chr5_28581419
chr5_28620458

chr6_3899908

ssrAY2457

E
cccs30w12g22 chr6_693978

chr6_1344529

C2_At2g38270ssrM489

chr6_33465 ssr19YG06 C2_At3g08710

chr6_221367 chr6_279095 ssr48YF02
ssrCMA236 C2_At2g37510

ssrA8738

chr6_753547 chr6_755933 ssrCMA160

chr6_840782 chr6_2067727

C2_At3g51840chr6_2183172 chr6_2360145
chr6_2372296

ssrR175

ssrM353 CCAF353

ssrCMA280 C2_At3g55140

ssrCMA172

chr6_1812507

chr6_2506970 CFC142_108

C2_At2g36930

C2_At2g37240Genos12444 chr6_2642077

ssrM328

MYB16_U352479chr6_3423515 ssrM458

chr6_2864335

chr6_3674326 ssrA8764 ssr26YN10
ssr13YB02

C2_At2g37025chr6_3163788 chr6_3188550
chr6_3323172

ssrCMA018 C2_At2g36720

chr6_3496409 chr6_3590016 chr6_3990355

CFCDav81

chr6_3838094 ssrNesA12

ssrAY2441 ssrCFG1228

ssrR191 ssr126881

ssr121580 chr6_5555412 chr6_5557038
ssrM503 ssr96YP06

chr6_5035455 chr6_5232858 chr6_4556194
chr6_4567537 chr6_4740658 chr6_4916508

chr6_5134116 C2_At1g63780chr6_410

C2_At5g34850ssrCMA188 chr6_5299764
chr6_5292838 snpCcSPS1 ssrCMA186

C2_At2g35920ssrM399 cccs30w13e7
C2_At5g06410cccs18w10c20

C2_At5g32450C2_At3g03790

chr6_394 chr6_5620736

C2_At5g20350chr6_493 chr6_6220440
chr6_416

cccwc22w14o23

SSRcan-MR254 C2_At5g20180chr6_480
chr6_460 chr6_6536501 chr6_6576539

SSRcan-MR007

chr6_7025884 C2_At2g26830chr6_7548201

C2_At5g20080ssrCFG3593 SSRcan-MR205

chr6_7687988

chr6_544

C2_At4g29120chr0_177673262

cccs30w11b13 C2_At3g24530

ssr39YP12 chr6_7525953 chr6_7719193
chr6_7880487 chr6_563

chr6_7851193 chr6_7937535 cccp25g11
CFC128 chr6_8274224 chr6_8016017

chr6_8287794 ssrCFG3498

chr6_8508648 chr6_8712640 chr6_9122882
ssrCMA118 ssr40B6 C2_At5g05920

C2_At4g29490

chr6_8797362

chr6_8801884 ssrNesC522

cccp5c3

chr6_9419619 chr6_9513535

C2_At5g56940ssrM345 C2_At5g20520
C2_At2g06530

ssrCMA130

ssrCFG3682 chr6_9909491 chr6_9891544
ssrR189

C2_At2g06005C2_At1g19690C2_At2g06050
chr6_10575181 chr6_10860834 C2_At3g43230

cccp23a14 ssrCFG3503 ssr84YB19
ssrAJ871891 ssrCMA244 Genos1055

C2_At1g11440SSRcan-MR137 C2_At1g19130(2)

C2_At3g26060ssr39YL19 ssrAJ871888
snpCcSS2

SSRcan-MR270 ssrM334 ssr27YG18
chr6_10945672 chr6_11010899

chr6_11227452 chr6_11014212 chr6_11299880
chr3_329

C2_At5g57655cccp27d21

chr6_11429842 chr6_11201348 C2_At2g24090
C2_At2g18710SSRcan-MR243

chr6_11721844 chr6_11926705 chr6_12168086
chr6_11610140

Can_chr6_11923765

ssrCFG2921 CFC41_7 chr6_12489634
chr6_12507286

Genos12567 ssrNesB126

chr6_13113322 snp125212

C2_At2g24270chr6_12996936

C2_At5g57970chr6_13031969

CFC41_10(1) chr6_13679633

ssr121610

chr0_100662307

chr6_14170129 chr6_13761285 chr0_104125826

C2_At3g54360C2_At5g58200

SSRcan-MR268 ssrCFG4140 ssrCMA245

ssrS109 chr6_14448526

cccs30w14j24 cccwc22w12c12 CFC142_84

chr0_183839686 chr6_14657312

cccp7b15

ssrM381 C2_At3g57810snp119722

chr6_15320110

ssrCMA080

SSRcan-MR276 ssrAJ871896

chr6_18125175 chr0_182387562 chr6_17796762

ssr9YG22 ssrR325

cccp29n10 C2_At3g57280

chr6_18525496 C2_At2g28250

ssrA8825 C2_At1g61620chr6_18695790

chr6_18368190 chr6_18527743

69E1 ssrM408 ssrCMA055
ssrM416

chr6_19434608 CFC142_75

SSRcan-MR044

chr6_18967358

chr6_19814038 chr6_19825446 chr6_19899420
chr6_20211770 chr6_20290284

chr6_18292228

chr6_20421928 chr6_20525849

chr6_21024855

ssrCMA143 chr0_201770650 chr6_21334066
chr6_21851996

chr6_21965212 chr6_22399894

chr6_22175330 chr6_22312116 chr6_22340671
ssrCFG3991

GOS50_99(2)

chr6_16818100

C2_At2g24390ssr82B7

chr6_23008415

chr6_23622027 chr6_23698655

cccp28e5(2)

108E1 chr6_24058194 108E2

ssrCFG4130 chr6_24728495

SCA069Fc chr2_50298651 chr2_50299702
chr6_28672506 chr6_28674452

chr0_191879389 chr10_10443846 chr6_28149527
chr6_28361146 ssrM307 ssr61YK05

ssrCMA174(1)

ssrCMA086 ssrCMA119 chr4_613
ssrNesB7 108B1

C2_At5g11490SCA071Fb

C2_At1g09760(2)

