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The Coffee Genome Provides Insight into the Convergent Evolution of 
Caffeine Biosynthesis 
 
Material and Methods 
 
Plant material and DNA preparation 

Although the Coffea genus includes more than 124 species (1), commercial coffee 
production relies exclusively on two related species, C. arabica and C. canephora, which 
account for 65% and 35% of global production, respectively (http://www.ico.org). C. 
canephora (2n=2x=22) is an out-crossing, highly heterozygous diploid, while C. arabica is a 
recent allotetraploid (2n=4x=44) derived from hybridization between C. canephora and C. 
eugenioides(2, 28). The C. canephora accession DH 200-94 was selected for sequencing. 
This accession is a doubled haploid plant produced from the clone IF200 based on haploid 
plants occurring spontaneously in association with polyembryony (29). Young expanding 
leaves from two greenhouse-grown plants at IRD-Montpellier (France) were harvested and 
stored at -80°C prior to DNA extraction. A large quantity of genomic DNA was extracted by 
means of a nuclei isolation step as described in (30, 31). For BAC library construction, high 
molecular weight DNA was isolated from 20g of young leaf tissue as reported in (32).  
 
Genome sequencing 

The genome was sequenced using a whole genome shotgun strategy. All data were 
generated using next generation sequencers (Roche/454 GSFLX and Illumina GAIIx), except 
for sequences of BAC ends that were produced by paired-end sequencing of cloned inserts 
using Sanger technology on ABI3730xl sequencers (Table S1).  
 
Transcriptome sequencing  

Vegetative and reproductive tissues (root, leaves, pistil, and stamen) were taken from 
greenhouse-grown C. canephora plants for RNA isolation. To investigate the effect of the 
growing temperature on the transcriptome, C. canephora plants were cultivated for two 
months in four sets of contrasted growing conditions with different diurnal/nocturnal 
temperatures: 18/14, 23/19, 28/24 and 33/29 °C. In each climatic chamber, the photoperiod 
was set at 12 h per day, humidity at 80-90% and luminosity at 600 µmol photon m-2 s-1. At the 
same time, 3 h after the beginning of the diurnal period, young, fully expanded leaves were 
harvested on two plants (biological replicates) in each growing condition. Finally, perisperm 
and endosperm samples were prepared from fruits collected from C. canephora plants at 
different developmental stages: 120, 150 and 180 days after pollination (DAP) for perisperm, 
and 180, 260 and 320 DAP for endosperm. After collection, the samples were immediately 
flash frozen in liquid nitrogen and stored at -80 °C until RNA extraction. 
 Total RNA was isolated from 1 g of material from each plant. Harvested samples were 
ground in liquid nitrogen and the powders suspended in 20 ml of an extraction buffer (5M 
guanidinium isothiocyanate, 31 mM sodium acetate (pH 8), 1% β-mercaptoethanol, 0.88% 
(w/v) N-lauroyl sarcosine and 1% (w/v) polyvinylpyrrolidone -PVP40-). The solutions were 
centrifuged at 15,000 g for 20 min at 4 °C. RNA was purified on a 5.7 M cesium chloride 
layer (18,000 g for 20 h at 20 °C). The RNA pellets were rinsed twice with 70% (v/v) ethanol, 
and dissolved in 100 µl of RNAse-free water. The quality and the concentration of extracted 
RNA samples were determined using the Agilent DNA1000 (Agilent, Santa Clara, CA, 
USA). 
 Using Illumina GAII technology, either 72-nt or 100-nt reads were generated from 
libraries derived from a subset of the RNA samples The reads were aligned using BWA 
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(version 0.7.2, BWA-MEM algorithm) (33) against the C. canephora 25,574 protein-coding 
gene models used as reference transcriptome. Uniquely mapped sequence counts were 
processed using the “DESeq” package (34) to estimate the transcript level. The count data 
were normalized on the total number of counts, taking the variance and the mean of the 
biological replicates into account. For each sample, the normalized expression level for each 
gene of the reference transcriptome was expressed as reads per kilobase of transcript sequence 
per million mapped reads (RPKM). For each gene, the fold change of the gene expression 
between conditions was analyzed and the statistical significance estimated using an adjusted 
pvalue for multiple testing (Benjamini-Hochberg method). 
 
Genome assembly and automatic error corrections with Solexa/Illumina reads 

454 reads and Sanger BAC ends were assembled using Newbler version 
MapAsmResearch-04/09/2010-patch-18/17/2010. From the initial 54,415,922 reads, about 
86.31% were assembled. Following removal of contaminants, 91,439 contigs were assembled 
and linked into 13,345 scaffolds. The contig N50 was 14.8 kb, and the scaffold N50 was 
1.3Mb (Table S2). The cumulative scaffold size was 569.4 Mb, about 20% smaller than the 
estimated genome size of 710 Mb. The C. canephora cDNA unigene resources were aligned 
with the assembly using the Blat (35) algorithm with default parameters, and only the best 
match was kept for each unigene. The assembly contains 94% of the 56,216 Coffea unigenes, 
confirming the high coverage of the genome. 
 One way to improve the 454 assembly is to complement it with another type of data 
with a different error type bias, as described previously (36). Short-read sequences (around 
55X of paired-end reads and 10X of single-end reads) were aligned on the C. canephora 
genome assembly using BWA (33). Only uniquely mapped reads were retained. Each 
difference was then considered and kept only if it met the following three criteria: (1) an error 
was not located in the first 5 bp or the last 5 bp of the read, (2) in terms of the quality of the 
bases being considered, the previous and the next base were above 20, and (3) the remaining 
sequences around the error (before and after) were not homopolymers (to avoid misalignment 
at boundaries). In the next stage, pile-up errors located at the same position were identified, 
particularly errors that occurred within homopolymers (since two reads that tag the same error 
can report different positions). Finally, each detected error was corrected if at least three reads 
detected the given error (in both orientations) and 70% of the reads located at that position 
agreed. Since we only allowed uniquely mapped reads, several regions were devoid of 
Illumina reads. In a first step, one or several errors were corrected, and during subsequent 
iterations of the strategy, regions devoid of Illumina reads were also covered. During the first 
step, 119,010 nucleotides were corrected, and during the second step, reads were mapped on 
the corrected scaffolds from the first step and 32,380 errors were corrected. We decided to 
stop the iteration after eight cycles. 
 Gaps between consecutive contigs were filled using the GapCloser software (from 
SOAPdenovo package (37)) and Illumina paired-end reads. This last step greatly improved 
the contig contiguity as well as the completeness of the genome assembly; as a consequence 
the N50 went from 14.8kb to 50kb, and the proportion of N decreased from 24 to 17% (Table 
S2).  
 
Validation of the structural integrity of the genome assembly  

The 454 mate-pair data were used to assess the structural accuracy of the de novo 
genome assembly. Filtered 454 mate pair reads from all the library classes – short (3 kb), 
medium (8 kb) and long-span (13 kb) – were aligned to the scaffolds using BLASTN. In order 
to ensure unambiguous mapping, only sequences of at least 30 nucleotides that aligned to a 
unique location with a coverage of 90% or more and an identity of 95% or better were used. 
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In total, 26.95% of the mate-pairs could be aligned to a unique position on the scaffolds using 
these stringent criteria (Figure S1A). Pairs of sequences that aligned to a single scaffold with 
an incorrect orientation were considered indicators of potential misassemblies. In total, only 
7,926 out of 6,385,814 filtered mate-pairs (0.12%) aligned inconsistently with the assembly, 
indicating its overall accuracy. These data are consistent with other high-quality genome 
assemblies using next generation sequence data, such as tomato (10). Next, the average span 
distance of mate-pairs mapping on the same scaffold was computed to provide a further 
estimate of the assembly accuracy. The histogram derived shows that approximately 95% of 
the uniquely and correctly mapped pairs have a span within ±2 kilobases (Kb) from the 
calculated average for each library class (Figure S1B). 
 Additionally, we searched for Coffea canephora bacterial artificial chromosome 
(BAC) sequences to validate the scaffolding. Seven BACs from the sequenced genotype 
(HD200-94) were found, among which only four could be used (for the three others, the 
contigs have been ordered on the BAC using the genome assembly), JX227993(38), 
HQ696507, HQ696512, HQ696513 (39), all corresponding to the same genomic region, SH3 
(R-genes cluster). Two BACs from another clone (IF126) were also used, HM635075 (BAC 
111018, ovate locus) (40) and EU164537 (ethylene receptor) (41). We aligned the assembled 
scaffolds and the BACs using MUMmer (nucmer) (42) and checked the colinearity on a 
dotplot (Figure S2). In all cases, BACs and scaffolds are colinear, which confirms the 
organization of contigs inside scaffolds (gaps are displayed in grey on the y axis). In one case, 
a small scaffold (scaffold1573) could have been included in the gap of a larger scaffold 
(scaffold3), and in another case the BAC sequence confirms the anchoring of scaffolds 
(scaffold8 (+) is followed by scaffold7 (-) on the chr7 pseudomolecule). In conclusion, 
although the BAC dataset is small, it provides independent support for the validity of the 
assembly. 
 
Construction of a high-density genetic map 

A consensus high-density genetic map of C. canephora was developed (43, 44) based 
on a F1 cross between two highly heterozygous genotypes, a Congolese group genotype 
(BP409) and a Congolese x Guinean hybrid parent (Q121). The segregating population was 
composed of 93 F1 individuals. Several types of markers were used in this coffee mapping 
population, including Restriction Associated DNA sequencing (RADseq). RFLP mapping 
was performed using eight restriction enzymes (DraI, EcoRV, HindIII, HaeIII, RsaI, ScaI, 
HincII and PvuII). Several sources of molecular markers were used from EST and genomic 
libraries (45, 46, 32). SSR primer pairs were designed to obtain a range of PCR amplicon 
lengths from 100 to 300 bp in genomic libraries and EST databases. Allele detection was 
obtained using an ABI Prism 3500 analyzer. SNPs identified in sequenced amplicons from 
the two parents were mapped using the MGB TaqMan or HRM technologies. Progeny 
genotyping was performed using allelic discrimination assays. Analysis of results was done 
using a LightCycler 480. The RAD libraries were made from digestion of DNA using two 
restriction enzymes, NsiI (6-base cutter) and MseI (4-base cutter). The fragments (150 - 500 
bp) were selected to ligate to two adaptors including one with a tag for each progeny. Equal 
amounts of amplicons from each individual were pooled to build Illumina RNA-Seq libraries 
with individual tags for each library. Co-segregating markers within 50 Kb regions (< 1 cM) 
based on the aligned template scaffold were sorted as bins. One marker from each bin was 
selected for genetic mapping. 
 The linkage analysis and map construction were performed using JoinMap software 
version 4.1 (47) using LOD threshold of 5 and Kosambi’s function (48) to calculate genetic 
distance between two loci. A consensus genetic map was built using the F2 segregating loci 
as anchor markers in order to merge the two homologous parental linkage groups. The final 
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high density C. canephora map comprises 3,230 loci distributed on 11 linkage groups coded 
from A to K (Table S3). The genetic map covers 1,471 cM, with an average interval between 
two adjacent mapped markers of 0.46 cM. Only one important genetic gap (12 cM) was 
observed on linkage group J. 
 
Scaffold anchoring 

All available sequence-based markers from the consensus genetic linkage map were 
BLAST-aligned against the scaffolds. Sequence-based markers were filtered out and only 
markers presenting a single hit were retained. More precisely, a hit was taken into account if 
its HSPs showed a minimal identity per cent of 90%, conformed to a maximal distance of 
3,000 bp between HSPs, and displayed a cumulated size greater than or superior to 60% of 
the marker-sequence length. 1,295 markers were unambiguously located on the assembly and 
used in combination with 1,644 RADseq markers to anchor and orient the scaffolds along the 
C. canephora pseudomolecules. A total of 349 scaffolds covering approximately 364 
megabases (Mb) (64% of the assembled genome sequence) were anchored to the 11 C. 
canephora chromosomes, among which 139 representing 290 Mb (51% of the assembled 
genome) were both anchored and oriented. 98% of the 100 largest scaffolds and 96.4% of 
scaffolds larger than 1Mb were anchored on chromosomes. As such, the coffee genome 
assembly can be considered rather complete, with only a small fraction of genes potentially 
missing from total scaffolds. The overview of the assembly anchoring on the genetic map is 
reported in Table S4. 
 
Pseudomolecules 

The 349 anchored scaffolds were joined to generate 11 pseudomolecules (Figure S3) 
that were named according to the linkage group nomenclature. Each scaffold join was denoted 
with 100 N base pairs. 139 mapped scaffolds have known orientation along the 
pseudomolecules while the remaining 210 mapped scaffolds were assigned a random 
orientation. 12,996 scaffolds (totaling 204 Mb) remain unmapped in the current genome 
release and were grouped arbitrarily into a pseudomolecule named “Un” (for “unknown”), 
each scaffold being joined by 100 Ns.  
 
Comparing physical to genetic map distance 

All available sequence-based markers were mapped onto the 11 pseudomolecules. As 
can be seen (Figure S3), there is considerable variation in the physical:genetic map distance 
ranging from 67 kb/cM on distal end of pseudomolecule 11 to over 4 Mb/cM on the central 
part of pseudomolecule 3. In general, crossing-over frequency appears negatively correlated 
with the density of repeat sequences. The greater the retrotransposon density is, the higher the 
ratio between physical and genetic distances. 

 
Protein-coding gene annotation 
Repeat masking 

Most of the genome comparisons were performed with repeat-masked sequences. For 
this purpose, we searched and sequentially masked several kinds of repeats using the 
Repeatmasker software (49):  
- Known plant repeats and transposons available in Repbase (50) 
- Tandem repeats with the TRF program (51)  
- 653 known TEs of C. canephora  
As a result, 38% of the assembled bases were masked. 
In addition, RepeatScout (52) was run to detect repeats ab initio. 
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Protein mapping 
The Arabidopsis thaliana (TAIR 10, 2011/01/03 release), Solanum tuberosum 

(http://potatogenomics.plantbiology.msu.edu/, release v3.4), Solanum lycopersicum 
(ftp://ftp.kazusa.or.jp/pub/tomato/) and Vitis vinifera proteomes as well as Gentianales 
proteins contained in UniProt (version available at 23-Jan-2012) were used to detect 
conserved proteins in the C. canephora genome. As Genewise (53) is time-greedy, the 
proteomes were first aligned with the C. canephora genome assembly using BLAT (35). 
Subsequently, we extracted genomic regions in which no protein hit had been found by BLAT 
and realigned proteins with more permissive parameters. Each significant match was then 
refined using Genewise in order to identify exon/intron boundaries. 
 
Ab initio predictions: SNAP and FGenesh 

Two ab initio gene prediction softwares: SNAP (54) and FGENESH (55) were used to 
predict gene models on the C. canephora genome assembly. SNAP was trained with Gmorse 
gene models. 
 
Coffea public cDNAs 

A collection of 255,032 cDNA sequences from the genus Coffea (taxon id 13,442, 
including 174,715 sequences from C. arabica and 65,738 sequences from C. canephora 
available in EMBL version 27/01/2012) was first aligned with BLAT onto the assembly, and 
then only the best matches (with % identity > 90%) for each read were selected. In a second 
step, each match was extended by 1 kb on each end, and realigned with the cDNA sequence 
using the Est2genome software (56). 90.80% of C. arabica ESTs were mapped, with an 
average % identity of 98.12% (after Est2genome); likewise, 94.15% of C. canephora ESTs 
were mapped, with an average % identity of 98.35%. 
 
Coffea. arabica cDNAs 

Two sets of 454 reads were assembled separately using Newbler, generating 6,302 
contigs (N50 = 1,043 bp) for C. arabica var. Caturra and 13,206 contigs (N50 = 1093 bp) for 
C. arabica var. Bourbon. These contigs were then aligned onto the C. canephora genome 
assembly with BLAT, and only the best matches (with % identity > 90%) for each read were 
selected. Then, each match was extended by 1 kb on each end, and realigned with the read 
using the Est2genome software (56). 
 
Coffea canephora UniGenes 

A C. canephora UniGene reference database was built with transcripts from the “SGN 
coffee UniGene build III” (16,046 clusters, SOL), the “Brazilian Coffee Initiative” (16,801 
clusters) (57) and the “French C. canephora sequencing consortium” (52,683 clusters). The 
first two resources are the result of Sanger sequencing (about 78,470 ESTs from various 
tissues), the latter of deep Illumina sequencing (approximately 118 million 76 bp reads of 
total RNA isolated from leaf, stem and flower tissues of the accession 200-94. The assembly 
of these 3 resources was made using the CAP3 software (http://seq.cs.iastate.edu/) with 
default parameters. Redundancy among contigs was investigated using BLAST (i.e., all-
against-all sequence comparison). Duplicates (i.e., more than 95% identity on more than 97% 
of sequence length) were removed, keeping the longest sequences. A total of 56,216 non-
redundant clusters were retained with an average length of 663 bp. The UniGene set was first 
aligned with the C. canephora genome assembly using BLAT (35). BLAT alignments 
between translated genomic sequences and translated transcript sequences were performed 
using default parameters. For each alignment, a minimal percentage identity, set to 90%, was 
required. For each UniGene sequence, the best match and all matches with a score within 

http://potatogenomics.plantbiology.msu.edu/
ftp://ftp.kazusa.or.jp/pub/tomato/
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90% of the best match score were retained. Then, to refine BLAT alignments, we used 
Est2Genome (56). 
 