ssr72YH10 chr6_17001969 ssrR127
ssrR351

chr6_30759674 ssrCFG3483

chr6_31381593 ssrCMA007

C2_At5g60990chr0_124115681

chr0_126933125 ssrCFG3749

chr6_25717428 chr6_25708132 chr6_25920934

chr6_26032348

chr6_33270906 chr6_33331196 chr6_33334306
chr6_34352021 ssrM403 ssrCMA159

ssrM331

SSRcan-MR298 chr6_34075698

chr0_1117774

ssrA8747

ssrAY2456

chr6_36817947 chr6_36879885

Genos5596

chr6_35643397 chr6_35704213

ssr123819 C2_At3g11960

ssrCFG3692

ssr120228

chr6_35757866

ssrR367

ssrCFG4027

F
cccp9c13

ssrR20

chr7_893728

C2_At3g26900ssr120568

chr7_233 ssrM486 chr7_202
SSRcan-MR045 ssr124727 chr7_655644

C2_At5g40950C2_At3g02040

ssr121097 chr7_951241 chr7_436739
chr7_634354

chr7_47064

chr7_273

chr7_131515 chr7_289

SSRcan-MR042 chr7_259 chr7_268
chr7_254 snp122936

C2_At3g28050SSRcan-MR314 chr7_1877145
chr7_2281192

chr7_2451851 C2_At3g01480C2_At5g40200
ssr23YG15 chr7_1579533 C2_At5g14520

C2_At5g40500CFC142_83 ssrCFG4008
ssrR159 chr7_1816914 chr7_1889685

snp129375

chr7_2458994 CFCDav71 SSR21YM07

cccl6h6 MYB13_U359770

C2_At5g15410ssrR339 C2_At5g39410

chr7_2737599 chr7_2738501 chr7_2991161
chr7_3058977 chr7_3671072 C2_At3g54470

ssr130368 ssr122403 ssr124765

C2_At3g02220cccs30w24h5 CFC41_11
ssrCFG3975

CFCDav9 C2_At5g38840C2_At3g02420
ssr1G8

ssrCMA098 SSRcan-MR228 chr7_3628058

ssrAY2446

chr7_4618231

C2_At4g36970chr7_422

chr7_4817225 C2_At4g37280chr7_393
chr7_436 chr7_423

C2_At5g67530chr7_458

ssr130804 ssrM358

chr7_5313634 chr7_5370242

C2_At1g77470ssrCFG3924 ssrR162

cccs30w7k21 chr7_5325134

CFC41_10(2) chr7_5314136

C2_At1g66520C2_At5g37850

chr7_5957949 chr7_5794597 chr7_5861474
chr7_6387304

chr7_6256125 ssrM363

chr7_6277575 CFC39_3

ssrR157

C2_At5g39790ssrR342

ssrM310 chr7_7237313

chr7_7361755 C2_At3g51010cccp20j11

cccp1a6

cccp5m7

BAC19

C2_At4g36530

C2_At5g66530C2_At4g00560C2_At5g66290
C2_At3g51130ssrCMA249 cccs30w6f3

C2_At2g18050SSRcan-MR061

C2_At4g35560ssrM499 C2_At5g66090

chr7_7459428 chr7_7929133 C2_At1g77370

chr7_8354160 chr7_8400880 chr7_8290978

C2_At1g78690chr7_9356915 chr7_9294208

C2_At1g65720C2_At3g51520chr7_257
C2_At5g37260

ssr78B8 ssr33YJ09 C2_At1g65900

chr7_9619286 Can_chr7_9666134chr7_9645497

chr7_10026842

chr7_307 cccp2d6 chr7_10114203

cccp18m2

SSRcan-MR281

chr7_10561388 ssr2G6(1)

CFC142_48 ssrCMA110 ssrCMA207

ssrM335 ssrM387

chr7_10311725 chr7_11123891 chr7_10313912
chr7_10327813

chr7_372 ssr22A11 ssrM404
Genos18184

C2_At1g55880chr7_11055142 C2_At1g34370

ssr124962 cccp5h20 chr7_11281211
C2_At5g10200

chr7_11946347 chr7_11679677 chr7_12299461

chr0_200660671 ssr14F12

chr0_137984501 SSRcan-MR157

C2_At4g08685

ssr59YJ07 chr7_251

chr7_12220721 chr7_12253901

cccs30w8h1 C2_At3g62940

Genos4467 chr7_12365807 chr7_12744445

C2_At5g51510chr7_13787487 ssrR268
chr7_13221283 chr7_13397525

chr7_13561020 chr7_13703238

SSRcan-MR311 chr7_13764256

ssrCFG3979 C2_At5g64730

chr7_15120644 ssr89YM11

chr7_15358557 SSRcan-MR056

chr0_143484326

chr7_15825284

ssrCMA127

ssrM438 chr7_16414346 chr7_16609363

ssrM379

chr7_16762235 chr7_17183192 chr7_17193496
chr7_17298714 chr7_17365467

CAG881 chr7_16725638 chr7_17487190

chr7_17716928 chr7_17348618 C2_At4g02720
ssrCMA264

chr7_17788397

chr7_17976282 chr0_104913856 chr0_119421703
chr7_18467089 chr7_18689718 chr7_18775187

chr0_119413860

ssrM446 chr7_22340713 chr0_181642522
chr7_22361542

chr7_25090509 ssrCMA104 ssrCMA140
snp121568

chr7_19753647 chr7_25229669 ssrM406
chr2_47161499 chr7_18954248

ssr120263 SCA101a chr7_25300356
chr7_21625359 chr0_30725469 chr7_25346699

114E2 ssr55YB15

chr7_19304449 chr7_23812792 chr7_25174690
chr7_26333039 chr0_33010579 chr0_193566527

chr0_2239602 chr0_2782472 chr0_29485794
chr7_25884592 chr0_113564409 chr0_3027356

chr7_26340230 chr0_33047307

chr0_154326407 C2_At2g18030SSRcan-MR194
SCA077Dc

SSRcan-MR350 ssrR262 104B1

ssrCFG4005 chr7_20129172

ssr123381 C2_At3g17590

ssrR222(2) C2_At3g11710ssrCFG4028

ssrAY2462 C2_At5g23530

SSRcan-MR226

ssrCFG3452

G
chr8_149711

chr8_177964

SSRcan-MR173

chr8_452127

ssrCFG3821 CFC39_14

chr8_727717 chr8_727651

Genos856

C2_At4g32280

chr8_602828

ssr46YO04

chr8_1285808

ssrCFG3514

C2_At5g47040

chr8_1838032

ssrCMA220

ssr130150

ssrR227

chr8_1605833 Genos10232 C2_At5g12370

CFC142_92

chr8_2603299 chr8_3020924

cccl6n19

chr8_3161667

chr8_3539344 chr8_4551415 ssr126690

C2_At4g17790ssr126963

chr8_3604985 C2_At4g19003GOS50_99(3)

chr8_5086512 chr8_5201991 chr8_5291504
chr8_5406920

SSRcan-MR041 SSRcan-MR005

chr8_4405535 chr8_3957224

C2_At2g21100

ssrCMA269

SSRcan-MR280

ssrM386

chr2_45220290 chr8_5821464 chr8_6178715

ssrCMA179 ssr34YI16

ssr2YK16

ssrCMA111

chr1_25622128 chr0_115057948 chr8_9173653

ssrCFG3631

chr8_9555384

ssrR226

chr8_10140131

chr8_10276764 chr8_10368113

chr8_1020 CFC41_9

Genos1773 ssr3YP09

cccs18w7b18(2) cccp22g15

ssr30YE01 SSRcan-MR174

SSRcan-MR176 Genos12999 ssrCMA272
ssr62H7

SSRcan-MR130 C2_At3g06610ssr24YD14

SSRcan-MR147 chr8_15584131 chr8_18055822

Can_chr8_13574473chr0_140010605 chr8_13610088
chr8_13679150 ssrR251

chr1_8910185 chr8_11025239 chr8_11107651
chr8_11297623 chr8_11747573 chr8_11798189
chr8_11827167 chr8_12440894 chr8_6856937
chr8_17243181 cccs46w5e22 chr8_10601559

chr8_10342744 chr8_10078072

chr8_970

SSRcan-MR012

chr8_21350995 chr8_21364547 ssrA20

SCA061a C2_At5g20910

chr8_21138573

chr8_21094562

ssrCFG3894 chr11_5724320

SSRcan-MR006 chr11_4779692 chr8_21785707

chr8_22338932 ssrM314

chr8_21846399 chr8_22189326 chr0_21208123
chr8_22271600 C2_At1g04940

chr8_22786529 ssr35YD07

chr8_23708783

39B2 39B1 Genos19586

chr8_23774797

ssrCFG3632

ssrM356 chr8_24024574 chr8_24220442

ssr24H4

ssr130575

C2_At5g25940

ssr125944

chr8_24904638 chr8_24885757 Genos17460

chr8_25269984 chr8_25512595 chr8_25551151
chr8_25924674 chr8_26093514 chr8_26244533

chr8_27202846

C2_At3g06730ssrCFG3955 CFC108
ssrCFG3603

CFC142_65 snp124207

chr8_1256 chr8_27661587 chr8_25323549
chr8_1244

chr8_25759656 chr8_25988169

chr0_191743695 chr8_26189030

SSRcan-MR151

SSRcan-MR200

ssrCFG3689

cccs46w9c20 chr8_27598891 chr8_27708497

chr8_27795539

ssr122006 snp119682

chr8_27950196 chr8_1389 ssrM360
C2_At1g62780

chr8_28206446 ssrM418

ssrM321 ssr122842 chr8_1474

chr8_28467557 chr8_28691585 chr8_28830972
chr8_28900002

chr8_1494 chr8_29045616 chr8_29227290

chr8_29373530 chr8_29410314

chr8_29586819 chr8_29701947 chr8_29722717
C2_At3g10670(2)

ssr81A11 ssr73YL15 chr8_29839260
chr8_30528552

chr8_29727159 ssrM306

ssrM504

C2_At4g11570C2_At1g63770C2_At1g64355

C2_At1g64150chr8_30767608 chr8_31023821
chr8_31027321

C2_At1g63970chr8_30269661 chr8_30317479

SSRcan-MR052

chr8_31443459

CCAF456 C2_At2g45530ssrR142

ssrM316 ssr120656

SSR80YN06 ssrM460 C2_At4g24880

chr8_30823640

cccp11c5

ssrAY220270

ssrCFG3996

cccl27a20

H
ssr1D9

chr9_236128 ssrCMA246

C2_At4g16440

chr9_574212 chr9_795811

chr9_915919

C2_At3g52155cccp24e21 cccs30w13a16(3)

C2_At4g21770C2_At4g12590

C2_At3g02870ssr2YE02 ssrCFG4034

CAG863

ssr20D6

ssrNesB144

ssr2G6(2)

chr9_1537084 chr9_1644221 chr4_24955825

ssr122793

chr9_509 ssrCMA252

chr9_2331999

ssr130235 chr9_2664823

C2_At1g08550cccs46w26i22 chr0_189955763

chr9_533

ssrR307 ssr121541

ssrCMA241

C2_At1g65270chr9_3212398 chr9_557

chr9_3393914

ssrCMA196

C2_At1g65230

ssrCFG3835

ssrR220

cccp16k22 chr9_3783755

ssrCFG4117 chr9_3854552

C2_At5g44650

chr9_4083763 chr9_616 chr9_4500775

53B2

ssrCFG4047

CFC39_59 chr9_4829959 chr9_6131698

chr9_688

C2_At5g26360

53B1 Genos18738

cccp8a12 chr9_6350333 chr9_6951277

chr9_716 chr9_752 chr9_6719021

chr9_6720855 chr0_155539755 chr0_155539890
chr9_8462946

SSRcan-MR079 SSRcan-MR107

cccp26n17 cccl1e17 chr9_7753091

chr9_852 chr9_8732898 chr9_8885140
chr9_8321999 chr9_7448150 chr9_8415575

chr9_8469594 C2_At4g34350(2)chr9_836

ssrR250 ssrCFG3659 ssrCFG2161

chr9_878 chr0_159106685 chr9_9320498
chr9_9380023

chr9_938 chr9_10251157 chr0_196986653
chr9_10194381 chr9_9445834 chr9_910

SSRcan-MR193

ssrCMA106 chr9_953

chr9_12079854

chr9_1006 chr9_973 chr9_10800026
chr9_10870753

SSRcan-MR149

cccp23o22 C2_At4g21120chr0_116885691

chr9_12358458 chr9_12632380 chr9_13303563

chr0_149644194 chr9_13705919 chr9_15706290
chr9_16069352 chr9_16316467 chr9_17766761
chr9_17771140 chr9_15427005 chr9_19646617

chr9_19767697 C2_At2g32600(2)

C2_At5g46250SSRcan-MR090 C2_At1g29950
SSRcan-MR078 ssr30YE21

ssr16YM04 ssrAY220277 ssr132505
ssrCMA105

ssr129439 C2_At1g29520

chr9_20657807

ssrA8765 chr0_200382573

chr0_22963837 ssrCFG3599 ssrA8763

ssrCMA019

Genos1936 ssr70YI07 ssr120773

SSRcan-MR187

C2_At2g16920C2_At4g35070ssr124358
C2_At2g20940

ssr65YD06

cccp7c7

ssrCMA198 chr9_21884568

ssr47YB16

ssrR372 C2_At1g16210

C2_At4g35250

chr0_167541971

I
ssrA8802

ssrCFG3733 ssr52C11

chr0_158826536 chr10_218937 chr10_311724
chr10_524975 chr10_529968 chr10_385

CCAF414 chr10_391 ssrCFG3572
ssr29YJ23

ssrM414 chr10_426

chr10_414 C2_At1g63610ssr121511

chr10_688872 C2_At1g30755chr10_1101628

ssrR333

chr10_1749087 chr10_1275426 chr10_1342063
chr10_481 C2_At2g45730

chr10_471

chr10_507 SSR85YA10(1) SSR85YA10(2)

C2_At1g74970

snp126171 C2_At5g42950

C2_At1g19600chr10_2166504

ssrCFG3438

ssr124503

chr10_2675178 C2_At3g46940

ssrCFG3475

chr10_2607382 ssrCFG3532 ssrCFG1496
C2_At5g25900

cccp13j4 chr10_2839113 chr10_575
chr10_594 C2_At5g41270C2_At5g36210

ssrM459 ssrM369 chr10_601
chr10_2747899

cccs30w3c7 ssrCFG3952 C2_At1g45976

chr10_3407794 chr10_3134487 chr10_3194920

chr10_3612100 chr10_3656722 chr10_4128652
C2_At2g26540

C2_At1g45231C2_At1g46480

C2_At4g34310ssrCMA028 SSRcan-MR233
chr10_934

chr10_939 SSRcan-MR334 chr10_4131452
chr10_4217088

chr10_4304025

ssrCMA043 ssrR40 ssrR223

ssrR290 C2_At5g07960ssr58YI20

chr10_4769382

chr10_5053968 chr10_5161570 chr10_5231403
chr10_5129104 chr0_140223269

SSRcan-MR302 ssrCFG3992 C2_At1g71810

C2_At1g35720ssrCMA279

chr0_185920372 C2_At4g09010

chr0_115242779

ssr124800

chr10_1063

chr10_6848440 C2_At1g78230chr10_6259151

ssrM348 chr0_176403997

ssrCMA303

ssrM378 C2_At1g27600

ssr35YJ12

chr10_8376765

chr10_1147

ssrM421

ssr70YL24

C2_At1g22850chr10_1191

C2_At1g09920ssr119463

chr10_7698333 chr10_7838868 chr10_9059074
chr10_1205 cccp1c10

chr10_8302388 C2_At4g10050C2_At1g29900

C2_At4g10030chr10_9028985 SSRcan-MR040

chr10_9451841

chr10_10140868

ssrA8811

Genos17164

chr10_9792183 chr10_9922901 chr10_9977520

SSRcan-MR054 ssrAY220279

ssr33YO12 chr0_192161271 chr10_10168088
chr10_10179151 chr10_11185602 chr10_11229737
chr10_11296190 MYB01_U348131ssrCMA294