RNA-Seq and Gmorse  

RNA-Seq reads from the C. canephora accessions 200-94 (stem and flower, young 
and old leaves) and BD54 (leaves) were obtained by sequencing cDNAs using Illumina 
technology at either Genoscope (accession 200-94) or MGX-Montpellier (accession BD54). 
The single-end reads obtained were 76 nucleotides long. Finally, 355,191,128 reads were 
mapped to the C. canephora genome using BWA (33) with default parameters. Reads that 
aligned on exon-exon junctions could not be mapped to the genomic sequence. To improve 
read mapping, we split 80 bp unmapped reads into two parts of 40 bp and again launched the 
mapping using SOAP2(58). This resulted in the mapping of 32,278,671 fragments of 40 bp. 
Using the mapped and unmapped reads, we launched the Gmorse software (59). We obtained 
930,181 transcript models with a plausible coding sequence (CDS greater than 50 amino 
acids), clustered into 162,177 loci. Furthermore, to generate gene expression data, additional 
transcriptome sequencing was performed using a set of various samples (Table S5).  
 
Integration of resources using GAZE 

All resources described here were used to automatically build C. canephora gene 
models using GAZE (60). Individual predictions from each of the programs (SNAP, 
FGENESH, Genewise, Est2genome, Gmorse) were broken down into segments (coding, 
intron, intergenic) and signals (start codon, stop codon, splice acceptor, splice donor, 
transcript start, transcript stop). 

Exons predicted by ab initio software packages – Genewise, Est2genome and Gmorse 
– were used as coding segments. Introns predicted by Genewise, Est2genome and Gmorse 
were used as intron segments. Intergenic segments were created from the span of each 
mRNA, with a negative score (forcing GAZE not to split genes). Predicted repeats were used 
as introns and intergenic segments, to avoid prediction of genes encoding proteins in such 
regions. The entire genome was scanned to find signals (splice sites, start and stop codons). In 
addition, transcript stop signals were extracted from the ends of mRNAs (polyA tail 
positions). 

Each segment extracted from a software output that predicts exon boundaries (such as 
Genewise, Est2genome, or ab initio predictors) was used by GAZE only if GAZE chose the 
same boundaries. Each segment or signal from a given program was given a value reflecting 
our confidence in the data, and these values were used as scores for the arcs of the GAZE 
automaton. All signals were given a fixed score, but segment scores were context sensitive; 
coding segment scores were linked to the percentage identity (%ID) of the alignment, and 
intronic segment scores were linked to the %ID of the flanking exons. A weight was assigned 
to each resource to further reflect its reliability and accuracy in predicting gene models. This 
weight acts as a multiplier for the score of each information source, before processing by 
GAZE. Finally, gene predictions created by GAZE were filtered according to their scores and 
lengths. An additional filter was applied to remove genes corresponding to mitochondrial and 
chloroplast insertions; chloroplast and mitochondrial sequences were aligned to the genome 
and to the annotated transcripts, which identified 746 chloroplast and 289 mitochondrial 
regions in the genome, covering 700,869 and 430,786 bp, respectively (for which GAZE gene 
predictions were discarded). The final C. canephora annotation contains 25,574 gene models 
(Table S6). 
 



 
 

7 

Annotation validation  
In order to validate the annotation, the 25,574 C. canephora proteins were BLASTed 

against the Arabidopsis proteome (TAR10, 27,416 proteins), alongside that of tomato 
(iTAG2.3, 34,727 proteins) and grape (V. vinifera) (UniProt, 29,836 proteins) (10). Most of 
the Coffea proteins showed similar lengths to their Arabidopsis counterparts. Only 8% of 
predicted Coffea proteins did not find a match in Arabidopsis, as compared to 18% of tomato 
and 14% of grape. These comprise species-specific proteins, but probable misannotations as 
well (Figure S4). Overall, the data suggest that the annotation is of comparable quality to the 
iTAG tomato and potato annotations (10). 
 As another quality check, 63 families of transcription factors (TF) were annotated 
using protein-coding sequence and InterPro domain (IPR) scans available in the GreenPhyl 
database (InterPro v28). Most families showed similar sizes to those of other sequenced plant 
genomes (Table S7), although a notable expansion of the RWP-RK family (IPR003035) was 
observed. 
 
Functional annotation and categorization of the coffee genome 

All coffee gene models were functionally annotated by assigning their associated 
generic Gene Ontology (GO) terms and Enzyme codes (EC) through the Blast2GO program 
(61), based on homology to proteins from other species as determined by BLAST and the 
occurrence of INTERPRO functional domains identified by INTERPROSCAN. Annotations 
were further expanded using ANNEX (62). The following settings were used: BLAST 
searches were conducted for each protein (BLASTX, nr database, HSP cut-off length 33, 
report 20 hits, maximum e-value 1E-10), followed by mapping and annotation (e-value hit 
filter 1E-10, annotation cut-off 55, GO weight 5, HSP-hit coverage cut-off 20). Note that a 
gene might have more than one distinct function and therefore might be annotated with more 
than one GO functional category or EC code. To have a broader overview of functional 
annotation, the resulting GO terms were also mapped onto the corresponding Plant GO slim 
terms. We performed significance analyses of differential distributions of GO terms in subsets 
of coffee genes versus GOs for the entire genome by means of Fisher's exact test. To control 
for multiple testing, the resulting p-values were corrected by means of Benjamini and 
Hochberg (63). 
 
Identification of clusters of orthologous genes using OrthoMCL 
 As a prerequisite to comparing gene content of C. canephora to other organisms at the 
whole genome scale, we constructed families of homologous proteins from all sequences of 
C. canephora and a representative sample of eudicot organisms, i.e., Arabidopsis thaliana 
(TAIR, release 10), Vitis vinifera (Genoscope, release 1) and Solanum lycopersicum (ITAG, 
release 2.3). The complete dataset represents 118,151 protein coding gene sequences. 
We first removed 7,057 highly similar paralogous genes using the CD-HIT algorithm (64). 
Transposable elements were filtered out by using BLASTP (65) against RepBase, 
corresponding to 3,361 sequences. Finally, an all-against-all comparison using BLASTP was 
performed with an e-value cut-off of 1e-10. Clustering was then performed based on a 
Markov cluster algorithm (MCL) using OrthoMCL (66) (version 1.4) with default parameters.  

81,837 of 107,733 protein sequences (76.0%) were clustered into 16,917 orthologous 
groups. Of the 25,574 protein-coding genes predicted for C. canephora, 18,451 were 
clustered into a total of 13,545 groups. 1,475 genes were clustered into 430 clusters specific 
to C. canephora, of which 1,155 have at least one InterPro domain. A Venn diagram 
representing these data is shown in Figure S5.  
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Non-coding gene annotations  
Sequences of mature plant miRNAs were retrieved from the Plant MicroRNA 

Database (67) and used as queries to search the C. canephora genome assembly using the 
LeARN pipeline (68) with default parameters (gap_value=2, mm_value=1, gu_value=0.5, 
score_threshold=3, min_length_alignment=20 and no_mismatch_positions=10;11).  

A list of 92 microRNAs precursors with their predicted hairpin structures were 
computationally predicted from 33 families based on sequence similarity with known 
miRNAs in PMRD (Table S8). As their identifications were based on the sequence homology 
with other plants, the miRNA population size in Coffea canephora is likely underestimated.  

miRNA families identified in Coffea are deeply conserved among plant phyla. 
According to the phylogenetic classification done by Cuperus et al. (69), eight families were 
already present in the common ancestor of embryophytes, one in tracheophytes, two in 
spermatophytes, and 21 in the angiosperms (Table S9). Only one was found to be specific to 
the eudicots (miR2111, Table S9). 
 
Organelle-derived sequences 

The exchange and redistribution of genetic material among the mitochondrial, plastid, 
and nuclear genomes has been a major force in shaping plant genome evolution. Organelle-
derived sequences, collectively referred to as nuclear organelle DNA (norgDNA), are 
abundant in sequenced plant genomes, and organelle to nucleus transfers are still on going. 
Most norgDNAs are less than 1 kb in length (70-72) with several notable exceptions, 
including a 620 kb fragment of nuclear mitochondria DNA (NUMT) found on chromosome 2 
in Arabidopsis (73, 74), and a 131 kb fragment of nuclear plastid DNA (NUPT) on 
chromosome 2 in rice (75). The turnover of organelle-derived fragments is high; an estimated 
80% of the norgDNA insertions are lost within a million years of integration (76).  

Organelle-derived fragments were identified in the C. canephora genome using the 
published C. arabica chloroplast genome (GenBank ID: EF044213.1) and the Nicotiana 
tabacum mitochondrial genome (GenBank ID: BA000042.1), as the C. canephora organelle 
sequences remain unassembled. A total of 2,014 NUPT insertions were identified in the C. 
canephora genome. NUPT fragments are distributed randomly throughout the genome and 
range in size from 100 bp to 16,000 bp (Figure S6). Interestingly, ten fragments are larger 
than 10kb and 25 fragments are larger than 5 Kb. This contrasts with the relatively small 
NUPT fragments identified in grape, soybean, Arabidopsis, sorghum, and rice, but is 
comparable to fragments found in maize (77). NUPT fragments collectively represent about 
0.16% of the C. canephora genome, which is comparable to other sequenced plant genomes. 
We calculated the divergence times of NUPT fragments to estimate their relative age and time 
of insertion. The synonymous substitution rate per synonymous site (Ks) between the inserted 
and published chloroplast genome sequences was used with the molecular clock from 
Arabidopsis (7 x 10-9 substitutions per synonymous site per year) to calculate divergence 
times.  

NUPT fragments show a range in insert times from 0-14 million years ago (Mya). 
Older fragments are either too divergent to identify, or were subjected to shuffling and 
elimination mechanisms. Thirty per cent of NUPT fragments have an estimated age of less 
than 2 Mya, suggesting NUPT integrations are frequent and ongoing in the C. canephora 
genome. Longer fragments have the lowest divergence (Figure S7), suggesting insertions are 
quickly fragmented and shuffled following integration.  
 
NUMT fragments were identified using the N. tabacum mitochondrial genome. Plant 
mitochondrial genomes have largely conserved gene content, but differ extensively in size, 
gene order, repeat composition, and chloroplast genome transfers. Estimates for NUMT 
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insertions are thus likely to be underestimations because of differences between the tobacco 
and C. canephora mitochondrial genomes. Nonetheless, 559 insertions were identified, 
summing to over 900 Kb or 0.15% of the assembled genome. NUMT insertions are on 
average significantly smaller than NUPT insertions, with one notable exception. A 750 Kb 
cluster of NUMT fragments was identified in unanchored scaffold 158. Organelle insertions 
preferentially integrate into the highly repetitive pericentric region of chromosomes, likely 
explaining why this scaffold is unanchored using markers from the genetic map. The cluster 
of NUMT fragments contains 21 genes and 5 gene fragments, representing around half the 
estimated gene content of the mitochondrial genome. This NUMT cluster is the largest 
identified to date in any sequenced plant genome, with the only other large fragment reported 
being a 620 kb fragment on chromosome 2 in Arabidopsis and a 108 kb fragment on 
chromosome 1 in maize. This may suggest an alternative integration mechanism for 
organelle-derived sequences in the coffee genome.  
 
Identification, classification and distribution of Transposable Elements in the C. 
canephora genome 
De novo TE identification 

The REPET TEdenovo package (v2.1) was used to de novo identify TEs in C. 
canephora contigs (78). 25,217 contigs were used for self-comparison with PILER. After 
clustering, 6,812 reference sequences were kept and classified according to the REPBASE 
database (http://www.girinst.org/repbase/) and our manually annotated TE library. Elements 
were classified according to Wicker et al. (79) and each class was investigated to confirm the 
quality of prediction. On the 6,812 reference sequences, 6,414 fell into Class I elements 
(94%). We observed that de novo detection found a very low number of Class II transposons, 
few MITEs, and few SINEs, but a huge number of LTR retrotransposons (RLG and RLC) and 
non-autonomous LTR retrotransposon (RXX, TRIM and LARDS) reference sequences 
(Figure S8). Gypsy (RLG) and Copia (RLC) sequences were clustered into 189 RLC and 388 
RLG clusters according to the rules from Wicker et al. (79). 

The TEdenovo dataset is composed of 6,812 reference sequences for which 1,393 
were classified as “chimeric” (elements with more than one TE classification). These 
elements could be nested TEs, and they were removed from the dataset for further analysis. 
Each category found by TEdenovo was investigated and compared to previous TE 
identifications. Comparisons were first performed with the TE manual library. We found that 
77% of the reference sequences predicted by TEdenovo have strong similarities with the TE 
manual library. Most of them (90%) have identical classification between both databases. 
Differences in classification were mainly due to unidentified nested elements within manually 
annotated sequences. 
 
TE annotation along the C. canephora pseudomolecules 

We used the 5,363 non-chimeric repeats predicted by TEdenovo to annotate the C. 
canephora pseudomolecules. Results were combined with previous mapping analysis. In total 
we found that TEs account for half of the coffee pseudomolecules (49.2%, Table S10). LTR 
retrotransposons represent 42% of the sequenced genome. Among them, the Ty3-Gypsy 
family represents the largest part (24.1% of the genome). All known classes of plant TEs are 
present in the genome, but none of these represent a significant part of it (Table S10). The 
distribution of TEs was plotted and compared to gene density (Figure S9). As observed in 
other plant genomes and already suggested for coffee (32), there is an inverse relationship 
between gene density and repetitive sequences. 
 

http://www.girinst.org/repbase/
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Conservation of LTR retrotransposon groups in other plant genomes: new cases of 
outstanding conservation of Ty1/Copia elements between plant genomes  

All LTR retrotransposon groups (with the exception of RLX) were used as queries to 
perform BLASTN searches against a selection of 33 available sequenced plant genomes 
retrieved from NCBI and Phytozome as follows: 24 dicotyledonous genomes - Nicotiana 
sylvestris, Solanum lycopersicum, (tomato), Solanum tuberosum (potato), Mimulus guttatus, 
Utricularia gibba (bladderwort), Vitis vinifera (grape), Cucumis sativus, Citrullus lanatus 
(watermelon), Fragaria vesca (strawberry), Prunus persica (peach), Malus domestica (apple), 
Medicago truncatula, Cicer arietinum (chickpea), Lotus japonicus, Glycine max (soybean), 
Phaseolus vulgaris (common bean), Populus trichocarpa (poplar), Manihot esculenta 
(cassava), Ricinus communis, Theobroma cacao (cacao), Carica papaya (papaya), 
Arabidopsis thaliana, Brassica rapa (rapeseed), and Citrus clementina (clementine); 7 
monocotyledonous genomes - Phoenix dactylifera (date palm), Elaeis oleifera (oil palm), 
Musa acuminata (banana), Zea mays (maize), Sorghum bicolor (sorghum), Brachypodium 
distachyon (false brome), and Oryza sativa (rice), and two other genomes: Amborella 
trichopoda (a basal angiosperm) and Selaginella moellendorffii (a non-angiosperm). The best 
BLASTN bit scores for each LTR retrotransposon group used as query are plotted on the y 
axis of a graphic composed of all ordered LTR retrotransposon groups on the x-axis (Figure 
S10; in blue are all Copia groups and in green, all Gypsy groups). High BLASTN bit scores 
(higher than 3000) were observed for some Ty1-Copia groups in Mimulus, common bean, 
poplar, castor bean, clementine and banana, while scores for Ty3/Gypsy groups remained low 
for all studied species. The conservation of LTR retrotransposons was studied in detail in the 
M. acuminata genome (80). Thirteen C. canephora sequences from the Ty1/Copia group were 
found to be conserved with sequences from the banana genome with a score higher than 2000. 
All of them belong to the Tork clade (Figure S11).  
 
Measurement of gene order evolution 

The measurement of gene order evolution through the comparison of genomes is 
complicated by WGDs – whole genome duplication or triplication events. There may be 
several orthologs in one genome of single-copy genes in another genome, and these paralogs 
may each have retained or changed their gene order contexts in different ways. Moreover, 
after WGD there is paralog loss on a massive scale, deleting gene copies by the process of 
fractionation (81). This results in the scrambling of gene order (82), considering the order of 
genes along a chromosome as a piecing together of gene adjacencies.  