ssrM480 chr0_123781928 chr0_152620009
snpCclnv3

chr10_17875937 ssr27YD18 SCA085c
SCA069Da ssr125415 chr10_1468

chr10_1473 chr10_1371 chr10_1461
chr10_1380 SSRcan-MR353 ssr69YA16

ssr53YE05 ssr64YC20 SCA079Fa
chr10_17888155 SSRcan-MR201 C2_At1g72030

chr10_17347021 chr10_1503 chr0_103946681
chr10_11688657 chr10_14859933 chr3_24712246
chr0_32261792 chr10_13242908 chr10_13254865
chr10_14857830 chr10_15593134 chr10_15822259
chr10_16307036 chr10_16360433 chr10_16431908
chr10_17369284 chr10_17726730 chr10_18225544

ssr88YK07 C2_At1g71950(1)chr10_1499
C2_At5g16620chr10_16167999 SCA079Fb

chr10_20804879 chr10_20952513 chr10_20946309
ssrCFG3616 chr10_21161710 chr10_21162235

chr10_21148161

ssrM370

chr0_158399716 chr0_197570802 chr10_20331500
chr10_21050015 ssr16YO04 chr10_22213922

chr10_21267432

chr10_22193360

C2_At1g21780chr10_1384

C2_At1g77290chr10_22455382

chr10_24231064 chr10_21885119 ssr95YA18

C2_At2g38000(2)cccl4a6(2)

ssr123240

chr10_22687642 chr10_22712042 chr10_22934840
chr10_23007120 chr10_23487851 cccp25f10

chr10_23511558

ssr85C12 ssr2C11

ssr2C1

ssrM347

chr10_24658442

ssrCMA006 CFC39_20 CFC39_64

chr10_25514740 chr0_138286184

chr10_24855299

ssrM501

chr10_25629692 chr10_25987521 ssr58YL05
chr10_25096309

chr10_25843989 chr10_25906846

chr10_26091831 cccp5k10

CCAF501

ssrR378

Can_chr10_26292296chr10_26294279

chr10_26390064

ssrZAP29 C2_At4g09830

ssr15E4

ssr29YC12

ssr127762 chr10_26639029

chr10_26657901

SSRcan-MR282

ssrM452 ssrM492

ssrCMA113 ssr119897

SSRcan-MR339

CFC39_28

cccp5b22

J
C2_At1g71950(2)

cccp5f20

57E1

cccl5j20

chr11_16148722 chr11_18216220 chr11_17429936

chr11_18628396 chr11_3531826 chr11_8534718
chr11_3297869 chr11_4425127

chr11_6732651 chr11_6827601 chr11_7117375
C2_At3g20020Genos1423 C2_At4g09040

ssr69YO05 ssrM395 chr0_205401471

chr11_38882 ssr24YO07 SSRcan-MR296

ssrCMA263 cccp21se4 ssrCFG3890
97E2

SSRcan-MR301 chr11_11323045 chr11_16358421
chr11_16722249 chr11_16902042 chr11_16995826
chr11_17051470 chr11_17566254 chr11_17893870

ssr90YI12 chr11_16974434 chr11_16324738

chr11_806434 chr0_109400340 chr11_3228534

chr11_19580879

ssr49YM15 chr11_11869243 chr11_12048770
chr11_12256247 chr0_201094456 Genos8613

SSRcan-MR038 chr11_11714399 chr0_103250905
C2_At5g23240Genos379 chr11_724241

50B1 83E1 chr0_119805500
chr0_120534287 chr11_12830841 chr11_7376620
chr11_7490171 chr11_7598421 chr11_7855438
chr11_8071374 chr11_9227680 chr11_9357437

chr11_17949668 chr11_15534432

chr0_145778168 chr11_10742564 chr11_11293134
chr11_9731168 chr11_327595

chr11_19768177

ssrNesB112 ssrCMA292

chr11_6926705

SSRcan-MR109

ssr2C4 chr11_20784079 chr11_20188316

ssrCFG3745 ssrAY220278

chr11_20706714 chr11_20345724

chr11_21372495 SSRcan-MR156

chr11_21962719 SSRcan-MR082 chr11_21516367

chr11_21971174 C2_At5g63840

Genos2159

chr11_22920757 ssrCFG4001 chr11_22535077

chr11_23372544 chr11_23480624 ssrA8845

ssrCFG2351 chr11_23556770 chr11_24352334
chr11_23978067 chr11_25059879

ssrCFG3635 CFC74 ssrZAP27

ssrM513 chr10_1510 SSRcan-MR362

chr11_25500602 ssrM422 chr11_25584325
chr11_24604992

ssr1YC21 cccp12j3

ssrCMA074 chr11_25692022

SSRcan-MR031

ssrCFG3657

ssrA28 ssr79G4 ssrCFG647

chr11_26091150 chr11_26115036 ssrCMA151

chr11_26321735 chr11_26405971 chr11_26425272
chr11_27526365 chr11_27540080 chr11_27606852

chr11_27618747 chr11_27147121

SSRcan-MR242 chr11_26594978 ssrCFG3466
ssrCFG3461

ssrM361 ssr123178 ssrM448
C2_At3g25920chr11_27720190

chr11_27151909 chr11_27323392 chr11_27387962
C2_At1g13380

Genos17629 C2_At1g29700

C2_At1g26090C2_At1g25540

ssrCMA291 chr11_27970267

chr11_28301142 chr0_140534969 C2_At1g26180

C2_At1g68830

ssrNesC150

ssrCFG3541 chr11_28821016

ssrR111 ssrCFG3580

chr11_28466941

ssr85YG09 chr11_28634472 ssr65YN22

ssrCFG3459

C2_At1g26520

SSRcan-MR328 chr11_189 chr11_191
C2_At1g14270SSRcan-MR246

CFC41_10(2) chr11_164 chr11_160
chr11_169 chr11_182 ssr124886

chr11_30328946 chr11_30347114 chr11_30545746
chr11_30066878 ssrM475 chr11_29395562

C2_At1g69420

ssrCFG3758 chr11_226

chr11_211 chr11_259 ssr51YI22
C2_At1g70160

chr11_208

cccp14j3

chr11_29779886 chr11_29922031 ssrCMA059

SSRcan-MR224 ssr27YE09 chr11_194

C2_At1g24020C2_At1g27050

chr11_30565147

chr11_30684018 C2_At1g67740cccp20f1

C2_At1g67730

ssrCMA306 C2_At1g59990

cccp12i21 cccp9k20

ssrCMA167 chr11_60 ssr120538
chr11_64 C2_At5g43260C2_At1g67325

ssr3D12 ssrCMA199 chr11_36
chr11_31606461 chr11_32722890 chr11_33375660

chr11_49 chr11_52 ssr40YA01

ssr131504 ssrR164

ssrR06

ssrM312

chr0_100794137

chr11_32780715 C2_At1g67785chr11_32573889

C2_At1g70590

ssr57YN03

cccp13c15

K

0

10

20

30

40

50

60

70

80

90

100

110

120

130

140

150

160

170

180

190

200

210

220

230

(a) (b)

Coffee8.5K array SNP markers 
Other markers 

Di
st

an
ce

 (c
M

)

Figure 2 Genetic and genomic distribution of the Coffee8.5K array SNPs. (a) Genome distribution of the 8580 single-nucleotide polymorphisms (SNPs)

synthesized for the array along the 11 pseudo-chromosomes and the virtual pseudo-chromosome 0 of unanchored sequences. For each pseudo-

chromosome, we determined: the number of SNPs markers according to their source (C. arabica, Ara or C. canephora, Can), the mean distance between

markers and their density related to the estimated size of the pseudo-chromosome. (b) C. canephora high-density genetic map of BP409xQ121 progeny,

with 11 linkage groups. SNP markers (1307) obtained from the Coffee8.5K array are indicated in red.

Table 2 Number of SNP markers added to the Robusta genetic map

and coverage in cM of each linkage group in the Robusta linkage

maps. The Robusta genetic map based on a F1 cross between BP409

(Congolese hybrid) and Q121 (Conilon-type-derived accession)

comprising 93 individuals. The previous high-density genetic map has

been published by Denoeud et al. (2014) with various types of

markers (e.g. SSR, RADseq, RFLP)

LG

Total

Number

of markers

Number

of SNPs %*

Coverage

(cM)

Mean distance

between

markers (cM)

A 287 104 36 112 2.6

B 528 220 42 238 2.2

C 194 76 39 129 1.5

D 266 125 47 109 2.4

E 257 125 49 105 2.4

F 341 149 44 155 2.2

G 284 119 42 105 2.7

H 223 108 48 128 1.7

I 158 61 39 90 1.8

J 263 111 42 104 2.5

K 238 109 46 95 2.5

TOTAL 3039 1307 43 1370 2.2

*The ratio of SNPs from Coffee8.5K array to total number of loci mapped.
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The C. arabica neighbour-joining tree (Figure S3) confirmed

the high genetic relatedness of both wild and cultivated individ-

uals, even though the SNP markers were informative enough to

discriminate the individuals and this, with high bootstrap levels.

While both C. canephora and C. eugenioides are outcrossing

species, their polymorphism discrepancy (77% vs. 4.1%) is probably

due to differences in global genetic diversities of these two species,

which present a very different geographical extension (very large for

C. canephora vs. reduced for C. eugenioides). Even if differences in

the sampling size (n = 24 vs. n = 6)may be evoked to explain such a

difference, Diversity Panels were chosen on purpose to represent a

maximum of the known species diversity.

As a large proportion of the SNPs on the array are Robusta-

derived, filtered to maximize the within C. canephora diversity,

this may induce an ascertainment bias when other species, such

as C. eugenioides, are concerned.

Characterization of C. canephora genetic groups

The capacity of Coffee8.5K to generate genotyping data and to

estimate the genetic relatedness among the genotypes was

evaluated on the C. canephora Diversity Panel (Table S2). Some

accessions from this panel had been previously genotyped using

19 microsatellite markers either by (Gomez et al., 2009); (P�egard

et al., 2014) or Nestl�e R&D Tours (unpublished). Thus, from these

studies, a priori classification into the diversity groups was

determined (Tables S2 and S4). Additional individuals from

Angola and the Democratic Republic of the Congo, with

unknown genetic identity, have also been included in this study

(Table S2).

Genotyping of this Diversity Panel with the Coffee8.5K SNP

array resulted in the generation of 4095 polymorphic SNPs

without missing data. The population structure and relatedness

among accessions was examined using population clustering with

sNMF. The genetic structure analysis identified the most likely

number of genetic clusters as K = 3 (Cluster-AG, Cluster-CD and

Cluster-BEOR) (Figure 3b). At higher levels of K, new groups

emerged revealing a finer subdivision, and at K = 8 the accessions

were partitioned into eight well-differentiated groups (A, G, B, C,

D, E, O and R), corresponding to different geographic origins

(Figure 3a). Among these eight groups, six were confirming the a

priori classification into the groups A, B, C, D, E and O, whereas

two new groups, never previously described, were identified: G

(Angola) and R (southern DRC). Three individuals showed mixed

ancestry: AG-Q121, BE-110, OE-KL.1.2, and ER-BP409.

These results were further supported by the neighbour-joining

tree, which distinguished the six known and the two new groups

with high bootstrap supports of 100% (Figure 3c). The admixed

individuals presented intermediate positions between their
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Figure 3 The population structure of the Coffea canephora diversity panel (27 accessions). Note that the same colour code is used in all graphs (a) Global

distribution of the genetic groups across the C. canephora distribution range. Map data from US Dept of State Geographer ©2018 Google Image Landsat/

Copernicus Data SIO, NOAA, U.S. Navy, NGA, GEBCO. (b) Population structure analysis using sNMF with three or eight numbers of clusters (K). Each colour
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ancestral genetic groups. In particular, AG-Q121 (a hybrid

between Groups A and G) and ER-BP409 (a hybrid between

Groups R and E), the two parents of the Robusta mapping

progeny, are separated by a maximum genetic distance (at the

opposite sides of the tree).

Arabica’s closest current relatives

To identify the putative ancestral Coffea source populations of each

C. arabica subgenome, we assigned the C. arabica haplotypes to

current sampled individuals of the two progenitor species

C. canephora and C. eugenioides. However, because of standard

deviation overlaps, the assignation of the Arabica Ea subgenome to

sampled C. eugenioides individuals could not discriminate a specific

individual or an origin (Kenya or Uganda) (Figure 4d). On the

contrary, since C. canephora populations and individuals were well

discriminated by our Coffee8.5K array, the C. arabica genotypes

were differentially assigned to the different genetic groups. In fact,

theCa subgenomewasmore closely related to individuals belonging

to Group O (Uganda) or B (Northern DRC) and in particular to an

individual of the Zoka forest (Diversity Group O, Northern Uganda)

(Figure 4c). Group O encompasses individuals from the Eastern

edgeof theC. canephoradistribution; thepopulation fromtheZoka

Forest (NorthernUganda) is geographically the closest to the current

distribution of C. arabica (Figure 4a).

Discussion

Coffee8.5K was designed and developed to assist in mapping

C. canephora and C. arabica and also in assessing the diversity of

C. arabica, C. canephora and other C. arabica-related species

(CWRs). The genotypes of the Discovery Panels were chosen to

represent a range of common C. arabica and C. canephora types.

Fair representation of the genome

The genome size of C. canephora is reported to be about 710

Mbp (Noirot et al., 2003), with pseudo-chromosome size ranging

from 22.3 Mb (chr9) to 54.5 Mb (chr2) (Denoeud et al., 2014).

The Coffee8.5K array developed in this study provides complete

genome coverage and a fair pseudo-chromosome representation,

with an average density of 18.8 SNPs/Mb and a mean distance

between SNPs of 54.4 kb. This density is comparable to other

developed SNP arrays in hexaploid wheat (Rimbert et al., 2018)
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Figure 4 Coffea arabica and its progenitor

species. (a) Range distribution of the three related

species. Dotted lines represent their schematic

distribution limit, whereas names with colour

labels correspond to sampled sites (C. canephora

in blue, C. eugenioides in gold, and C. arabica in

red), Map data ©2018 Google, ORION-ME; (b)

Origin of the genomes of the allotetraploid species

Coffea arabica and of the Dihaploid Et39; (c, d)

Haploid Identity-by-state distances (IBS) distances

between C. arabica and accessions of the

C. canephora with colour code as in Figure 3; and

(c) C. eugenioides species. The average IBS

distances and their standard deviations were

calculated over the 17 C. arabica individuals.
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(for which the SNP density was one marker every 52 kb on the A-

genome, one every 53 kb on the B-genome and one every 92 kb

on the D-genome), oil palm (Kwong et al., 2016) (one SNP per

11 kb), groundnut (Pandey et al., 2017) (1 SNP per 36 kb in A

subgenome and 1 SNP per 48 kb in B subgenome) and rice (Yu

et al., 2014) (12 SNPs per 1 Mb).