We deal with gene order changes in the context of fractionation through a 
measurement of excess adjacencies in the comparison of two genomes (82, 83). Examining 
only the genes with at least one ortholog in the other genome, the numbers of different gene 
adjacencies (respecting gene orientation) in each genome, a1 and a2, respectively, are 
compared with the total number of different gene adjacencies in the two genomes a1,2. If 
a1=a2=a1,2, the two genomes are identical, or differ only through polyploidy. If, at the other 
extreme, the two genomes have gene orders that are completely scrambled, then a1,2=a1+a2. 
Then  
 

D1=a1,2 - a1 and D2=a1,2 - a2 
 
are measures of genomic divergence, while  
 

d1=D1/a1,2 and d2= D2/a1,2 
 
are normalized measures of genome divergence. 
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The traditional ways of assessing gene-order evolution, such as breakpoint distance, 
reversal/translocation distance or double-cut-and-join, lose their motivation – as measures of 
genome rearrangement – when fractionation is a major cause of gene-order disruption. Excess 
adjacencies D or normalized excess adjacencies d are more appropriate measures in this case. 

We will refer to two sister genomes, one having undergone a WGD (or triplication) 
and one having escaped it, since their divergence, as a polyploid and diploid, respectively.  

We wish to remove the effects of fractionation on gene-order disruption, so that the 
effects of rearrangements can be discerned. Rearrangement is the component of gene order 
change we need to measure, being most regularly associated with genome divergence. Thus, 
in comparing a diploid genome with a sister polyploid (e.g., hexaploid), the correction is done 
by identifying each fractionation interval I0, which is a set of contiguous genes in the diploid 
whose orthologs are also present in single copies only in the hexaploid but partitioned among 
two or three contiguous subsets (intervals) I1, I2 and sometimes I3 at different locations in the 
genome. An efficient consolidation algorithm makes this task feasible in reasonable 
computing time (83). Then the three subsets I1, I2, I3 in the polyploid are consolidated, and 
they and I0 are each replaced by a dummy or virtual gene, all identically labelled, say as C.  

Eventually all the single-copy genes in the polyploid are incorporated into virtual 
genes. For the purposes of gene-order comparison, replacing all the smaller subsets in the 
polyploid with the identical virtual gene as in the diploid, removes all the excess adjacencies 
caused by fractionation within the subsets. When this is done, most of the remaining excess 
adjacencies are indicative of gene-order evolution by rearrangement. There is one important 
class of exceptions: when I3 is absent, we can imagine that in the original polyploid there 
were three copies of all the genes in I0, arranged in three contiguous intervals, but that through 
fractionation, one of these intervals has been completely lost. There will be no direct evidence 
of the position it originally occupied; instead there will be a new adjacency, which will be 
counted as an excess adjacency, again caused by fractionation and not by rearrangement.  

In most cases we can correct this problem using syntenic context to identify the 
position of the annihilated, or “null”, I3, and to insert C into that position, reducing by 1 the 
number of excess adjacencies not due to rearrangement.  

As an example of applying our method to compare coffee and grape to tomato, we 
first need to identify orthologs between each of the diploids and tomato (10). To do this we 
use the SYNMAP package (84) on the COGE platform (85), which combines sequence 
similarity with syntenic context to produce comparative maps between two genomes, 
including comparative gene orders for suitably annotated genomes. We then apply the OMG! 
procedure (86) to resolve the small number of output gene groups with more than one 
member in the diploid genome or more than three in tomato. 

We first note in Table S11 that the severe criteria for both sequence similarity and 
syntenic context limit the number of genes detected to less than 40% of the total number in 
the genomes. The remaining genes either show no orthology in the other genome, or have not 
remained in an evolutionarily stable syntenic context in one or both of the genomes. The fact 
that more orthologs and tomato paralogs were retained in the coffee comparison is an 
indication of the more recent shared lineage between these two genomes, and of their earlier 
divergence from grape. This is bolstered by the fact that gene similarity scores reported by 
SYNMAP average 74.4% for coffee/tomato, significantly higher (p < 10-20) than the 73.5% for 
grape/tomato, despite the fact that grape is thought to be the most slowly evolving among the 
sequenced core eudicots (87), although not as slow as Nelumbo nucifera (sacred lotus), a 
more basal eudicot (88).  
 



 
 

12 

Coffee-specific gene family size changes  
It is well-known that, in moderately-sized families, genes are gained by tandem gene 
duplication and lost by deletion (or pseudogenization), by the so-called birth and death (BD) 
process (89). Both birth and death have density-dependent rates (90), because the probability 
of having a gain or loss event depends on the number of members (e.g., the higher the number 
of gene copies, the higher the probability of having a gene duplication by unequal crossing 
over). However, such density-dependence of the birth rate imposes some limitations to the 
applicability of the BD model in genome-wide studies. First, gene families are often defined 
by automated methods such as OrthoMCL (66) that cluster divergent gene families into small 
orthogroups. In species-specific orthogroups, the BD model cannot be applied (91), since no 
duplications can arise from zero ancestral members (i.e., zero is an absorbing state). Second, 
the stochastic BD model only accounts for single-gene duplications (92), and thus it is not 
suitable to model WGD events (which are relatively common in plant species). To circumvent 
these problems, we thus applied the gain and death (GD) stochastic model, as implemented in 
the BadiRate program (11). Unlike the birth rate, the gain rate is density-independent, and 
accounts for all gene acquisitions, regardless of whether they originated by tandem gene 
duplication, exon shuffling, WGD, or any other molecular mechanism. Additionally, this 
stochastic GD model provides the appropriate statistical framework for testing biologically 
relevant hypotheses. 

To detect species-specific rates of gene gain and death (GD), we compared the fit of 
different branch models to the data: (i) a global rates model (following the BadiRate notation, 
the GD-GR-ML model), where all lineages share the same GD rates, (ii) a species-specific 
rates model (GD-SSR-ML), where GD rates might vary in a given focal species, and (iii) a 
free rates model (GD-FR-ML), where each lineage can exhibit particular GD rates. We 
evaluated the strength of evidence of the six branch models (a GD-SSR-ML for each one of 
the four focal species, a GD-FR-ML and a GD-GR-ML) via the weighted Akaike Information 
Criterion (wAIC). In particular, we considered that a branch model has significant support if 
its wAIC ratio is 2.7 times higher than the second best fit branch model (93). Nevertheless, 
this test only allows detecting gene families with species-specific GD rates. To determine 
whether such significantly different rates correspond to expansions or contractions, we 
compared the number of family members in the extant species with those in its most recent 
common ancestor (its parent node in a phylogenetic tree). If the net size change is positive, we 
consider a gene family size change an expansion, and vice versa. This analysis was performed 
using the BadiRate–anc option, which conducts a joint ancestral reconstruction of the gene 
family sizes at all the internal nodes of the phylogenetic tree. 

Since the low amount of phylogenetic information per gene family (relative to the 
number of parameters) might yield local maxima during the likelihood optimization, we also 
implemented some modifications to the BadiRate program, including a more comprehensive 
assessment of the likelihood values on a wider parametric space, and the possibility of using 
more accurate initial starting values. In particular, since the GD-GR-ML model is a specific 
case of GD-SSR-ML, we used the best GD-GR-ML estimates as initial values for GD-SSR-
ML. Likewise, we used the best GD-SSR-ML estimates as starting values for GD-FR-ML. To 
accomplish a more thorough exploration of the parametric space, we also performed 
additional computer replicates, using random and parsimoniously inferred starting values. For 
each family, the GD-GR-ML model was run 5 times, while the GD-SSR-ML and the GD-FR-
ML models three times. The results of the BadiRate analyses on the 16,917 orthogroups 
identified by OrthoMCL are shown in Table S12. The functional categories (plant GO slim 
and generic GO terms) differentially represented among coffee-specific expanded genes 
families are displayed in Tables S13 to S15. 
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Identification and classification of putative NBS resistance genes 
Hidden Markov models (94) and BLAST (65) searches were used to identify NBS 

encoding R-genes and their homologues in the coffee genome. Predicted coffee open reading 
frames (ORFs) were screened using HMMs to search for the Pfam NBS (NB-ARC) family 
PF00931 domain (http://pfam.sanger.ac.uk). HMMER search 3.0 (http://hmmer.janelia.org) 
retrieved 399 proteins of high quality (< 1 x E-60). Their sequences were aligned using 
MAFFT (95) and used to construct a coffee-specific NBS HMM using HMMER build 3.0. 
This permitted the identification of 1496 NBS-candidate proteins (< 1E-2), which were 
individually analysed. The presence of NBS domains was confirmed using the National 
Center for Biotechnology Information’s (NCBI) Conserved Domains tool 
(http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) and the Pfam protein families 
database version 26.0 (94). From the 1496 candidate proteins only 561 proteins were selected 
as putative NBS resistance genes on the basis of complete NB-ARC domains in NCBI and 
significant NB-ARC domains in Pfam (Table S16). The coffee NBS-encoding gene family 
accounts for approximately 2.2% of total predicted genes in the C. canephora genome. This 
proportion is higher than that of other angiosperm genomes: 1.8% in Vitis vinifera (9), 1.4% 
in Oryza sativa (96), 0.9% in Populus trichocarpa (97) and Theobroma cacao (98), and 0.7% 
in Carica papaya (99) and Arabidopsis thaliana (100). 

In order to classify the putative NBS resistance genes, Pfam HMM searches were 
performed using a TIR model (PF01582) and several LRR models (PF00560, PF07723, 
PF07725, PF12799, PF13306, PF13516, PF13504, PF13855, PF08263), to detect TIR 
domains and LRR motifs in the NBS-encoding amino-acid sequences. The presence of TIR 
domains and LRR motifs was validated using NCBI’s Conserved Domains tool and Pfam 
analysis. CC motifs were detected using the COILS prediction program 2.2 
(http://www.ch.embnet.org/software/COILS_form.html) with a p score cut-off of 0.9. 
Predicted NBS genes were then evaluated using the Multiple Expectation Maximization for 
Motif Elicitation tool (MEME, http://meme.ebi.edu.au/meme/) to show domain and motif 
organization, and to detect the number of LRRs. MEME was run on predicted ORFs of TIR 
and non-TIR genes both together and separately. Two hundred and eighty genes (49.9%) had 
an amino-terminal CC motif in the N-terminal region but only four genes (0.7%) with a TIR 
domain were detected (Table S16). One hundred and forty-five genes (25.8%) presented LRR 
motifs in the C-terminal domain. TIR motifs are markedly underrepresented in the coffee 
genome (0.7% of NBS genes) compared to tomato (13.9%), potato (14.9%), grapevine 
(20.7%), poplar (31.1%) and Arabidopsis (70.3%) (Table S16). The LRR motifs were also 
less abundant in the coffee genome than in other eudicots. 
 
Identification of C. canephora caffeine biosynthesis genes  

Full length mRNA (complete CDS) sequences of ten previously described Coffea N-
methyltransferases (18, 101) were used to search the C. canephora genome using the 
BLASTN program with an E-value cut-off of 1E-40 and an alignment length higher than 90% 
of the sequence length. Alignment and manual annotation were performed using the Coffea 
N-methyltransferase proteins validated by McCarthy et al. (18) and Yoneyama et al. (101) 
and retrieved from SwissProt. 

Multiple amino-acid sequence alignments of NMTs were performed using Muscle 
(102). Maximum likelihood trees were built using MEGA5 (103) with the JTT model and 
1000 bootstrap replicates.  
 
Phylogenetic analysis of NMTs from coffee and other caffeine producting plants 

We used TBLASTN in CoGe using the CcXMT protein as query, and a cutoff of 1E-
10, to identify related NMTs in grapevine, peach, poplar, Arabidopsis, Mimulus, potato, and 
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Utricularia genomes. Translated CDS were aligned using MUSCLE and manually inspected 
for completeness; short CDS were excluded from the alignment to optimize our ability to 
recover meaningful overall phylogenetic patterns. The sequences were then realigned, and 
trimmed using Gblocks to derive a data matrix for maximum likelihood analysis using the 
RaxML web server (http://embnet.vital-it.ch/raxml-bb/). The alignment was analyzed both as 
nucleotide CDS and as translated amino acids. In both cases, 100 bootstrap replicates were 
specified with a gamma model of rate heterogeneity; for nucleotide data, the GTR model of 
molecular evolution was specified, whereas for protein data, the JTT model was used.  
 
Microsyntenic analyses of C. canephora and T cacao NMT genes 

Microsyntenic analyses were performed using CoGe (see complete description of 
methodologies used in Ibarra-Laclette et al. (104)) with coffee and cacao gene models as 
input. CoGe BLAST and GEvo analysis identified 4 large genomic blocks containing at least 
one NMT coding sequence. 
 
Pairwise estimates of synonymous substitution rates (Ks) among NMT CDS  
Since silent substitutions are effectively neutral, they are expected to approximately reflect 
the background mutation rate. We obtained maximum likelihood Ks estimates using codeml 
in PAML. Relative time units for all Ks values were based on normalization with the smallest 
(youngest) Ks value, such that the within-group average for genes labeled blue (Figure 2, 
main text) was equal to 1.  
 
Positive selection analyses of NMT genes  

Two different classes of models were implemented using the codeml program. First 
were the “branch-specific” models, which permit heterogeneity in ω ratios among selected 
branches in the phylogeny, previously defined as “foreground” branches (105). Second, were 
the “branch-site” models, which allow ω values to vary in selected branches on the tree while 
also taking into account heterogeneity in selective pressures throughout the sequences, by 
defining different codon site-classes with different ω ratios (106). In our analyses, each stem-
lineage branch leading to caffeine biosynthetic genes in coffee, tea, and cacao (respectively) 
was considered as the foreground branch under examination. Within the first model class 
(branch-specific class), we ran the one-ratio model 0, constraining all branches in the tree to 
the same ω ratio, and then the two-ratios model 2, allowing for the foreground branch to 
evolve at an independent ratio than the rest of branches. Within the second class (branch-site 
class), we ran clade model D, allowing a class of sites to evolve under heterogeneous 
selective pressures between the foreground branch and the rest of the tree (107), and then 
model A (24), featuring an extra class of sites under PS with ω > 1 in the foreground branch. 
These models perform maximum likelihood (ML) estimates of ω ratios and attach a log 
likelihood (lnL) value to each examined alignment and tree topology. Likelihood Ratio Tests 
(LRTs) permit comparison of the fit of two nested models by examining the significance of 
differences between their lnL values (calculated as 2ΔLnL - twice the difference between 
their lnL values) (108). LRTs asymptotically follow a χ2 distribution with the number of 
degrees of freedom equal to the differences in number of parameters between the models 
being compared.  

LRT tests were used to compute a p-value for the fitting of the examined dataset to the 
alternative model being tested. To test for asymmetric sequence evolution, we compared the 
one-ratio model 0 to the two-ratios model 2, allowing a different ω to be estimated for the 
foreground branch. To measure divergent selective pressures acting on a significant number 
of amino acids (codon sites), a test comparing the site-specific null discrete model 3 (which 
allows the ω ratio to vary among sites while holding ω constant among branches in the tree) 

http://embnet.vital-it.ch/raxml-bb/
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and clade model D was used (107). Divergent selective pressures occurring on a substantial 
fraction of amino acids may be indicative of functional specialization, either under relaxed 
purifying selection or under PS. To explicitly test for PS as opposed to relaxed purifying 
selection affecting a few sites in the selected branch, we compared null model A, where ω is 
fixed at one for the foreground branch as null model, and the model A (24). Model A also 
implements a Bayes Empirical Bayes (BEB) procedure that calculates posterior probabilities 
of a codon being subjected to PS (109). 
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Gene order evolution after polyploidization 

Figure S12 shows the orthologies between genes in coffee, grapevine and tomato. 
These orthologies are partitioned among twenty-one panels in the figure, representing 
the twenty-one ancestral core eudicot chromosomes inferred to have resulted from the 
triplication of an earlier seven-chromosome ancestor (9). The one-to-one correspondence 
between grapevine regions and coffee regions is unequivocal, as is the more recent triplication 
affecting tomato, which has a three-to-one correspondence with coffee and with grape.  

When the data from the pepper genome (110) is compared with coffee and grapevine, 
a very similar pattern emerges, as is evident in Figure S13. Pepper clearly has undergone the 
same triplication as tomato. 

We calculated d (4) between six genomes unaffected by recent WGD (coffee, peach, 
cacao, grape, papaya and strawberry) and a larger group of core eudicots including these six 
as well as seven recent WGD descendants (Mimulus, Utricularia, tomato, Arabidopsis, 
Medicago, soybean and poplar). In the comparisons involving the latter group, a consolidation 
analysis was applied to remove excess adjacencies due to fractionation. The results, in terms 
of non-shared adjacencies in each pair of genomes are displayed in Table S17, and well as in 
Figure 1D (main text). 
 