Because SNPs located within genic regions have a greater

potential to affect gene function and are usually more effective in

targeting genes, 40% (3428) of the effective SNPs were selected

to be located in genic regions in the Coffee8.5K array.

Towards high-density linkage maps

The mapping of 1307 (15.2%) of the Coffee8.5K SNPs on the

C. canephoramap (BP409 X Q121) demonstrates the usefulness of

the Coffee8.5K for developing high-density genetic maps for this

species. Combined with previously developed markers (Denoeud

et al., 2014;M�erot-L’Antho€ene et al., 2014),weobtained a reliable

and accurate final map of 3039 markers, including 665 SNPs in

coding regions, with only a low fraction of distorted markers. The

total map length was 1370 cMwith an average distance of 2.2 cM

between markers. The length of each linkage group ranged from

238 cM for LG B to 90 cM for LG I. Themap obtained in this study is

to date the densest map of C. canephora and provides access to

hundreds of gene-based markers.

On the contrary, the generation of a high-density Arabica map is

still severely hampered by its allotetraploid nature and the narrow

genetic diversity among C. arabica accessions. Despite this situa-

tion, some mapping efforts have been previously undertaken with

AFLP markers (Pearl et al., 2004) or more recently with both SSR

and SNP markers (Moncada et al., 2016). For instance, Moncada

et al. (2016), after screening 5785 SSRmarkers, could only find 338

(5.8%) polymorphic markers in the F2 offspring from a cross

between C. arabica var. Caturra and a wild C. arabica accession

fromEthiopia. Themain difficulty in designing a SNP array useful for

C. arabicamapping has been detecting co-dominant SNP markers

which were polymorphic within each Arabica subgenome. The

parental accessions we selected for our mapping population were

two distant wild C. arabica accessions, Ar8 and Ar36B, collected in

Ethiopia (Guillaumet and Hall�e, 1978). By comparing these

genotypes, one Bourbon cultivar and a Mundo Novo cultivar (a

Bourbon X Typica hybrid) to the Et39 (a spontaneous C. arabica

dihaploid (Berthaud, 1976; Guillaumet and Hall�e, 1978)), our

filtering strategy aimed to select within subgenomes polymorphic

SNP markers. This approach was especially efficient since it yielded

more than 29% (900) of Arabica-derived SNPs segregating in the

mapping progeny and finished with a total of 945 genome-wide

co-dominant SNP markers.

The high-density Robusta genetic map generated from this

study will not only be useful in ordering future genetic maps such

as the one for Arabica, but also in providing a higher marker

density than the previous one (M�erot-L’Antho€ene et al., 2014). It

will aid in selecting appropriate markers for various molecular

breeding applications and in tracking introgression within each

linkage group. Markers with even spacing along the genome

would be beneficial for generalized use or for identifying marker

associations with previously unstudied traits.

Moreover, because our SNP markers are both well-distributed

on the genome and genetically mapped, an additional application

of the Coffee8.5K array would be to assist or to validate the

genome sequence assembly of both C. canephora and C. arabica

(de Kochko, 2018) by further comparing the genetic position with

the physical position.

Better access to crop wild relative diversity

The Coffee8.5K SNP array was evaluated for its efficiency in

studying genetic diversity and genetic relatedness in the Diversity

Panel. This set includes representative individuals of the three

related species C. canephora, C. eugenioides and C. arabica.

Genotyping data was generated successfully for all three

species of the panel with 7065 (82.3%), 6824 (79.5%) and 6183

(72.1%) high-quality SNP markers in C. canephora, C. arabica

and C. eugenioides respectively. This high level of transferability

across these species is similar to that previously observed for

microsatellite markers (Poncet et al., 2004, 2006, 2007). C. eu-

genioides and C. canephora belong to different Coffea clades

(Davis et al., 2011; Hamon et al., 2017): the East–Central Africa
(EC-Afr) clade and the West and Central Africa (W/C-Afr) clade

respectively (Davis et al., 2011). The good transferability of SNP

markers discovered from C. canephora to the more distantly

related species C. eugenioides (85.8%), suggests that a high

percentage of loci represented on our Coffee8.5K array would

also be transferable to other species of the Coffea genus, at least

from EC-Afr and W/C-Afr clades, and represent a substantial

improvement in the identification potential of the genetic

diversity available within the genetic resources of the Coffea wild

species.

A high proportion of the tested SNPs (77%) were polymorphic

in the C. canephora Diversity set. They were also shown to be

very efficient for diversity analyses by their application: they

allowed to assign each C. canephora individual to its a priori

genetic group—as previously defined by the SSR markers—as

well as to discriminate between closely related accessions and to

estimate admixture levels. Thanks to these markers, two addi-

tional, well-differentiated genetic groups have been identified

and characterized, one from Angola (group G) and the other

from DRC (group R). This yielded a whole updated genetic

structure of C. canephora within eight well-differentiated and

geographically localized groups (see Figure 3 and Table S4).

For C. arabica, from the 6824 scored SNPs, 24.2% (1653)

turned out to differentiate Ca and Ea subgenomes in the dihaploid

Et39, corresponding to fixed heterozygosity, whereas an esti-

mated 10.6% (724) SNPs represented the within subgenomes

allelic polymorphism varying across the C. arabica species. Fixed

heterozygosity has been suggested to act as a buffer against the

reduced population-level diversity that resulted from the genetic

bottleneck associated with polyploid speciation as well as to

facilitate the transition to inbreeding (Soltis and Soltis, 2009). The

genetic bottleneck undergone by C. arabica has been probably

severe as suggested by its low within species differentiation, and

might have arisen from a single-polyploidization event (see

below).

For theC. eugenioidesDiversity set, although sharingmore than

90% of the called SNP markers with the C. canephora set, the

polymorphism rate was 19 times lower than for C. canephora,

certainly due to the lower global genetic diversity of that species. A

reduced number of tested C. eugenioides individuals can also be

evoked, but our sampling covers the available accessions of the

species in worldwide collections (Berthaud et al., 1980). Further-

more, additional analyseswouldbe challenging sincefield sampling

in the species distribution range has been proven to be difficult.

The Coffee8.5K array has been shown to be especially efficient

in fingerprinting individuals within C. canephora, C. eugenioides

and C. arabica species and its use by researchers or breeders on

larger datasets should provide an opportunity to gain deeper
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insights into the genetic relatedness among the genotypes and

also into the genetic architecture of these important crop wild

relative germplasm resources.

The closest current relatives of Arabica

Coffea arabica allotetraploidy resulted from recent natural

hybridization between the ancestors of present-day C. canephora

(Ca genome donor) and C. eugenioides (Ea genome donor)

(Lashermes et al., 1999) and is probably the result of a single

event (Lashermes et al., 2014). Coffea arabica displays disomic

inheritance with bivalent pairing of homologous chromosomes

(Krug and Mendes, 1940), which is in accordance with our

present observations in mapping experiments of usual disomic

patterns of marker inheritance.

Yu et al. (2011) provided evidence of recent C. arabica

speciation no more than 0.665 million years ago, but also low

divergence between the two constitutive subgenomes of C. ara-

bica (Ca and Ea) and those of its progenitor species, demonstrat-

ing that the nuclear genomes have remained essentially unaltered

since the formation of the hybrid.

Using the 17 C. arabica accessions, we took advantage of

the fact that they exhibited close genetic relationships in order

to apply a haploid-genotype-based assignation procedure to

discover its closest current relatives in our sampling. Using our

Coffee8.5K genotyping, we could not preferentially associate

the Ea subgenome to any of the sampled individuals (Fig-

ure 4d).

On the contrary, we were able to preferentially assign the Ca

subgenome to C. canephora of the O (Ugandan) Diversity group

(Figure 3) and the shortest distance was observed with a North

Ugandan C. canephora individual from the Zoka Forest. Geo-

graphically, this forest contains the closest C. canephora popu-

lation to the current C. arabica distribution (Figure 4a–c).
At the present time, C. arabica is mainly found in the

southwestern highlands of Ethiopia (Figure 4a), with some

occurrence on the Boma plateau in southeastern South Sudan

(Thomas, 1942), and on Mount Imantong in Sudan and Mount

Marsabit in northern Kenya (Berthaud and Charrier, 1988).

C. arabica is the main Coffea species that occurs in those regions

and is geographically isolated from all diploid coffee species in the

genus, which includes its two progenitor species C. canephora

and C. eugenioides. Moreover, C. arabica also differs from

C. canephora in terms of current environmental requirement

and predicted niche distribution (Gomez et al., 2016). Thus,

precise localization in Africa of the cradle of C. arabica, based on

the present distribution of its two progenitor species appears

difficult.

Two non-exclusive scenarios could be suggested for the

origin and geographical isolation of C. arabica. (i) Upon

hybridization, C. arabica could have followed one of the typical

patterns of the polyploid distribution with peripheral expansion

outside the range of the distribution of its diploid parental

species. Indeed, it has been suggested that plants with double

genomes—auto- or allo-polyploids—have the potential to

develop phenotypic novelties, increase their adaptability and

obtain higher fitness features that would render them more

tolerant towards changing conditions than their diploid coun-

terparts (Amborella Genome et al., 2013). This was particularly

well illustrated with the survival and proliferation of polyploid

plant lineages during the Cretaceous–Tertiary mass extinction

event (Fawcett et al., 2009). Following the hypothesis that

hybridization may favour establishment in novel habitats (Pillon

et al., 2009; Rieseberg et al., 2007), C. arabica could have

migrated northwards—away from the overlapping distribution

range of C. canephora and C. eugenioides—towards its current

distribution range with specific environmental requirement

(Gomez et al., 2016). Its original population is genetically

related to the current Zoka population, which thus represents

the southernmost remnant of the original distribution. (ii)

Meanwhile, considering that the constitution and the extent of

tropical forests have varied considerably during the late

Quaternary period (Mumbi et al., 2008), past C. canephora

and C. eugenioides distributions may have been more wide-

spread in higher latitudes and could have overlapped with the

current C. arabica distribution in habitats that were suitable for

all three species. In fact, C. canephora was probably able to

find suitable habitats in Ethiopia in the recent past (mid-

Holocene, ~6000 years before present, R. Tournebize, data not

shown). The climatic changes could have reduced the diploid

distributions to their current locations. As a consequence, the

birthplace of C. arabica could possibly be not only in Ethiopia

but also in the entire region (South Sudan, Uganda, North

Kenya) followed either by migration to present-day Ethiopia or

by survival in that region alone.

Due either to past habitat shift in Eastern Africa or to the

colonization of new peripheral geographical areas, the presence

of C. arabica in different environments and a reduction in diploid

competitors would have increased the divergence of initially con-

specific populations and eventually would have given rise to the

C. arabica speciation. C. arabica’s self-fertility would have further

contributed to its genetic isolation.

Conclusion

The availability of our Coffee8.5K to the Coffee community

provides an opportunity to generate high-throughput genotyping

data on different types of genetic and breeding populations for

accelerating genetic diversity, high-resolution trait mapping and

breeding applications. It will help in identifying the allelic diversity

present in the wild relatives of the two cultivated species, offering

a clue to the transferability of beneficial alleles to C. canephora

and/or to C. arabica.

Thanks to our stringent selection of genome-wide distributed

and informative SNPs, our array is an efficient tool for finger-

printing. As an application, detecting admixtures up to individual

levels has allowed us to assign the Arabica Ca subgenome to its

closest present-day C. canephora relatives. Our array is definitely

a powerful tool for quality control and traceability of all merchant

coffees.

Materials and methods

Plant material

Accessions used to design the Coffee8.5K array (12 C. canephora

and 5 C. arabica) were chosen to obtain an array for optimized

use in mapping and genetic diversity analyses in coffee trees

(Table S2).

SNP calling was generated from two Discovery Panels. The

C. arabica Discovery Panel included five genotypes whose

genome sequences were kindly provided by the Arabica Coffee

Genome Consortium (ACGC): the parents of the Arabica map-

ping population (Ar8 and Ar36B), two cultivated varieties (Mundo

Novo and Bourbon) and Et39, which is a spontaneous C. arabica

dihaploid, that is with only one set of chromosomes from each
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subgenome (see Figure 4b). The C. canephora Discovery Panel in-

cluded 12 genotypes of C. canephora belonging to the six

genetic groups (P�egard et al., 2014).

Coffee8.5K array SNP segregation was monitored in the

Robusta BP409 X Q121 and the Arabica Ar8 X Ar36B mapping

populations (Mapping Panels, Table S2).

To evaluate the transferability and genotyping performance of

the Coffee8.5K array, we genotyped a Diversity Panel of six

C. eugenioides, the C. arabica dihaploid Et39, 16 wild and

cultivated C. arabica and 27 C. canephora accessions representa-

tive of theC. canephora diversity groups as previously definedwith

SSRmarkers (Gomez et al., 2009; P�egardet al., 2014) (Table S2), as

well as uncharacterized individuals from Angola and DRC.

SNP selection and array design

SNP selection and array characterization

We performed SNP calling and SNP selection thanks to the

genome resequencing of the five accessions of C. arabica kindly

provided by the Arabica Coffee Genome Consortium, ACGC (de

Kochko, 2018) and of 12 C. canephora accessions (this study).

SNP calling was performed by mapping the resequencing reads to

the reference genome (Denoeud et al., 2014) using the NGS

workflow manager TOGGLe (http://toggle.southgreen.fr, (Monat

et al., 2015; Tranchant-Dubreuil et al., 2018)).

All identified SNPs were filtered using custom Perl scripts to

select bi-allelic SNPs of high-quality (QUAL > 40) and SNP

positions with suitable flanking sequences (60 bp on both sides

with no variation). Accessions used for SNP discovery and SNP

selection criteria were chosen to design an array for optimized use

in mapping and genetic diversity analyses in coffee trees.

SNPs from C. arabica

Screening for C. arabica SNPs was conducted on the Arabica

Discovery Panel. Set 1, represented by the two wild Ethiopian

parents of the Arabica mapping population, Ar8 and Ar36B,

together with the dihaploid Et39. We identified 8 208 891 raw

SNPs (Set 1, Figure 1), whereas Set 2, represented by Mundo

Novo, Bourbon and Et39 sequences generated 10 063 130 raw

SNPs (Set 2, Figure 1). Since any SNP scored as heterozygous in

Et39 represents polymorphism between the two subgenomes

(Figure 4b), to minimize these polymorphisms and to maximize

the proportion of true-allelic SNPs within the subgenome, the

following filters were applied to both sets: (i) we removed the

polymorphic SNPs in Et39; (ii) we selected SNPs that were

homozygous for different alleles in at least two different

C. arabica accessions; (iii) we considered SNPs spaced with a

minimum distance of 40 kb.

SNPs from C. canephora

The Discovery Panel of 12 C. canephora genotypes was used for

SNP discovery. To build a reliable and balanced genotyping array,

accessions belonging to the six genetic groups (P�egard et al.,

2014) were selected.