Disease resistance-related genes 

Plant resistance to a range of pathogenic organisms (bacteria, fungi, insects, 
nematodes, oomycetes and viruses) is conferred by a diverse group of disease resistance 
proteins (13, 111). Classification of these proteins is based primarily on predicted domains 
and motifs. One of the largest families of resistance proteins encodes NBS domains (12). The 
NBS proteins are subdivided into different classes based on the structure of their N- and C-
terminal domains (112). The N-terminal domain contains either a Coiled-Coil (CC) motif, a 
Toll/Interleukin-1 Receptor (TIR) motif or a sequence without obvious CC or TIR motifs. 
The C-terminal domain occurs either with or without Leucine-Rich Repeats (LRRs) (13). The 
NBS domain functions by binding and/or hydrolyzing ATP (113, 114). The LRR domain 
interacts with the products of pathogen AVR genes directly or indirectly and hence is thought 
to function primarily in the recognition of the presence of pathogens (115). TIR domains are 
involved in resistance specificity determination and signalling (116). Together, the domains 
of NBS-LRR proteins function to directly or indirectly detect pathogen effectors and activate 
defence signal transduction in plants (117, 118). 
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Genomic organization of putative NBS resistance genes 
Three hundred and forty-eight putative NBS resistance genes (4) (62.0%) were 

mapped onto the 11 C. canephora chromosomes. The remaining genes were situated on 
unanchored scaffolds (ChrUn). Of the 348 anchored NBS genes, 244 (70.1%) were found on 
five chromosomes (1, 3, 5, 8, 11), with a maximum of 54 genes (15.5%) on chromosome 11 
(Table S18). By contrast, chromosomes 9 and 10 contain only two (0.6%) and ten (2.9%) 
anchored NBS genes, respectively. Unlike poplar (119) and watermelon (120), no 
chromosome lacks NBS-encoding genes in coffee. Gene clusters were searched for in the 
coffee genome according to Holub’s (121) definition, i.e., using a region containing four or 
more genes within 200 kb or less. From the 348 anchored NBS genes, 169 reside in 30 gene 
clusters that are unevenly distributed over the chromosomes (Table S18). The richest 
chromosome (chr3) contains seven gene clusters, representing 39 NBS genes. No gene 
clusters were detected on chromosomes 9 and 10 (although singletons were found). The other 
ten gene clusters were detected among the unanchored NBS genes (48). Cluster size varied 
between 45.7 Kb (CL18 with 5 genes) and 657.1 Kb (CL23 with 13 genes). The average 
number of genes in a cluster is 5.4 (14 clusters with four genes, 12 clusters with five, 7 
clusters with six, 3 clusters with seven, 2 clusters with eight, and 1 each with nine or 13 
genes). Similarly to other plant genomes (100, 119, 122, 123), the clusters are composed of 
combinations of CNL-, NL- and N-encoding genes. No TIR gene was found in a cluster. 
Aside from gene clusters, there are 47 tightly linked doublets of NBS genes and 27 triplets. 
Therefore, a total of 392 NBS genes reside either in a gene cluster or in a tandem array. In all, 
169 singletons are dispersed over the coffee genome. The ratio of singletons to the total 
number of NBS genes (30.1%) is similar to that in rice (30.3%) and poplar (32.5%), but 
higher than that in grapevine (16.8%) and Arabidopsis (26.4%)(119).  
 
Orthology relationships of putative NBS resistance genes 

The 561 NBS proteins from C. canephora were assigned to orthogroups using 
OrthoMCL (4). A total of 530 proteins (94.5%) were assigned to 40 orthogroups. These 
orthogroups are unevenly distributed on the coffee chromosomes, ranging from two genes on 
chromosome 9 to 65 genes on chromosome 3 (Table S19). ORTHOMCL7 is the most 
important orthogroup, with 125 coffee NBS genes. Eleven orthogroups appear to be specific 
to the coffee genome, i.e., are not found in the other genomes included in the analysis. 
Moreover five of these orthogroups (ORTHOMCL4795, ORTHOMCL4821, 
ORTHOMCL15067, ORTHOMCL15152, ORTHOMCL15218) only contain coffee NBS 
genes. These findings suggest an expansion of NBS genes in the coffee genome. For the 40 
clusters of NBS genes, 22 fit entirely in a single orthogroup, representing a total of 123 NBS 
genes (56.7% of clustered NBS genes). Sixteen of these clusters (92 NBS genes) are assigned 
to four orthogroups (ORTHOMCL5, ORTHOMCL7, ORTHOMCL15, ORTHOMCL19). The 
NBS genes that are clustered within orthogroups may have evolved by duplication and 
divergence of linked gene families. Such a mechanism has probably played a major role in the 
evolution of chromosome 8 since 36 NBS genes out of a total of 42 NBS genes located on 
this chromosome are found in gene clusters. 
 
The SH3 gene conferring resistance to coffee leaf rust 

Coffee leaf rust caused by the biotrophic fungus Hemileia vastatrix is a major disease 
that greatly limits C. arabica production in almost all growing countries around the world. 
The resistance of coffee plants is controlled by at least nine R genes called SH1-SH9, either 
singly or in combination (124). Organization and evolution of the SH3 gene has recently been 
studied (39). The corresponding sequence was used to identify the putative SH3 C. canephora 
gene by BLAST search (65). Four NBS genes from chromosome 3 and one from chromosome 
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6 were selected with a p score cut-off of 1 x E-10. The NBS gene Cc03g04710 shows the 
highest identity with the SH3 sequence (97.5%) and is therefore considered to be the putative 
SH3 gene. Cc03g04710 was assigned to ORTHOMCL4821 (Table S19). 
 
Phenylpropanoid pathway 

The number of studies that have focused on the relationship between plant-derived 
foods containing phenolic compounds (flavonoids/hydroxycinnamic acids and esters) with 
high antioxidant activity and human health (125-128) has steadily increased over the last few 
years. One important group of antioxidants is the chlorogenic acid isomers (CGAs), which are 
soluble hydroxycinnamic acid esters (HCEs) found at remarkably high levels in the coffee 
bean (Figure S14).  

The main CGAs present in green coffee beans consist of esters formed between one or 
two transcinnamic acids (caffeic or ferulic acid) and quinic acid (129), and belong to three 
classes, each containing three isomers differing in the position of their acyl residues. They 
include the monocaffeoylquinic acids (CQAs), the dicaffeoylquinic acids (diCQAs) and the 
feruloylquinic acids (FQAs). Their total content was found to vary from 7 to 14.4% dry 
matter in C. canephora (130-134) and from 3.4 to 4.8% in C. arabica(131). Due to their high 
concentration, CGAs found in coffee are important for at least two key points. The first one is 
the growing list of their health benefits; indeed, these compounds have been attributed several 
pharmaceutical properties, such as antioxidant activity (135, 136) and inhibition of the HIV-1 
integrase (137-139). The second point is related to their corresponding degradation products 
generated by coffee bean roasting, including chlorogenic acid lactones (140, 141) and likely 
phenolic compounds such as guaiacol and 4-vinylguaiacol (142), which are key flavor 
compounds of coffee. Therefore, due to the high concentrations and roles attributed to CGAs 
and their related degradation products for health benefits but also for coffee quality, it will be 
interesting to learn more about how their synthesis/accumulation is controlled on a genetic 
level. Several authors (27, 133, 134, 143-146) have already characterized at least one copy of 
a number of the key genes encoding proteins involved in CGA metabolism (PAL, C4H, 4CL, 
HCT/HQT, C3’H, CCoAOMT), and/or their transcriptional abundance in several tissues.  

With the sequencing of the coffee genome, we had the opportunity to identify all the 
genes from each of the six distinct families cited above. Search for genes involved in the 
initial phenylpropanoid pathway (PPP) and in the metabolism of CGAs was done by running 
the BLAST program using query sequence data from known coffee plant proteins but also 
from biochemically and genetically characterized proteins from other model plants whose 
genomes were already sequenced (poplar (97), Arabidopsis (147), tomato (10)). 
Complementary analyses were then conducted to validate the functional annotation of the 
candidates, including their alignment with full length plant proteins and the analysis of the 
corresponding phylogenetic trees, but also by analyzing their protein sequence analysis 
through the "Batch Web CD-Search Tool", an NCBI's interface to searching the Conserved 
Domain Database (148-150).  

The genome-wide search for coffee genes involved in the general PPP and in the 
metabolism of CGAs led to the identification of 25 genes encoding proteins belonging to 6 
distinct families; i.e., PAL, C4H, 4CL, HCT/HQT, C3’H and CCoAOMT (Tables S20 and 
S21). We compared coffee gene copy numbers with those from the genomes of poplar, 
Arabidopsis and tomato (Table S21). The most obvious peculiarity was the presence of one 
copy of the HQT gene in both tomato and coffee, whereas no copy of this gene had been 
found in poplar and Arabidopsis, which is consistent with previous observations (151, 152). 
The presence of at least one copy of HQT in addition to at least one HCT seems to 
characterize plant species accumulating hydroxycinnamoyl-quinate esters (CGA), particularly 
5-caffeoylquinic acid (CQA), such as tomato (151, 153) (SlHQT, accession number 
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CAE46933), tobacco (153-155) (NtHQT, accession number CAE46932), sweet potato (156) 
(IbHQT, accession number BAJ14795), and cardoon (157) (CynCardHQT, accession number 
ABK79689). The absence of the gene encoding HQT in Arabidopsis, which does not 
accumulate CGAs, suggests that this gene plays a central role in CQA synthesis. Expression 
of genes encoding HQT and C3’H1 in both perisperm and endosperm of coffee seeds seemed 
to be correlated, and were exhausted at the beginning of fruit formation when CQA 
accumulates (Figure S15). In parallel, genes encoding HCT and C3’H2 are weakly expressed, 
suggesting that these genes function in tandem and are not devoted to CGA biosynthesis 
(Figure S14). An increased CCoAOMT1 expression (Cc02p18970) appears later (at 180 
DAP), which could indicate the beginning of lignification based on degradation of the 
accumulated CGAs. In the case of Populus, a species accumulating hydroxycinnamoyl-
quinate esters, the lack of a HQT gene seems to be offset by the expansion of the HCT gene 
family (152, 158) represented by 7 genes in this species. Looking at Figure S16, it can also 
be noticed that the seven poplar HCT protein sequences can be grouped into 2 subgroups 
based on the highly conserved “HXXXD” sequence. Indeed, as can been shown by the 
alignment, whereas Populus trichocarpa PtrHCT1 and PtrHCT6 possess the “HHAAD” 
highly conserved motif found in biochemically characterized HCTs from other species having 
the ability to use both shikimate and quinate as substrates, the five other Populus trichocarpa 
HCTs (PtrHCT2-PtrHCT5 and PtrHCT7) possess an unusual motif, “HI/TLA/GD”, that is 
intermediate between the highly conserved motif “HHAAD” found in the HCT proteins and 
the highly conserved “HT/NLSD” motif found more specifically in the HQT proteins. A 
phylogenetic tree built based on an alignment including all of these mentioned proteins 
(Figure S17) is consistent with the classification of the 7 HCT genes of Populus trichocarpa 
into 2 subgroups; whereas PtrHCT1 and PtrHCT6 cluster within the phylogenetic clade 
containing the HCT enzymes from other plants, PtrHCT2-PtrHCT5 and PtrHCT7 cluster 
separately, between the two distinct clusters formed between the HQT and HCT proteins, 
seeming to indicate that these five poplar HCTs might have common substrate specificities 
with both known HCT and HQTs, perhaps explaining why this species is able to accumulate 
CGA, contrary to Arabidopsis. The consistency between this gene family’s 
expansion/specificities with the difference of metabolism between Arabidopsis and 
coffee/tomato/poplar specifically for CGA accumulation seems to be further strengthened by 
the observation that the same expansion of genes is also observed for C3’H, a second key 
enzyme for CGA synthesis. Indeed, whereas coffee, tomato and poplar possess two to four 
genes encoding C3’H proteins, only one was found in Arabidopsis genome. 

Given the functional importance that can be attributed to HCT and HQT, we found it 
essential to go further in order to identify all the other members belonging to the BAHD 
acyltransferases (benzylalcohol acetyl-, anthocyanin-O-hydroxy-cinnamoyl-, anthranilate-N-
hydroxy-cinnamoyl/benzoyl-, deacetylvindoline acetyltransferases), members of which are 
involved in the biosynthesis of other important plant compounds. These proteins have the 
ability to acylate plant secondary metabolites whose products include small volatile esters, 
hydroxycinnamic acids esters, modified anthocyanins, and constitutive defense compounds 
and phytoalexins (159). Using the bioinformatics tools, parameters and approach described in 
Table S22, our genome-wide search identified a total of 25 BAHDs, all containing both the 
“HXXXD” and “DFGWG” conserved motifs generally found in known BAHDs and 
including the above discussed HCT and HQT members (The locus IDs and genome location 
of all the 25 members can be found in Table S23). Then, because it is particularly difficult to 
predict the specific function of each individual BAHD in the modification of secondary 
metabolites, we aligned the protein sequences from each of the 25 coffee BAHDs with full-
length plant BAHDs that have been biochemically or genetically characterized (Figure S16). 
Based on the work published by D’Auria et al. (159), the protein alignment presented in 
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Figure S16, and the related phylogenetic tree (Figure S17), we found that the 25 coffee 
candidate BAHDs clustered as follows: three in Clade I, involved in the modification of 
phenolic glucosides such as anthocyanins; eleven in Clade III, involved in the modification of 
alkaloid compounds and in volatile ester biosynthesis; and eleven, including coffee HCT and 
HQT, in Clade V, involved in the formation of p-coumaryl shikimate/quinate esters, which 
are required for HCE synthesis and are intermediates in the lignin biosynthesis pathway, but 
also in volatile biosynthesis.  
 
Caffeine N-methyltransferases (NMTs) in Coffea and their evolution 

N-methyltransferases (NMTs) are the principal enzymes involved in caffeine 
biosynthesis (160, 161). Caffeine is a purine alkaloid accumulated in coffee beans and is the 
most characteristic secondary metabolite of the plant. Its evolutionary role is not clear. Some 
authors cite an insect repellent or insecticidal effect, but this effect is not strongly supported 
by the literature (162). Another role often invoked is allelopathy, which prevents the 
germination and/or growth of competing species (16). 
 
Identification of C. canephora caffeine biosynthesis genes and comparison to available CDS  

Only three different methylation steps are required for caffeine synthesis from 
xanthosine, which is considered the first precursor. The best supported pathway proceeds 
through 7-methylxanthosine and theobromine (3,7-methylxanthine) to yield caffeine (1,3,7-
methylxanthine). Each of these compounds results from a methylation of its immediate 
precursor (Figure 2A, main text). Alternative pathways have been proposed, through 
theophylline or through paraxanthine (19).  

Full length mRNA (complete CDS) sequences of ten previously described Coffea N-
methyltransferases (18, 101) were used to search the C. canephora genome (4). Several genes 
presented a conserved sequence homology and structure with previously confirmed NMT 
genes (Table S24, Figures S18-20).  

Multiple amino-acid sequence alignments of NMTs were performed using Muscle 
(102). Maximum likelihood trees were built using MEGA5 (103) with the JTT model and 
1000 bootstrap replicates. Three of the genes belong to each of the three known subfamilies: 
one on chromosome 9 (named CcXMT) to the xanthosine methyltransferase (XMT), one 
located on an unanchored scaffold (“ChrUn” pseudomolecule) (CcMXMT) related to 7-
methylxanthine methyltransferase (MXMT), and one on chromosome 1 (CcDXMT) related to 
3,7-dimethylxanthine methyltransferase (DXMT) (Figure S20). One additional gene was 
found to be similar to the methyltransferase-like (MTL) subgroup defined by Ogawa et al. 
(19). These authors determined that MTLs showed high similarity to MXMT, and that the 
motifs found in MTLs make it highly probable that they possess methyltransferase activity, 
although perhaps not participating in caffeine biosynthesis.  
 
Phylogenetic position of C. canephora NMTs 

NMT genes involved in caffeine biosynthesis are rare in the plant kingdom, since only 
few plants are known to accumulate caffeine. Among these, only the genome of Theobroma 
cacao has been extensively analysed, but not, for example, tea (Camellia sinensis), guarana 
(Paulina cupana), cola (Cola acuminata and C. nitida) nor yerba mate (Ilex paraguariensis). 
Only for tea, and some related Camellia species, are there a few sequences corresponding to 
this pathway in the NCBI database. All of these plants belong to different and distant 
families: Rubiaceae for coffee, Malvaceae for cacao and cola, Theaceae for tea, Sapindaceae 
for guarana, and Aquifoliaceae for yerba mate. A common origin and conservation of the 
pathway is not evident, since many other plants would have been expected to have retained 
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caffeine biosynthesis during their evolution instead of losing it (20). Instead, it seems more 
probable that convergent evolution has resulted in the selection of a common pathway.  

To understand their evolutionary relationships, NMT coding sequences identified in 
C. canephora and in other caffeine-producing plants (Camellia sp. and Theobroma cacao) 
(101) were placed into a larger phylogenetic context through simultaneous analysis with 
NMTs mined from a number of core eudicot genomes (4). Results are shown in Figure S21 
(nucleotides) and S22 (amino acids).  

With both forms of data, two Camellia sinensis caffeine-biosynthetic NMTs grouped 
with CDS from the cacao genome, including the characterized caffeine synthase gene TcBS1 
(Tc10_g001820). However, given the lack of a tea genome to mine multiple NMTs from, we 
cannot conclude with reasonable certainty that the sister group relationship between cacao and 
tea caffeine synthases is correct. In contrast, in both trees, the coffee NMTs with caffeine 
biosynthetic function appear to be only distantly related to the genes encoding the cacao and 
tea enzymes. Indeed, there are NMTs from peach, poplar, grapevine, potato, and even ones 
from cacao and coffee, that are more closely related to the coffee caffeine synthase enzymes. 
Provisionally then, we can specify that caffeine biosynthetic activity evolved at least twice 
from within the NMT genes and eudicot genomes sampled.  

For a focused view of phylogenetic relationships of NMTs in coffee, cacao, and tea, 
including for further molecular evolutionary work, we carefully annotated all members of 
ORTHOMCL170, an orthogroup identified(4) that exclusively consists of coffee NMTs and 
includes all known genes with caffeine synthase function (18, 19). We similarly re-predicted 
gene models for cacao genes determined via BLAST searches of its genome against TcBCS1, 
which is known to be involved in caffeine biosynthesis. Previously predicted gene models 
from coffee and cacao were refined using GeneWise (53), using the C. canephora XMT and 
TcBCS1 proteins, respectively, and the corresponding genomic sequences. In 6 cases, coffee 
NMTs were repredicted as full or near-full length, and many other gene models were 
improved to some degree. Cacao gene models could not be further improved. 

Despite our re-prediction efforts, several C. canephora NMT genes in 
ORTHOMCL170 still comprised incomplete NMT sequences, although they contained 
complete ORFs and SAM dependent carboxyl methyltransferase domains (InterPro 
IPR005299; Table S25). In the absence of evidence to the contrary, and since there are no 
possibly gene-model interrupting assembly gaps immediately surrounding them (Figure S23-
24), we infer these gene fragments to be true pseudogenes. 

Focused phylogenetic analysis (Figure 2, main text) of (i) repredicted C. canephora 
nucleotide sequences belonging to ORTHOMCL170, (ii) several sequences previously 
reported to be involved in caffeine biosynthesis in different tea species (163), and (iii) the re-
predicted cacao sequences, was performed using PhyML with the GTR model with gamma 
shape parameter = 0.7148, 8 substitution categories, empirical nucleotide frequencies, best of 
NNI and SPR, and 1000 bootstrap replicates. Four clades were retrieved, 3 corresponding to 
the species-specific clades containing genes with (or with putative) caffeine synthase activity, 
and a fourth corresponding to coffee NMTs of unknown function, the latter sister to coffee 
caffeine synthases (Figure 2, main text). 
 
NMT expression profiles 

The expression profiles of all coffee NMTs (defined as such by the coffee gene 
models and determined to have at least the SAM dependent carboxyl methyltransferase 
domain with INTERPRO; see main text) are given in Table S25. The three main NMT 
enzymes of the caffeine biosynthesis pathway (CcXMT, CcMXMT, and CcDXMT) are very 
strongly expressed in leaf and pericarp. Interestingly, the caffeine synthase-like gene CcMTL 
also shows high expression in several surveyed tissues, possibly suggesting an important role 
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in caffeine synthesis. Other than these genes, only CcNMT3 has appreciable expression. There 
could be some root expression in CcNMT8, and some root or leaf expression in other genes, 
but their expression may be not significantly different from background. There is very little 
expression in most of the NMTs from the expanded orthogroup, suggesting that they could be 
pseudogenes. 
 
Genome structural analysis of C. canephora and Theobroma cacao NMT genes 

In order to verify conclusions on orthology versus paralogy generated from our 
phylogenetic analysis, we also carefully analysed the genomic contexts of the C. canephora 
and T. cacao NMTs (4). Two scaffolds, from chromosomes 1 and 9, contained 4 NMT genes 
each within close proximity of one another, indicating a series of tandem duplications 
(Figures S23-S24). Another region on chromosome 1 displayed 2 tandem NMT genes. A 
fourth scaffold from chromosome 2 contained a single NMT gene. None of the scaffolds were 
syntenic to each other, indicating that the NMTs in these regions did not descend from pre-
gamma hexaploidy ancestral blocks, but rather that the NMT tandem arrays evolved in situ. 

Genome context analysis of the region on chromosome 9 revealed two regions of the 
cacao genome that are syntenic to it, but with no NMTs contained within the cacao region 
(Figure S25). The tandem array on coffee chromosome 9 includes the known caffeine 
biosynthetic gene CcXMT, as well as two other genes that show significant expression in 
transcriptome analysis, CcNMT3 and CcMTL, the latter previously suspected to be involved 
in caffeine biosynthesis as well. Considerable synteny is observed between coffee and two 
neighboring blocks on cacao chromosome 6, but these cacao regions do not contain any NMT 
genes. As such, confirming the paralogy predictions from phylogenetic analysis, the tandem 
NMT array on coffee chromosome 9 is evolutionarily independent from NMTs existing in the 
cacao genome. 

Similar synteny analyses of the C. canephora region of chromosome 1 containing a 
tandem NMT array against the cacao genome confirmed that regions containing NMT arrays 
have syntenic counterparts in cacao, but that no NMT genes are found in these cacao regions. 
As such the paralogy predictions from phylogenetic analysis are confirmed for these coffee 
NMTs as well. The CcDXMT gene, which directly converts theobromine or paraxanthine to 
caffeine, is located within a tandem array on chromosome 1 that includes several NMTs 
found in ORTHOMCL170 (Figure S27). CcDXMT appears nested within the same 
phylogenetic group as the other caffeine-biosynthetic NMTs that lie on chromosome 9 
(Figure S27; Figure 2, main text), suggesting that it translocated away from its founding 
tandem array, which includes CcXMT, CcMTL, and CcNMT3 (Figure S25). Although the 
region around CcDXMT shows synteny with a region in cacao, the cacao genome lacks an 
NMT in this homologous block, and lacks synteny altogether to the region of the coffee block 
that contains other ORTHOMCL170 NMTs (Figure S26). The block containing the other 
tandem NMT array lying in a different region of C. canephora chromosome 1 (Figure S27) 
shows no synteny to the cacao genome. As a corollary to the analysis above, the tandem array 
on chromsome 9 and one of those chromosome 1 are syntenically linked to three distinct 
cacao blocks devoid of NMTs (Figure S28), supporting their common ancestry in a single 
genomic region. 

We similarly examined the T. cacao genome for caffeine synthase-related NMTs. We 
discovered one tandem pair of NMTs that included the functionally characterized gene 
TcBCS1, and several chromosomal blocks containing single NMTs (Figure S29). When 
searching the coffee genome for synteny to the cacao region surrounding TcBCS1, we found 
that this cacao region shows synteny to 4 regions of coffee (Figure S30). It is clear from the 
HSP coverage that most of the block containing TcBCS1 has clear homologies in the coffee 
genome. The immediate region around TcBCS1 appears (with considerable gene deletion) 
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syntenic to with C. canephora scaffold 7. TcBCS1 has an NMT ortholog on that scaffold, 
gene model number GSCOCT00037185001 (Cc01g00110). This gene annotates to SAM 
dependent NMTs in Arabidopsis, and importantly, it is not one of the various coffee NMTs, 
caffeine-related or otherwise, that we have so far analysed. We infer that this gene and 
TcBCS1 descend from a common gene (i.e., that they are orthologs), with the cacao gene 
eventually evolving into a caffeine synthase, and the coffee ortholog perhaps maintaining the 
ancestral function. As such, it appears that any potential cacao ortholog of the founding 
caffeine synthase gene in coffee may have been deleted over evolutionary time (Figure S26), 
while the ancestral gene from which cacao caffeine synthase (TcBCS1) evolved is retained in 
coffee, but with a non-caffeine-related function. The independent evolution of caffeine 
biosynthesis in coffee and cacao is therefore verified by genome structure as well as gene 
phylogeny. 
 
Model for the evolution of tandem NMT arrays in C. canephora 

From the analysis above, we can conclude the independent evolutionary origin and 
diversification of caffeine biosynthetic enzymes in coffee. In order to provide relative timing 
of the duplication events that gave rise to the coffee caffeine synthases and related NMTs, we 
performed all pairwise estimates of synonymous substitution rates (Ks) among CDS (Figure 
S31). We calculated relative ages for the crown-group (tandem array) radiations as well as the 
duplication events that seeded them; the former were based on within-lineage Ks averages, 
and the latter on between-group averages (see Figure 2, main text, and Figure S31) (4). It 
was important for these calculations that Ks averages were calculated by phylogenetic group 
rather than by block membership, since the latter may not well reflect the phylogenetic history 
of genes contained within such blocks. As such, CcDXMT was included in the clade 
otherwise found on the red block, and CcNMT19 was included with the clade otherwise found 
on the blue block. 

As described above, microsynteny analyses of ORTHOMCL170 showed that some 
known and putative coffee caffeine synthase genes, CcXMT, CcMTL, and CcNMT3, form a 
tight assemblage of co-expressed tandem duplicates reminiscent of a metabolic gene cluster. 
Given that some plant metabolic gene clusters have been shown to be of relatively recent 
origin (23), we sought to further unravel the role of gene duplication in the expansion of the 
coffee NMT gene family. As described above, ORTHOMCL170 includes three tandem arrays 
that we infer to have likely evolved in close proximity to each other. As shown in Figure 2E 
(main text), the three main clades in ORTHOMCL170 are distributed among a minimum of 
three genomic blocks; however, clade membership does not always reflect block membership. 
In one parsimonious scenario, some phylogenetically recent tandem duplicates were 
redistributed away from their close relatives via even more recent block rearrangements. One 
such block movement appears to have shifted CcDXMT away from its ancestral array, the 
putative metabolic cluster described above, where its participation in caffeine synthesis could 
have been even more integrated by common regulatory control. The functionally 
characterized TcBCS1 gene is also accompanied by a tandem duplicate, but the pair evolved 
independently from and is not syntenic to the tandem arrays of C. canephora (Figure S29). 
 
Positive selection analyses of NMT genes 

We also sought to examine the possible role that molecular evolutionary pressures 
may have played in the multiple origins of caffeine biosynthesis described in the previous 
sections. For this purpose, we generated a codon alignment of (i) caffeine biosynthetic NMTs 
from coffee (including CcMTL and CcNMT3, based on the above arguments), tea, and cacao, 
plus (ii) sequences of 7 Arabidopsis genes that form a well defined clade near these caffeine 
synthase NMTs in our large-scale phylogenetic analysis. Among these Arabidopsis genes are 
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several with well-characterized benzoic, salicylic and nicotinic NMT functions (AT5G38020, 
AT2G14060, and AT3G11480). We reconstructed a phylogeny of these NMTs using PhyML, 
as in (4) (Figure S32). Specifically, we used the codon alignment and tree (with its branch 
lengths), to test for signatures of asymmetric evolutionary rates, divergent selection pressures, 
and positive Darwinian selection by implementing different codon substitution models in a 
maximum likelihood framework. 

It is widely accepted that selection acts differentially over non-synonymous (amino 
acid-changing; dN) substitutions compared to synonymous (silent; dS) ones. Accordingly, the 
ratio between non-synonymous and synonymous rates (ω = dN / dS) provides a measure of the 
rate of evolution (or strength of selection) acting on genes, and yields insights on the 
molecular evolutionary mechanisms of protein diversification and functional specialization. 
Most proteins are subjected to selective constraints to conserve their structure and maintain 
their function. Therefore, most changes in protein-coding sequences are deleterious. 
Consequently, synonymous changes are generally unaffected by selection, but non-
synonymous changes are often purged by purifying selection, yielding ω values << 1. When 
synonymous and non-synonymous substitutions accumulate at the same rate (ω ∼ 1), a gene is 
expected to be under no selective pressure, such as in pseudogenes, and the gene is said to 
evolve under strict neutrality (89, 164, 165). Finally, certain regions of genes will evolve 
under positive selection (PS), being subjected to higher rates of non-synonymous 
substitutions, thus resulting in ω > 1. Estimation of ω ratios across a set of genes can thus 
provide signatures of functional specialization and adaptive evolution. Estimation of ω values 
was performed by means of the codeml program from the PAML v4.4 package (166) on the 
basis of multiple alignments of codon sequences and a tree topology.  

Two different classes of models were implemented using the codeml program(4). 
Likelihood Ratio Tests (LRTs) tests were used to compute a p-value for the fitting of the 
examined dataset to the alternative model being tested (4). Tests of asymmetric evolution 
(significant for all foreground branches; Table S26) revealed that caffeine biosynthetic NMTs 
evolve under stronger selective constraints (showing lower ω values) than their Arabidopsis 
counterparts. This finding is consistent with the shorter branch lengths for at least coffee and 
tea in the tree in Figure S32. On the other hand, none of the tests for divergent selective 
pressures were significant. Despite caffeine biosynthetic NMTs having been subjected to 
strong purifying selection during most of their evolution, positive selection may have fixed 
specific amino acid changes key for acquiring caffeine biosynthetic capacity. Therefore, we 
explicitly tested for positive selection in the 3 foreground branches. Significant results were 
only found for the coffee branch, and a few amino acid changes were identified as fixed by 
positive selection. These changes are specific to coffee except for one site that is shared with 
cacao and Arabidopsis NMTs. All PS amino acid changes were conserved among coffee 
sequences except position 277 of XMT, occupied by a C in all sequences except DXMT, 
where the residue is R. PS amino acids were then mapped onto the corresponding positions 
for both XMT and DXMT, for which 3D structures were available in the literature (Table 
S27). One position, T-94 of XMT (T-93 of DXMT), was found at the NMT dimer interface. 
 
Fatty Acid Desaturases 

Fatty acid desaturases (FAD) introduce double-bonds in the carbon chain of fatty acids 
(FA) (167). Desaturase activity therefore primarily controls the level of unsaturation of 
membrane (phospholipids) and storage (triacylglycerols) lipids. FAD mostly differ for 
substrate preference (e.g. 18:0, 18:1 or 18:2), the position at which the double-bond is created 
(e.g. Δ4, Δ7, Δ9, Δ12 or Δ15) and sub-cellular localization (e.g. plastid or endomembranes). 

The level of unsaturation of FA also determines the thermal and oxidative stability of 
vegetable oils and food products (168). Coffee beans contain large amounts of oil (10-18 % of 



 
 

25 

the dry matter, depending on the species and genotype) (169). Almost half of FA stored in the 
coffee endosperm (which represents ca. 99% of the mature bean mass) are polyunsaturated 
(26, 27), making roasted coffee beans highly susceptible to rancidity, which constitutes a 
significant constraint for the coffee industry (170, 171). 

Linoleic acid (18:2) is the major polyunsaturated FA in the coffee bean, accounting for 
ca. 45% of total FA in almost all coffee species and varieties studied so far (25, 26). The 
microsomal oleate desaturase FAD2 (1-acyl-2-oleoyl-sn-glycero-3-phosphocholine ∆12-
desaturase) is the key enzyme responsible for the production of 18:2 in seeds. In comparison 
with Arabidopsis (167), coffee displays a much higher number of copies of microsomal Δ12 
desaturases (FAD2) (Figure S33A). Five FAD2 copies were localized on chromosome 1 
(chr1) and one copy on chromosome 6 (chr6). Chr1 copies separate in two groups of genes 
very closely distributed (Cc01g05140, 05170 and 05180, and, Cc01g03650 and 03680, 
respectively. This suggests that the five chr1 FAD2 copies arose from one or two events of 
small-scale duplications. For almost all coffee FAD genes, the intron/exon structure was 
highly similar to that of Arabidopsis orthologs, except for three chr1 FAD2 paralogs 
(Cc01g05140, 03650 and 03680) that show reduced CDS length, two of which also display 
alternative intron/exon structures. 

Our RNA-Seq data suggest transcriptional specialization for two of the six FAD2 
copies, with CcFAD2.3 being actively transcribed in the endosperm during coffee seed 
development (Figure S30A). CcFAD2.3 peak transcript abundance coincides with the 
dramatic increase in 18:2 content that occurs during seed development at the perisperm-
endosperm transition (27) (Figure S33A and S33C).  