The analysis of the sequencing data yielded a total of

23 590 929 raw SNPs. The following sets were defined when

choosing SNPs for microarray design (Figure 1): (i) a set of SNPs

were selected on 149 candidate genes with functions related to

cup quality (Privat et al., 2008), secondary metabolism (Denoeud

et al., 2014; Lepelley et al., 2007, 2012) and drought tolerance

as characterized and defined by their gene models on the

reference genome (Denoeud et al., 2014) (Table S1); (ii) two sets

of SNPs of equivalent size selected either on coding or non-coding

regions.

To minimize the impact of SNP ascertainment bias on down-

stream analyses, only SNPs found in at least two genotypes within

the surveyed genotypes were chosen (allelic representation).

Genotyping assay

DNA extraction

Total DNA was extracted from adult leaves using DNeasy Plant

Maxi Kit (Qiagen, Hilden, Germany) following the manufacturer’s

instructions. Final DNA concentration was determined with the

Quant-iTTM PicoGreen� dsDNA Assay Kit (Molecular Probes,

Eugene, OR, USA) using the LightCycler� 480 (Roche Diagnostics,

Rotkreuz, Switzerland). The DNA quality control was performed

according to the Agilent Genomic DNA ScreenTape assay with

the Agilent 2200 TapeStation system. Templates were diluted or

concentrated to obtain a concentration of 50 ng/lL as required

by Illumina for the amplification step.

KASParTM genotyping

The KASParTM Genotyping System from LGC Genomics� is a

competitive allele-specific dual FRET-based assay for SNP geno-

typing (Cuppen, 2007). Among the 9824 SNPs selected for the

SNP array design, a subset of 50 single-nucleotide polymorphism

sequences (Figure 1c) distributed across the genome were

submitted to LGC Genomics for a KASPar assay design based

on the SNP locus-flanking sequence. The genotyping was

conducted at LGC Genomics following their own protocol and

the genotype calling was conducted with SNPviewer (LGC

Genomics, Hoddesdon, UK).

SNP synthesis and calling

The 9827 selected SNPs were submitted to the Illumina Assay

Design Tool for design score calculation (www.illumina.com) and

8580 of them were successfully synthesized by Illumina manu-

facturing processes. The SNP genotyping assay was performed on

an Illumina� Infinium HD iSelect Custom Genotyping Array

according to the standard Illumina’s protocol, using 200 ng of

genomic DNA per sample. The extension and staining steps were

operated on a Tecan Evo-150 liquid-handling robot. Fluorescence

intensities were read with Illumina� iScan Control software and

allele calling was carried out using the Genome Studio v2.0

software (Illumina Inc., San Diego, CA, USA). All data were

visually inspected and manually re-scored if any errors were

evident in the calling of the SNP clusters by the default algorithm.

Reproducibility error rates were calculated between the control

sample and SNP replicates.

SNP array applications

To evaluate the performance of the Coffee8.5K array, we

genotyped theC. canephora andC. arabicamapping populations,

a set of six C. eugenioides, 17 C. arabica individuals including the

dihaploid Et39 and a Diversity Panel of 27 C. canephora individuals

representative of the species diversity groups, previously geno-

typed with microsatellite markers with known genetic group

assignation (Gomez et al., 2009; P�egard et al., 2014), as well as

uncharacterized individuals from Angola and DRC.

Mapping population and linkage analysis

Two mapping populations were used, one Robusta progeny

based on a F1 cross between BP409 (Congolese hybrid) and Q121
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(Conilon-type derived accession) comprising 93 individuals and an

Arabica F2 segregation population (138 individuals) originating

from a cross between two wild Ethiopian Arabica: Ar8 and Ar36B

(see Mapping Panels, Table S2).

The Robusta (BP409xQ121) genetic linkage map was built

using JoinMap�4.1 software (Van Ooijen, 2011) with the

regression mapping algorithm and the grouping and recombina-

tion settings as described in M�erot-L’Antho€ene et al. (2014). The

Kosambi mapping function was used to convert recombination

frequencies into map distance and the linkage maps were drawn

using MapChart 2.3 (Plant Research International, Wageningen,

Netherlands).

To facilitate the access and use of genome-wide SNPs for

geneticists and breeders, we implemented the MoccaDB v 2.0

database initially published in Plechakova et al. (2009) with new

modules to include information and search tools related to SNPs.

The query results can be visualized as text format in tables

displayed on interfaces, the maps can be viewed and compared

as graphics using the C-Map (http://gmod.org/wiki/CMap) and in

a genome browser (Figure S2).

Linkage disequilibrium

Linkage disequilibrium analysis was performed using the whole-

genome resequencing set of C. canephora Discovery

Panel (n = 12). The linkage disequilibrium decay curve was

calculated as r2, the squared value of the correlation coefficient

of the allelic states of two given polymorphic loci, against biallelic

SNPs with MAF > 0.10 and with <10% missing genotypes

(excluding the virtual pseudo-chromosome 0 of unanchored

sequences) using the PopLDdecay software (Xu et al., 2012).

Transferability to related species (C. arabica, C. eugenioides
and C. canephora) and diversity analyses

Diversity analyses were performed to confirm the resolution

capacity of this array system between accessions on each of the

Diversity Panels (Table S2). The number of usable SNP markers for

each of the three species was scored in relation to the number of

total scorable loci, whereas the level of polymorphic markers was

calculated for each species in relation to their number of usable

markers. Since Et39 is a dihaploid with only one set of

chromosomes from each subgenome, any SNP scored as

heterozygous in Et39 represents polymorphism between the

two subgenomes (Figure 4b). To optimize the estimation of

within subgenomes polymorphism, the proportion of polymor-

phic SNPs within the set of 16 C. arabica was thus calculated

after removing the heterozygous SNPs or SNPs with missing

genotypes in Et39 (Table 1).

Population structure within the C. canephora subset was

analysed using an unsupervised clustering algorithm, sNMF

(Frichot et al., 2014) using the 27 C. canephora accessions

representative of the species diversity including the parents of

the Robusta mapping population. The most likely number of

genetic clusters (K) was determined as the one minimizing the

cross-entropy criterion, for K ranging between 1 and 10 (with 20

estimation runs per K).

Two neighbour-joining dendrograms were constructed based

on the Euclidean distances between genotypes, one for the three

species together (4095 polymorphic markers without missing

data) and the other one for the C. arabica individuals (595 intra-

specific polymorphic markers without missing data). The stability

of each node was evaluated using 100 bootstraps by blocks of

100 SNPs (R package ape) (Popescu et al., 2012).

Assignation of the arabica subgenomes

Coffea arabica contains two diploid genomes Ca and Ea that

originated from two different wild diploid ancestor species,

C. canephora and C. eugenioides (Lashermes et al., 1999). The

similarity of the canephora-derived subgenome Ca to current

C. canephora genotypes and eugenioides-derived subgenome Ea

to current C. eugenioides accessions was evaluated based on the

representative Diversity Panels of both species. Based on 4258

shared SNPs without missing data, Identity-by-state (IBS) dis-

tances were computed between each of the 17 C. arabica

accessions with each individual without admixture of the two

related species. We used haploid genotype downscaling to

mitigate the impact of the polymorphic SNPs in C. arabica that

cannot be precisely assigned to one or the other related species.

Haploid genotypes were randomly drawn for each SNP and each

accession over 200 runs. The IBS distances were averaged over all

runs for each C. arabica accession. The average IBS distances and

their standard deviations were then calculated over all 17

C. arabica accessions.
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