The very low intra- and inter-specific variability for seed 18:2 content within the 
genus Coffea (25, 26) (Figure S33B) challenges the opportunity to improve this trait through 
conventional breeding approaches. In this respect, seed-specific transcriptional specialization 
of CcFAD2.3 may offer an advantageous way for lowering the coffee bean 18:2 content and 
subsequent susceptibility to rancidity through genetic engineering. Finally, in contrast with 
CcFAD2.3, but analogously to some of the coffee NMTs, transcription of the three 
chromosome 1 FAD2 paralogues with reduced coding sequence length (CcFAD2.1, 
CcFAD2.4 and CcFAD2.5) was very low or nil in all tissues analyzed (Figure S33A), 
indicating possible loss of function during evolution.  
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Supplementary Figures 
 
 
 

 
 
 
Figure S1. Genome assembly validation. A. mapping of mate-pair sequences on the genome 
assembly. Only 0.12% of the mate pairs mapped are in the wrong orientation on the same 
scaffold, indicating structural correctness of the assembly. B. Actual span distribution of the 
pairs on the assembly. Approximately 95% of the mate pairs showed a span within ± 2 Kb of 
the calculated average. 
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Figure S2 (continued) 
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Figure S2 (continued) 
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Figure S2 (continued) 
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Figure S2 : Dotplot representing the positions of the matches obtained using MUMmer 
(nucmer) between Coffea canephora BACs (on the x axis) and the assembled scaffolds (on 
the y axis). The inter-contig gaps are displayed in grey on the y axis.  
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Figure S3: C. canephora pseudomolecules. Assembled scaffolds were anchored in the eleven linkage groups (A to K, orange) with the 
corresponding genetic markers (black bars). Lines connect linkage map markers and the DNA pseudomolecule (grey lines denote consistent data 
whereas red lines indicate markers with an approximate genetic location). Oriented scaffolds are represented in blue and non-oriented scaffolds 
are in green.  
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Figure S4. Pairwise comparison of protein length ratios (X axis) of coffee, tomato and grape 
proteins used as queries, with their best BLAST hit in the Arabidopsis TAIR10 annotation. 
On the extreme left, proteins without an Arabidopsis match are shown. A. thaliana (TAIR10): 
27,416 genes, S. lycopersicum (iTAG2.3): 34,727 genes, V. vinifera (UniProt): 29,836 genes, 
C. canephora: 25,574 genes. “Not found” refers to lack of orthologs above the threshold (1E-
3).  
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Figure S5. Venn diagram showing the distribution of shared gene families among Coffea 
canephora, Arabidopsis thaliana, Solanum lycopersicum and Vitis vinifera. Numbers in 
parentheses indicate the number of genes in each cluster.  
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Figure S6. Distribution of the estimated insertion time of NUPT fragments in the C. 
canephora genome. A histogram of the estimated age (Mya) calculated using the Ks of 
NUPT vs. the chloroplast genome against the number of insertions.  
 
 

 
Figure S7. Longer NUPT fragments integrated more recently in the C. canephora 
genome. The insert size of the NUPT fragments is plotted against the estimated age.   
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Figure S8. Classification of the 6,812 predicted TEs from TEdenovo REPET. DHX: 
Helitron; DTX: Transposon TIRs; DXX: MITE; RIX: LINE; RLX: LTR retrotransposons 
(RLG and RLC); RXX: TRIM and LARDS. 
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Figure S9. Distribution of genomic features along the 11 pseudomolecules of C. 
canephora. ChrUn, not shown, represents unanchored contigs. Distribution of gene densities 
(A, in grey), LTR retrotransposons (B, in red), non-LTR retrotransposons (C, in blue), DNA 
transposons (D, in purple) and unclassified repeats (E, in green) are figured. The distribution 
of LTR retrotransposons is generally negatively correlated with gene density (F). Gene 
density and TE densities are not at the same scale. 
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Figure S10 (continued) 
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Figure S10. Conservation of Coffee Ty1/Copia (188, blue section) and Ty3/Gypsy (387, 
green section) LTR retrotransposon groups across a selection of 33 sequenced plant 
genomes (A, dicotyledonous genomes; B, monocotyledonous and non-dicotyledonous 
genomes). BLASTN bitscores are plotted for each group and with the same order for each 
genome. Bitscores higher that 3000 are indicated in red. Studied species are ordered according 
to plant phylogeny.  
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Figure S11. Conservation of the 188 Ty1/Copia and 387 Ty3/Gypsy LTR retrotransposon 
groups from C. canephora to those from the Musa genome. Vertical bars represent the best 
BLASTN bit score result of each coffee LTR retrotransposon group against the Musa genome. 
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Figure S12. Global synteny among the coffee, tomato and grape genomes. Each row of 
three circles represents one of the seven pre-gamma core eudicot chromosomes. The three 
circles in each row represent the three copies of that chromosome after the gamma 
triplication, corresponding in most cases to a single grape chromosome. The red, blue and 
green homology lines connect the largest, second largest and smallest homeologous regions in 
tomato resulting from the Solanum hexaploidization. The large disproportion in the sizes of 
these regions is consistent with an initial tetraploidy reflected in the “blue” and ”green” 
subgenomes, followed by a period of fractionation, and a subsequent incorporation of the red 
subgenome, which has had less time to fractionate, and/or manifests subgenome dominance. 
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Figure S13: Global synteny among the coffee, pepper and grape genomes, constructed in 
the same way as Figure S11. Unlike the tomato genome, there is insufficient paralogy in the 
pepper genome to identify the three homeologous regions with confidence in many cases.  
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Figure S14. Hydroxycinnamic acid ester metabolism. A. Proposed pathway in C. 
canephora. Each enzyme is annotated with the number of corresponding UniGenes shown in 
parentheses. PAL, phenylalanine ammonia lyase; C4H, cinnamate 4-hydroxylase; 4CL, 4-
hydroxycinnamoyl CoA ligase/4-coumarate-CoA ligase; HCT, hydroxycinnamoyl CoA 
shikimate/quinate hydroxycinnamoyltransferase; HQT, hydroxycinnamoyl CoA quinate 
hydroxycinnamoyltransferase; C3’H (1, 2), p-coumarate 3’-hydroxylase; CCoAOMT, 
CaffeoylCoA-O-methyltransferase. B. Chromosomal distribution of genes involved in 
hydroxycinnamic acid ester metabolism on the scaffolds forming the 11 pseudomolecules of 
C. canephora. BAHD, benzylalcohol acetyl-, anthocyanin-O-hydroxy-cinnamoyl-, 
anthranilate-N-hydroxy-cinnamoyl/benzoyl-,deacetylvindoline acetyltransferase. In red, genes 
previously located using COS markers; in green the other members of the gene families 
involved in the pathway; in black, members of clades from BAHD superfamily. Unanchored 
genes are indicated in the right. 
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Figure S15. Expression pattern of PPP genes during fruit development from 120 to 320 
days after pollination. The intensity of the blue color indicates the level of expression (white 
: no expression; lightly blue: 1< RPKM<20; pale blue: 12<RPKM<50; blue: 51<RPKM<100; 
intense blue: 101<RPKM<500, marine blue: RPKM > 500).
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Figure S16 (Page 1/5)  
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Figure S16 (Page 2/5) 
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Figure S16 (Page 3/5) 
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Figure S16 (Page 4/5)  
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Figure S16 (Page 5/5) 
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Figure S16. Multiple alignment of all the 25 BAHD candidate proteins identified in the 
coffee genome (from Table S21) with genetically or biochemically characterized BAHD 
acyltransferasess (including some of those used in (159). The amino acid sequences were 
aligned using the MEGALIGN program from Lasergene 9 Core suite (DNASTAR ®) with 
CLUSTAL W method and default parameters (Gap penalty:10; Gap Length penalty: 0.20; 
Protein weight matrix: Gonnet 250). The residues shaded with solid light grey are those that 
match the residues found in the majority of the sequences. 
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Figure S17. Phylogenetic tree built based on the protein alignment shown in Figure 
S16. The amino acid sequences were aligned using CLUSTAL W method and MEGALIGN 
software from Lasergene 9 Core suite (DNASTAR ®). A neighbour-joining tree was 
generated and bootstrapped at default settings of 1000 trials and a random seed of 111. 
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Figure S18. N-methyltransferase gene structure in C. canephora. Average, minimum and 
maximum sizes are given in bp for each intron and exon of full-length genes of the caffeine 
pathway. 
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Figure S19. Molecular phylogenetic analysis of C. canephora NMT coding sequences 
(CDS). Phylogenetic relationships of the six putative full-length NMT CDS identified in the 
C. canephora genome (red) and the NMTs from C. canephora or C. arabica (different 
colors per subfamily) analysed by Yoneyama et al. (101) and McCarthy et al. (18). Sources 
of the sequences are as follows: CaXMT1, AB048793; CmXRS1, AB034699; CcXMT1, 
DQ422954; CTS2, AB054841; CaMXMT2, AB084126; CTS1, AB034700; CaMXMT1, 
AB084794; CcDXMT1, DQ422955; CCS1, AB086414; CaDXMT1, AB084125. The tree 
was inferred using maximum likelihood and the bootstrap values were inferred from 1000 
replicates.  
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Figure S20. Molecular phylogenetic analysis of C. canephora NMT proteins. 
Phylogenetic relationships of the six putative full-length NMT proteins identified in the C. 
canephora genome (red diamonds). The consensus tree was inferred using maximum 
likelihood and the bootstrap values estimated from 1,000 replicates. The color code is as in 
Figure S19. 
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Figure S21. Caffeine biosynthesis has a phylogenetically independent origin in coffee; 
inferences from a large analysis of NMT nucleotide sequences from multiple eudicots. 
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The maximum likelihood tree shown is based on a codon alignment of CDS extracted from 
CoGe, with the exception of 2 Camellia sinensis CDS from GenBank (TCS1 and TCS2; 
AB031280.1 and AB031281.1, respectively). Names follow gene model IDs. Colored 
branches mark caffeine biosynthetic clades; brown = coffee, yellow = tea, orange = cacao. 
Sequence names are also colored according to species: brown = coffee, yellow = tea, orange 
= cacao, purple = grapevine, pink = peach, blue = poplar, green = Arabidopsis, red = 
Mimulus, black = potato, and cyan = Utricularia. 
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Figure S22. Caffeine biosynthesis has a phylogenetically independent origin in coffee; 
inferences from a large analysis of NMT amino acid sequences from multiple eudicots. 
The maximum likelihood tree shown is based on translated and then aligned CDS sequences 
extracted from CoGe, with the exception of 2 Camellia sinensis CDS from GenBank (TCS1 
and TCS2). Colors are as in Figure S21. 



 
 

57 

 
 
Figure S23. Four scaffolds from C. canephora containing at least one NMT coding 
sequence (circled), with three of these blocks showing tandem NMT arrays. Gene 
models (in green) lie at the centres of each block; high-scoring HSPs lie above these models, 
with different colored lines connecting them for clarity among the four scaffolds. Despite 
these shared HSPs, the regions are not syntenic to one another. 
 

 
 
Figure S24. Unmasked view of the 4 C. canephora blocks shown in Figure S21. 
Although there are several large and small gaps in the assembly (orange), none of the NMT 
gene models (joined by lines between high-scoring HSPs) appear directly affected. 
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Figure S25. Microsynteny analysis of the cacao genome compared to the an NMT-
containing region of C. canephora chromosome 9. The rows of red and brown HSPs on 
the top block, from coffee, have numerous syntenic hits to the cacao blocks below. 
However, the NMTs (circled) on the coffee block (top) are just outside the region of 
synteny. Gene models and HSPs are figured as in Figure S23. 
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Figure S26. The C. canephora region directly surrounding the CcDXMT gene shares 
synteny with a cacao block, but a cacao ortholog is missing. CcDXMT is part of a tandem 
array including other ORTHOMCL170 NMTs that lie upstream in a region without synteny 
to cacao. 
 
 
 
 
 
 

Figure S27. Several non-caffeine C. canephora NMTs lie in a distinct tandem array on 
chromosome 1.
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Figure S28. Tandem NMT arrays in coffee share a common genomic context with 
NMT-free regions of the cacao genome. The tandem array on coffee chromosome 9 and 
one of those chromosome 1 are syntenically linked to three distinct cacao blocks devoid of 
NMTs, supporting their common ancestry in a single genomic region. 
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Figure S29. Theobroma cacao genome blocks containing caffeine biosynthesis and 
related NMTs. TcBCS1 on chromosome 10 (as shown by numbering to the right), which is 
the experimentally confirmed caffeine synthase gene in cacao, has a tandem duplicate, 
TcBCS2. Other cacao NMTs exist as singletons (without cross synteny) on other blocks. 
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Figure S30. The experimentally determined gene for caffeine biosynthesis in T. cacao, 
TcBCS1, lies in a genomic region with synteny to 4 regions of the coffee genome. HSPs 
above the gene models in the cacao block (top) show considerable intercalated synteny. One 
of the coffee blocks (bottom) contains the TcBCS1 ortholog, GSCOCT00037185001, a non-
caffeine-related NMT that has not been considered otherwise in our analyses. 
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Figure S31: Synonymous substitution (Ks) rates permit relative dating of duplications 
within and among the C. canephora NMT tandem arrays. A, Codeml in PAML was used 
to calculate pairwise Ks values for the complete coding sequences figured. Colors of gene 
names indicate original tandem array memberships, i.e., phylogenetic relationships; where 
the physical relationships of some of these array members have moved, the gene names are 
shown with backgrounds colored according to modern block membership, as in Figure. 2 
(main text). For example, the CcDXMT gene name is shown in red since it evolved within 
the tandem array also containing CcNMT4, CcNMT3, CcMTL, and CcXMT, but because the 
gene remained behind after translocation of the red block, its cell is shaded blue. Pairwise 
Ks values. when colored, are shown as such according to phylogenetic relationships of NMT 
duplicates, regardless of their modern physical placements. B, Average Ks values within 
each phylogenetic group, colored according the original ("seed") duplicates that founded 
each tandem array, as shown in Figure 2 (main text). These values, when converted to 
relative times, are interpreted to represent the approximate timing of duplication events 
within arrays, i.e., when their tandem diversifications occurred. C, Ks values averaged 
between the different tandem arrays, with the relative divergence times inferred reflecting 
approximately when each array was founded by a given "seed" duplicate. Colorations are as 
in B. 
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Figure S32. Maximum likelihood phylogeny of known caffeine biosynthetic genes in 
coffee, tea, and cacao, plus 2 linked and coordinately-expressed NMTs from coffee and 
7 genes with non-caffeine function from Arabidopsis. 
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Figure S33. Genome-wide analysis of fatty acid (FA) desaturases in coffee. The 15 FA 
desaturase genes identified in the genome of C. canephora are classified according to (from 
left to right): their subfamily, which specifies the position of the double bond introduced in 
the carbon chain, their sub-cellular localization, their chromosome localization, as specified 
by gene code. Products of the reaction catalyzed by the different enzymes are indicated 
between brackets. For each enzyme, the number of gene copies identified in the coffee 
genome is compared with that of Arabidopsis. The structure of each coffee FA desaturase 
gene (blue-colored exons) is also compared with that of an Arabidopsis ortholog (magenta-
colored exons) representative of the gene family. Exon and intron length is strictly 
proportional to nucleotide sequence size. Gene expression levels in various tissues (root, 
stamen, pistil, leaf, perisperm and endosperm), and at various developmental stages of the 
perisperm and the endosperm (days after pollination, DAP), are indicated by blue-colored 
spots, the size and color-intensity of which specifies the number of reads per kilobase and 
million reads (RPKM). Gene expression levels in leaves sampled on C. canephora plants 
cultivated at four temperature regimes (18/14, 23/19, 28/24 and 33/29°C, day/night 
temperatures) are also given on the right with colored bars. For each gene displaying > 10 
RPKM, color intensity indicates normalized transcript abundance from 0% (white) to 100% 
(dark red).  



 
 

66 

  



 
 

67 

Supplementary Tables 
 
Table S1. Raw sequencing data overview. 
 
 Number of 

reads Number of bases Coverage Fragment size 
(bp) 

Roche/454 
single end reads 

28,725,267 10,759,034,874 15.15 NA 

Roche/454 
single end long 
reads 

12,403,671 5,855,380,726 8.25 NA 

Roche/454 
mate pairs reads 4,113,325 1,325,854,339 1.87 13,600 

Roche/454 
mate pairs reads 4,803,363 1,563,848,456 2.20 7,800 

Roche/454 
mate pairs reads 4,370,296 1,227,506,974 1.73 2,800 

Sanger BAC-
ends 143,605 193,347,146 0.27 130,000-170,000 

Illumina single 
end reads 56,483,059 4,114,934,000 5.80 NA 

Illumina paired-
end reads 226,531,636 38,641,750,000 54.43 300-600 

 
Table S2. Assembly statistics. 
 
 

Raw assembly Final Assembly 

 Contigs Scaffolds Contigs Scaffolds 

Number 91,439 13,345 25,216 13,345 
Cumulative size 
(Mb) 475.6 569.4 471.3 568.6 

Average size (kb) 5.2 42.6 18.7 42.6 
N50 size (kb) 14.8 1,261 51.1 1,261 
N50 number 8,509 108 2,290 108 
N80 size (kb) 4.3 65.2 15.5 65.3 
N80 number 

26,145 637 7,259 635 

Largest size (kb) 193.8 9,035 817.6 9,028 
 
  



 
 

68 

Table S3. C. canephora genetic map characteristics. The eleven linkage groups (A to K) 
were described according to their size (cM), number of markers, marker density and origin 
of the markers (RADs, RFLPs, SSRs and SNPs). 

 
 

Linkage 
group  Size (cM) Nb. Markers Density RADs 

RFLPs, SSRs, 
SNPs 

A 136 320 0.43 157 163 

B 221 520 0.43 304 216 

C 127 235 0.54 136 97 

D 111 274 0.41 149 125 

E 117 266 0.44 140 126 

F 169 349 0.49 168 181 

G 124 305 0.41 156 149 

H 137 271 0.51 168 103 

I 93 180 0.52 98 82 

J 124 286 0.44 156 130 

K 112 224 0.50 115 109 

Total 1471 3230 0.46 1747 1483 

 
 
 
 
 
Table S4. Overview of the anchoring of the assembly on the C. canephora linkage 
groups. 
 
Pseudomolecule 
(Linkage group) 

Number of 
scaffolds 

Size (Mb) No. of genes per 
pseudomolecule 

Gene density 
(genes/Mb) 

1 (A) 34 38.2 2198 57.5 
2 (B) 42 54.5 4000 73.4 
3 (C) 29 32.0 1632 51.0 
4 (D) 35 28.2 1727 61.2 
5 (E) 33 29.1 1661 57.1 
6 (F) 31 37.3 2839 76.1 
7 (G) 21 29.8 2146 72.0 
8 (H) 39 31.6 1718 54.4 
9 (I) 26 22.3 1094 49.1 
10 (J) 34 27.6 1653 59.9 
11 (K) 25 33.5 1753 52.3 
     
Un 12996 205.6 3603 17.5 
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Table S5. Description of the RNA-Seq data used for gene expression analysis. 
Vegetative and reproductive tissues (root, leaves, pistil, stamen) were taken from 
greenhouse-grown C. canephora plants. To investigate the effect of the growing temperature 
on the transcriptome, plants of C. canephora were cultivated for two months in four sets of 
contrasted growing conditions with different diurnal/nocturnal temperatures: 18/14, 23/19, 
28/24 and 33/29°C. Perisperm and endosperm samples were prepared from fruits collected 
on field-grown C. canephora plants at different developmental stages: 120, 150 and 180 
days after pollination (DAP) for perisperm, and 180, 260 and 320 DAP for endosperm. The 
Illumina reads were aligned using BWA (version 0.7.2, BWA-MEM algorithm) against the 
C. canephora 25,574 protein-coding gene models used as reference transcriptome. 
 
Samples Conditions/

stage 
Replicate Type of 

sequences 
No of raw 

reads 
No. of 

cleaned 
reads 

No. of 
unambiguousl

y mapped 
reads 

Leaf  1 2 x 100 nt 32,000,000 # 22,352,608 

  2  19,581,904 # 13,641,913 

Root  1 2 x 100 nt 30,541,254 # 22,126,471 

Stamen  1 2 x 100 nt 21,296,792 # 13,754,195 

Pistil  1 2 x 100 nt 27,345,728 # 16,910,294 

Perisperm  120 DAP 1 2 x 100 nt 194,776,548 151,136,192 114,892,270 

  2 2 x 100 nt 204,104,288 161,970,384 99,499,872 

Perisperm 150 DAP 1 2 x 100 nt 158,526,444 61,024,346 46,747,685 

  2 2 x 100 nt 173,119,798 90,379,264 69,046,975 

  3 2 x 100 nt 192,120,378 75,067,146 56,656,825 

Perisperm 180 DAP 1 2 x 100 nt 138,025,566 74,103,706 41,889,236 

  2 2 x 100 nt 193,989,000 19,435,420 14,180,533 

  3 2 x 100 nt 200,185,866 108,682,774 64,340,964 

Endosperm 180 DAP 1 2 x 100 nt 159,700,240 125,787,798 92,083,762 

  2 2 x 100 nt 162,151,272 64,488,618 47,951,545 

  3 2 x 100 nt 170,412,800 88,995,062 65,414,285 

Endosperm 260 DAP 1 2 x 100 nt 157,423,006 146,130,104 99,858,416 

  2 2 x 100 nt 201,027,848 125,616,384 89,230,431 

  3 2 x 100 nt 214,070,658 169,367,600 115,829,425 

Endosperm 320 DAP 1 2 x 100 nt 138,424,748 92,766,848 53,977,028 

  2 2 x 100 nt 179,230,196 96,372,172 71,310,083 

  3 2 x 100 nt 214,387,026 148,779,860 110,650,806 

Leaf 18/14°C 1 1 x 100 nt 36,484,088 # 26,730,866 

  2 1 x 100 nt 37,583,402 # 27,149,887 

Leaf 23/19°C 1 1 x 100 nt 37,498,939 # 27,324,383 

  2 1 x 100 nt 36,596,537 # 26,734,851 

Leaf 28/24 °C 1 1 x 100 nt 30,477,145 # 22,372,506 

  2 1 x 100 nt 21,182,110 # 15,543,751 

Leaf 33/29°C 1 1 x 100 nt 38,619,894 # 28,514,134 

  2 1 x 100 nt 35,669,174 # 26,405,098 
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Table S6. Annotation metrics. 
 
Number of genes 25,574 
Number of intronless genes 5004 
Gene size (mean : median) 3684 : 2788 
No. of exons/ gene (mean : median)  5.1 : 4 
CDS size (mean: median)  1206 : 1002 
Coding nucleotides  30,830,841 (5.4%) 
Number of introns  104,944 
Intron size (mean : median)  483 : 208 
% contigs with >=1 gene (% of nt in those 
contigs)  

16.6% (82.3%) 
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Table S7. Transcription factor distribution in Coffea and other sequenced plant 
genomes. The gene copy number of each TF family was compared among 14 genomes for 
63 Transcription factors. We used a unique five-letter species code for each organism. 
Transcription factors have been classified using protein-coding sequences and InterPro 
domains (IPR) scans available in the GreenPhyl database (InterPro v28). The classification 
was carried out according to the TAP classification rules proposed by Lang et al.(172) 
However, instead of PFAM, we used the corresponding InterPro domains (all sources). 
Some TFs with no defined IPR/PFAM (i.e., Trihelix, HRT, DBP, GARP_G2-like, VOZ, 
Alfin-like) were classified using HMMsearch (v2.3.2 and cut-off 1e-05) based on HMM 
files created from MSAs downloaded on PlnTFDB (v3.0).  
 
 
TF cof

ca 
soll
c 

ara 
th 

car
pa 

gly
ma 

med
tr 

pop
tr 

ric 
co 

vit
vi 

mus
ac 

bra
di 

ory
sa 

sor
bi 

zea
ma 

ABI3/VP1 47 76 74 33 63 94 119 42 21 41 42 60 61 46 

Alfin-like 6 11 7 4 19 5 10 5 8 20 12 10 16 21 
AP2/EREB
P 

103 170 
146 93 350 136 209 115 128 275 129 167 158 210 

ARF 17 22 22 10 57 28 37 18 20 52 41 27 27 38 

ARID 10 14 10 8 20 14 13 10 10 12 9 9 8 11 

AS2/LOB 33 47 43 35 86 32 57 34 45 72 25 36 36 43 

BBR/BPC 6 6 7 2 10 2 15 5 3 12 3 4 5 4 

BES1 7 9 8 5 14 4 16 7 6 12 7 6 8 10 

bHLH 121 163 158 100 326 119 212 132 118 284 135 177 179 203 

bZIP 40 58 61 37 125 50 80 42 41 123 74 84 86 100 
C2C2_CO-
like 

8 13 17 8 20 10 15 10 12 24 20 17 16 20 

C2C2_Dof 28 33 36 19 79 26 41 23 26 74 27 30 29 42 
C2C2_GA
TA 

17 26 
27 20 48 29 32 16 16 47 21 23 27 34 

C2C2_YAB
BY 

6 9 6 7 17 7 12 6 7 25 8 8 8 13 

C2H2 92 161 151 128 294 143 219 119 114 242 139 195 158 208 

C3H 68 81 74 47 148 60 99 55 65 113 62 73 66 75 

CAMTA 4 6 5 2 13 4 7 4 4 6 7 6 6 6 
CCAAT_H
AP2 

8 10 
10 5 21 5 12 6 5 15 7 11 10 12 

CPP 5 4 8 5 11 6 13 6 6 8 9 11 8 10 

CSD 2 5 4 3 7 1 4 5 3 6 4 3 2 4 

DBP 1 1 1 0 3 1 4 1 3 3 3 3 2 6 

E2F/DP 8 8 8 5 14 6 10 6 6 10 7 9 10 17 

EIL 4 9 6 4 12 12 7 4 4 17 6 9 7 9 

FHA 15 18 17 13 31 16 31 19 14 20 20 20 17 15 
GARP_AR
R-B 

3 6 11 5 14 4 9 5 7 10 5 5 7 7 

GARP_G2-
like 

41 70 40 34 79 30 60 32 36 97 44 44 43 52 

GeBP 2 11 22 4 9 4 8 4 3 7 14 13 15 21 

GRAS 50 54 33 39 111 61 102 48 48 73 45 60 75 74 

GRF 7 14 10 9 22 5 21 12 9 21 6 13 11 17 

HB_KNOX 8 10 9 7 29 7 12 7 10 18 7 12 9 14 

HB 52 74 68 38 142 52 98 47 53 102 55 59 55 79 

HD-Zip 19 26 21 16 52 14 32 16 20 59 22 26 23 33 

HRT 1 1 2 2 1 2 1 1 1 1 1 1 1 2 
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TF cof
ca 

soll
c 

ara 
th 

car
pa 

gly
ma 

med
tr 

pop
tr 

ric 
co 

vit
vi 

mus
ac 

bra
di 

ory
sa 

sor
bi 

zea
ma 

LFY 1 1 1 1 3 1 1 1 1 1 1 2 1 1 

LIM 9 15 13 7 30 13 17 10 14 21 11 10 9 14 

MADS 55 105 110 151 158 92 89 41 61 80 53 76 76 66 

mTERF 25 30 35 23 56 22 55 35 25 30 38 34 38 28 

MYB 109 155 148 89 322 121 223 123 157 314 90 140 124 175 
MYB-
related 

51 68 59 42 120 52 76 46 47 84 43 54 70 86 

NAC 63 102 114 79 173 74 169 96 82 172 89 148 125 149 

NZZ 0 1 1 1 0 0 2 0 2 0 0 0 0 0 

PLATZ 7 21 12 9 28 11 20 11 10 26 15 15 15 14 
Pseudo 
ARR-B 

4 5 5 4 10 2 6 6 5 11 5 5 3 4 

RB 1 1 1 1 3 1 1 2 2 2 2 2 4 4 

RWP-RK 28 10 14 5 23 8 19 10 8 17 15 13 13 17 

S1Fa-like 1 1 3 1 4 4 2 1 2 3 1 2 1 1 

SAP 1 1 1 1 1 1 1 1 1 1 0 0 0 0 

SBP 14 17 17 11 45 13 31 15 18 58 18 19 18 30 
Sigma70-
like 

6 7 6 3 12 4 7 5 6 9 7 6 6 9 

Sir2 2 2 2 2 4 2 2 2 2 2 2 2 2 3 

SRS 4 9 11 4 22 10 11 5 4 9 5 5 5 9 

TAZ 5 9 10 6 7 9 9 5 4 14 4 7 7 6 

TCP 18 36 24 22 55 15 33 22 19 46 21 22 28 42 

TEA 0 0 0 0 0 0 0 0 0 0 0 1 0 0 

Tify 13 21 18 11 33 21 25 14 15 51 21 21 19 34 

Trihelix 18 21 22 23 56 14 41 23 27 35 15 16 19 27 

TUB 8 11 11 7 23 14 14 7 17 22 12 15 13 14 

ULT 3 3 2 10 31 3 3 2 1 3 1 2 1 2 

VOZ 2 2 2 2 6 2 4 2 2 5 2 3 4 4 

Whirly 3 2 3 2 6 1 3 2 2 3 2 2 3 2 

WRKY 49 81 73 50 176 74 108 58 59 153 74 104 95 123 

zf_HD 11 22 17 10 50 15 21 11 12 27 15 15 15 21 
Zinc finger, 
MIZ type 

3 4 3 1 6 4 4 2 4 6 5 4 4 3 

Total 142
7 

200
9 

195
7 

139
3 

393
9 

168
7 

275
2 

149
7 

155
9 3302 168

1 
200
5 

202
6 2496 

               

 
Table S7 (continued) 
 
Note: Gene copy number may differ for some species and/or transcription factors from the Lang et 
al. study. These differences can be explained by the use of different genome releases. In addition, the 
use of INTERPRO domains instead of PFAM domains can also explain some deviations. It points 
out that the exact gene number for a TF for recently sequenced genomes is not stable and has to be 
cautiously considered with regards to the source of data. Nevertheless, the data remained globally 
consistent and permitted to compare their distribution across multiple genomes. 
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Table S8. Conserved miRNA families found in Coffea canephora. 
 

microRNA 
family 

number of 
paralogous loci 

mature sequence 

156 6 ahy-miR156b, aly-miR156g, aly-miR156f, vvi-miR156h  
159 5 acb-miR159, ahy-miR159    
160 3 aqc-miR160a, csi-miR160, ptc-miR160h   
162 1 aly-miR162a     
164 1 aly-miR164a     
166 5 aly-miR166a     
167 3 aly-miR167a, ath-miR167m    
169 5 aly-miR169b, mtr-miR169c, mtr-miR169f   
170 2 ace-miR170a, aly-miR170    
171 7 ghr-miR171, aqc-miR171a, aly-miR171b, sbi-miR171f, vvi-

miR171b 
172 5 vvi-miR172b, vun-miR172, ppd-miR172b, gma-miR172c, aqc-

miR172b 
390 3 aly-miR390a     
393 1 bdi-miR393a     
394 1 ahy-miR394     
395 9 aly-miR395d, bdi-miR395a    
396 5 gcl-miR396a, aly-miR396b, aly-miR396a, ghr-miR396a  
397 1 aly-miR397a     
398 2 aly-miR398a, aqc-miR398b    
399 5 aqc-miR399, aly-miR399a, aly-miR399d, bdi-miR399b, bdi-

miR399b 
408 1 ppt-miR408b     
529 1 ppt-miR529d     
miR1120 1 hpr-miR1120     
miR2111a 1 aly-miR2111a     
miRf10005-akr 1 ath-miRf10005-akr    
miRf10239-akr 1 ath-miRf10239-akr    
miRf10258-akr 1 ptc-miRf10258-akr    
miRf10421-akr 1 ptc-miRf10421-akr    
miRf10467-akr 1 ptc-miRf10467-akr    
miRf10574-akr 3 ath-miRf10574-akr    
miRf10982-akr 1 ptc-miRf10982-akr    
miRf11151-akr 5 ptc-miRf11151-akr    
miRf11215-akr 1 osa-miRf11215-akr    
miRf12256-akr 3 ptc-miRf12256-akr       

 
acb : Arabidopsis cebennensis; ace : Allium cepa ; Ahy: arachis hypogaea ; Aly : Arabidopsis lyrata ; aqc: Aquilegia coerulea ; 
ath: Arabidopsis thaliana ; bdi: Brachypodium distachyon ; csi : citrus sinensis ; ghr: Gossypium hirsutum ; gma: Glycine max ; 

hpr : Henrardia persica ; mtr: Medicago truncatula ; osa : oryza sativa ; ppd : . Populus trichocarpa x Populus deltoides ; ptc: 
Populus trichocarpa ; sbi: Sorghum bicolor ; vun : Vigna unguiculata ; vvi: Vitis vinifera
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Table S9. The numbers of miRNA loci in Coffea canephora compared with those of some 
other plants with sequenced genomes. 
  Number of paralogous loci 

microRNA 
family 

Common ancestor 
found in 

Coffea 
canephora 

Populus 
trichocarpa 

Vitis 
vinifera 

Arabidopsis 
thaliana 

156 Embryophytes 6 11 9 14 

159 Embryophytes 5 6 3 3 

160 Embryophytes 3 8 6 3 

166 Embryophytes 5 17 8 7 

171 Embryophytes 7 14 9 6 

390 Embryophytes 3 4 1 2 

395 Embryophytes 9 10 14 6 

408 Embryophytes 1 1 1 1 

396 Tracheophytes 5 7 4 2 

397 Spermatophytes 1 3 2 2 

398 Spermatophytes 2 3 3 3 

162 Angiosperms 1 3 1 2 

164 Angiosperms 1 6 4 3 

167 Angiosperms 3 8 5 5 

169 Angiosperms 5 32 25 15 

170 Angiosperms 2 0 0 3 

172 Angiosperms 5 9 4 7 

393 Angiosperms 1 4 2 2 

394 Angiosperms 1 2 3 2 

399 Angiosperms 5 12 9 6 

529 Angiosperms 1 0 0 0 

miR1120 Angiosperms 1 0 0 0 

miRf10005-akr Angiosperms 1 1 0 1 

miRf10239-akr Angiosperms 1 1 0 1 

miRf10258-akr Angiosperms 1 1 0 1 

miRf10421-akr Angiosperms 1 1 0 1 

miRf10467-akr Angiosperms 1 1 0 1 

miRf10574-akr Angiosperms 3 1 0 1 

miRf10982-akr Angiosperms 1 1 0 1 

miRf11151-akr Angiosperms 5 1 0 1 

miRf11215-akr Angiosperms 1 1 0 0 

miRf12256-akr Angiosperms 3 1 0 0 

miR2111a Eudicots 1 0 0 1 
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Table S10. Percentage of identified Transposable Elements along C. canephora 
pseudomolecules. ChrUn is composed of unanchored contigs. 
 
Pseudomolecule RLG RLC RLX RIX RSX DTX DXX DHX XXX Total % 
chr1 17.37 6.13 9.58 1.82 0.08 2.70 1.19 0.78 2.06 41.71 
chr2 14.16 5.14 8.07 1.35 0.08 3.07 0.95 0.41 2.01 35.24 
chr3 18.42 6.44 8.70 1.73 0.06 2.95 1.32 1.12 2.07 42.81 
chr4 16.04 6.51 9.07 1.65 0.08 2.83 1.06 0.54 1.96 39.74 
chr5 19.03 7.02 9.48 2.10 0.07 2.74 1.23 0.71 1.98 44.36 
chr6 15.58 5.72 8.90 1.54 0.08 3.06 0.99 0.58 1.91 38.36 
chr7 15.41 5.36 8.67 1.40 0.08 2.91 1.06 0.85 2.21 37.95 
chr8 16.26 6.17 10.10 1.93 0.08 3.04 1.17 0.71 2.12 41.58 
chr9 20.56 6.53 10.24 2.11 0.08 2.68 1.69 0.44 1.87 46.2 
chr10 16.27 6.20 8.74 1.79 0.07 3.14 1.32 0.49 1.93 39.95 
chr11 19.08 7.10 10.88 2.02 0.07 2.69 1.02 0.63 1.87 45.36 
ChrUn 37.38 8.15 14 1.73 0.04 1.57 0.2 0.49 1.09 64.65 
Total % 24.14 6.84 10.92 1.73 0.07 2.43 0.80 0.59 1.68 49.2 
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Table S11. Examples of statistics on orthologs and paralogs retained for the 
comparisons after detection by SynMap. Percentages are out of total number of genes in 
genome.  
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Table S12. Results of the BadiRate analysis of gene family expansion and contractions. 
The fit of the different branch models of gene turnover to the 16,917 orthogroups defined by 
OrthoMCL is shown. For each gene family, the table shows the fit of six branch models of 
gene turnover (GR, ForeGroundTomato, ForeGroundArabidopsis, ForeGroundGrape, 
ForeGroundArabidopsis, FR) to the number of genes at the extant species ("Family sizes" 
column), including their number of parameters, their likelihoods, and their weighted AICs 
(wAIC). For each family, the table also reports the best-fit branch model ("best-fit model" 
column), as well as the support of this best-fit model ("support of best fit model"). Best-fit 
model supports higher than 2.7 (according to the wAIC criterion) were considered significant 
(shaded cells). In cases where the best-fit model includes lineage-specific GD rates (i.e., the 
foreground branch models), the table also reports the inferred net family size change in the 
focal lineage ("Net Gene Number Change in ForeGround Lineage" column). See separate 
excel file. 
 
 
Table S13. Plant GO slim terms differentially distributed among genes belonging to 
coffee-specific expanded and contracted families, according to the BadiRate analyses. 
For each GO term, the table shows the number of GO counts among the coffee-specific 
expanded genes families (‘sample counts’ column), the total number of GO counts in the 
genome (‘background’ column), the Fisher’s exact test of differential GO term distribution 
(raw and adjusted p-values, by Benjamini-Hochberg), as well as the direction of the 
differential representation in the sample (over- or under-represented). See separate excel file. 
 
 
Table S14. Plant generic GO terms differentially distributed among genes belonging to 
coffee-specific expanded and contracted families, according to the BadiRate analyses. 
For each GO term, the table shows the number of GO counts among the coffee-specific 
expanded genes families (‘sample counts’ column), the total number of GO counts in the 
genome (‘background’ column), the Fisher’s exact test of differential GO term distribution 
(raw and adjusted p-values, by Benjamini-Hochberg), as well as the direction of the 
differential representation in the sample (over- or under-represented). See separate excel file. 
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Table S15: Summary of selected GO terms enriched among gene families expanded in 
coffee. In gray, those significant after Benjamini-Hochberg correction. B and M indicate 
biological process and molecular function GO class, respectively. Sample counts and Genome 
counts indicate the total number of genes annotated with particular GO terms among 
expanded families (of which there are 1270 genes total) versus the entire coffee genome 
(which contains a total of 25574 genes) 
 
 

GO Class GO Description 
Sample 
counts 

Genome 
counts p-values 

B defense response 160 355 4.21E-127 
M catalytic activity 49 350 5.22E-21 
M transferase activity 38 303 2.69E-15 
B metabolic process 48 495 6.59E-15 
M methyltransferase activity 20 153 4.54E-09 
M hydrolase activity 22 303 9.00E-06 
M oxidoreductase activity 32 558 1.20E-05 
B secondary metabolic process 4 5 3.19E-05 
M sinapoyltransferase activity 4 5 3.19E-05 
M strictosidine synthase activity 6 24 5.42E-05 
B monoterpenoid biosynthetic process 4 9 0.000168234 
M (-)-menthol dehydrogenase activity 4 9 0.000168234 
B indole biosynthetic process 7 48 0.000260469 
M tropine dehydrogenase activity 4 11 0.000309558 
M naringenin 3-dioxygenase activity 3 9 0.002277388 
B terpenoid biosynthetic process 6 54 0.002542178 
M isoflavone 2'-hydroxylase activity 2 12 0.039907858 
B alkaloid biosynthetic process 4 54 0.044268512 
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Table S16. NBS-encoding R-genes in coffee, potato(173), tomato(10), poplar(174) and Arabidopsis(100). 
 

Predicted domains  Coffee  Potato  Tomato  Grapevine  Poplar  Arabidopsis  

Non-TIR genes  
CC-NBS-LRR  79  65  118  200  119  51  
CC-NBS  239  24  17  26  19  4  
NBS-LRR  63  177  39  12  71  4  
NBS  169  104  51  0  27  1  
Other NBS  7  0  4  186  41  2  

TIR genes  
TIR-NBS-LRR  3  37  17  90  64  83  
TIR-NBS  1  12  5  14  13  21  
Other NBS  0  16  15  7  48  43  

Total  561  435  266  535  402  209  
 
  



 
 

80 

Table S17. Normalized proportion (x100) of non-shared adjacencies, reflecting gene order divergences among core eudicot species, 
corrected for fractionation effects. 
Yellow highlighting indicates that coffee is closest to asterids, while peach and cacao are closest to rosids.  
 
  coffee peach cacao grape papaya strawberry 
Mimulus 18 22 23 26 35 33 
Utricularia 35 38 38 40 47 43 
tomato 23 27 29 30 39 36 
coffee   23 23 27 32 45 
grape 27 26 25   33 49 
Arabidopsis 26 26 25 30 33 34 
papaya 32 31 32 33   50 
cacao 23 22   25 32 45 
Medicago 28 28 31 33 39 33 
soybean 27 25 27 30 35 35 
strawberry 45 40 45 49 50   
peach 23   22 26 31 40 
poplar 18 17 18 21 25 25 
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Table S18. Distribution of NBS-encoding R-genes and gene clusters in the coffee genome. A gene cluster is a region containing four or 
more genes within 200 Kb or less(121). 
 

Predicted domains 

Chromosomes Subtotal 
anchored 

genes 

Non- 
anchored 

genes Total  1 2 3 4 5 6 7 8 9 10 11 

Non-TIR genes  
CNL  2  4  14  6  5  0  2  7  0  0  0  40  29  69  
CN  20  11  22  12  15  4  5  11  0  3  19  122  77  199 
NL  4  2  5  1  5  4  2  9  0  0  3  35  29  64 
N  10  6  27  4  10  9  7  14  2  5  23  117  63  180 
Other  4  1  2  1  3  0  11  0  0  2  7  31  14  45  

TIR genes  
TNL 0  0  0  0  0  0  0  1  0  0  0  1  0  1  
TN  0  0  0  0  0  0  0  0  0  0  2  2  1  3  

Total  40  24  70  24  38  17  27  42  2  10  54  348  213  561 
Clusters 
No. genes 

3 
20 

2 
9 

7 
39 

2 
10 

3 
18 

2 
10 

2 
9 

5 
36 

0 
0 

0  
0 

4 
18 

30 
169 

10 
48 

40 
217 
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Table S19. Distribution of orthogroups containing NBS genes in the coffee genome. 
 

 Chromosomes  

Orthogroup 1 2 3 4 5 6 7 8 9 10 11 
Subtotal 
anchored 

genes 

Non-
anchored 

genes 
Total 

ORTHOMCL5  12  2    6    20 15 35 
ORTHOMCL6        1   1 2 4 6 
ORTHOMCL7 27 1 21    1     50 75 125 
ORTHOMCL15 7 2 10 2 10  18   2 2 53 25 78 
ORTHOMCL19  1  1  2  29   3 36 23 59 
ORTHOMCL23   1   5      6 7 13 
ORTHOMCL42    16  1     1 18 8 26 
ORTHOMCL43 1   1 6       8 15 23 
ORTHOMCL54 2  11   1  1  1 16 32 9 41 
ORTHOMCL67   6   4     6 16 1 17 
ORTHOMCL138   1  1     4 7 13 1 14 
ORTHOMCL142   5  11  1 1    18 2 20 
ORTHOMCL151  1          1 0 1 
ORTHOMCL256 2    2       4 11 15 
ORTHOMCL398      1      1 0 1 
ORTHOMCL456       1     1 0 1 
ORTHOMCL473     1   1    2 2 4 
ORTHOMCL648   1        4 5 0 5 
ORTHOMCL1009         1   1 2 3 
ORTHOMCL1016     1  3     4 0 4 
ORTHOMCL1063           1 1 0 1 
ORTHOMCL1357  2          2 0 2 
ORTHOMCL1497          1  1 0 1 
ORTHOMCL2767         1  3 4 1 5 
ORTHOMCL4266     3       3 0 3 
ORTHOMCL4371      1      1 0 1 
ORTHOMCL4795       1    4 5 0 5 
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ORTHOMCL4821   4  1       5 0 5 
ORTHOMCL5239   2         2 0 2 
ORTHOMCL5797            0 1 1 
ORTHOMCL5830  1          1 0 1 
ORTHOMCL5841           1 1 0 1 
ORTHOMCL9205     1       1 0 1 
ORTHOMCL9700       1     1 0 1 
ORTHOMCL12442      1      1 0 1 
ORTHOMCL15067           1 1 1 2 
ORTHOMCL15152           2 2 0 2 
ORTHOMCL15177   1         1 0 1 
ORTHOMCL15218   2         2 0 2 
ORTHOMCL16510    1        1 0 1 

Total 39 20 65 23 37 16 26 39 2 8 52 327 203 530 
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Table S20. List of C. canephora proteins orthologous to known plant proteins involved in the initial phenylpropanoid pathway (PPP) and 
hydroxycinnamic acid ester (HCE) metabolism. 

 
* For poplar (Populus trichocarpa) (Pt), the gene copy numbers reported in the table are those published by Shi et al. in 2006(152). 
** Gene copy numbers were determined using the BLASTP program(65, 175) and full-length protein sequences as queries. One example of query used for each family is 
listed in the second column, and corresponds to a published sequence from an enzyme genetically or biochemically characterized. In addition, for each family, other query 
sequences (not listed) were used to confirm the results returned using the listed query enzymes. Then, in order to validate the annotation of the candidates, the hits with the 
best E values (the BLAST searches were launched with e-value set at 2e-10) and percentages of identity were first aligned with known enzymes, and then subjected to the 
"Batch Web CD-Search Tool", an NCBI's interface to searching the Conserved Domain Database(148-150) with an expect value set at 0.01 
(http://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi). The alignments were performed using ClustalW through MegAlign software (Lasergene, DNASTAR version 
9.1.0). For Arabidopsis thaliana (At) and tomato, the Arabidopsis proteins (TAIR 10 release) database and the tomato genome "ITAG Release 2.3 predicted proteins 
(SL2.40)", were queried from Sol Genomics Network (http://solgenomics.net/tools/BLAST), respectively. For coffee, the Coffee Genome Hub Assembly V1.0 database was 
queried. For each enzyme family in coffee, the gene copy numbers found and their corresponding locus numbers (locus ID) are indicated. 

Gene
Query Enzyme 

(Accession number)
Poplar* Arabidopsis** Tomato** Coffee**

PAL
PtrPAL1

(ACC63888)
5 4 16 4 Cc00p20750.1 Cc01p10880.1 Cc02p11230.1 Cc06p03980.1

C4H
PtrC4H1

(ACC63873)
3 1 1 4 Cc00p10050.1 Cc00p00170.1 Cc01p15360.1 Cc00p05190.1

Cc01p10510.1 Cc02p02860.1 Cc04p05510.1 Cc04p09970.1 Cc06p04280.1
Cc06p13370.1 Cc07p03940.1 Cc08p03990.1 Cc10p00840.1 Cc02p10610.1

HCT
CcHCT 

(ABO47805)
7 1 1 1 Cc04p05230.1

HQT
SlHQT 

(CAE46933)
0 0 1 1 Cc06p14760.1

C3'H
PtrC3H3 

(ACC63870)
4 1 2 2 Cc00p08150.1 Cc06p20390.1

CCoAOMT
CcCCoAOMT1 
(ABO77959)

6 2 28 3 Cc02p18970.1 Cc06p11010.1 Cc11p06680.1

Coffea canephora  Locus Numbers

4CL
Ptr4CL1 

(EEF03042)
13 1417 10

Gene Copy Numbers
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Table S21. Details for all 25 candidate genes involved in the PPP initial reactions and HCE synthesis identified in the coffee genome 
(Table S20). The details include: the Gene Family they belong to, their General Function, Their Locus ID in the Coffee Genome Hub Assembly 
V1.0 database, the names attributed, the locations of the genes in the C. canephora Double Haploid (CcDH) genome (Chromosome number, 
Start and End locations, and Scaffold number), their Unique Name/Function, and the name of the corresponding enzyme in either the C. 
canephora diploid genome or C. arabica tetraploid genome for the genes that were characterized prior to the Coffee Genome Sequencing 
Project.  

 
 

Gene family General function Locus ID Gene Name Chr. Start End
Scaffold 
Number

Unique Name/
Function

Correspond to an isoenzyme of

Cc02p11230.1 CcDH_PAL1 chr2 9150460 9154515 Scaffold 4 GSCOCT00029438001~ 
 

CcPAL1 GenBank Accession AAN32866
Cc06p03980.1 CcDH_PAL2 chr6 3129379 3131052 Scaffold 22 GSCOCT00023699001~ 

 
CcPAL2 GenBank Accession AEO94540

Cc01p10880.1 CcDH_PAL3 chr1 29560890 29564593 Scaffold 24 GSCOCT00024202001~ 
 

CcPAL3 GenBank Accession AEO94541
Cc00p20750.1 CcDH_PAL4 chr0 132648726 132651946 Scaffold 1586 GSCOCT00001383001~ 

 Cc01p15360.1 CcDH_C4H1 chr1 33302670 33305477 Scaffold 11 GSCOCT00016571001~ 
 

CcC4H SEQ ID NO:23 Patent WO/2007/044992
Cc00p10050.1 CcDH_C4H2 chr0 84613032 84621393 Scaffold 511 GSCOCT00003814001~ 

 Cc00p05190.1 CcDH_C4H3 chr0 40646841 40647707 Scaffold 257 GSCOCT00000319001~ 
 Cc00p00170.1 CcDH_C4H4 chr0 314366 316236 Scaffold 67 GSCOCT00036093001~ 
 Cc06p13370.1 CcDH_4CL1 chr6 11098526 11101894 Scaffold 9 GSCOCT00041408001~ 

 
Cc4CL1 SEQ ID NO:25 Patent WO/2007/044992

Cc04p05510.1 CcDH_4CL2 chr4 4111158 4120611 Scaffold 2 GSCOCT00022309001~ 
 

Cc4CL2 SEQ ID NO:26 Patent WO/2007/044992
Cc10p00840.1 CcDH_4CL-L1 chr10 688109 694486 Scaffold 26 GSCOCT00024543001~ 

 Cc04p09970.1 CcDH_4CL-L2 chr4 9135366 9152764 Scaffold 14 GSCOCT00042531001~ 
 Cc08p03990.1 CcDH_4CL-L3 chr8 5495865 5499040 Scaffold 59 GSCOCT00034199001~ 
 Cc02p10610.1 CcDH_4CL-L4 chr2 8656646 8658672 Scaffold 4 GSCOCT00029510001~ 

 Cc01p10510.1 CcDH_4CL-L5 chr1 29144630 29147854 Scaffold 24 GSCOCT00024147001~ 
 Cc06p04280.1 CcDH_4CL-L6 chr6 3373703 3376971 Scaffold 22 GSCOCT00023742001~ 
 Cc07p03940.1 CcDH_4CL-L7 chr7 2736366 2738614 Scaffold 8 GSCOCT00039644001~ 
 Cc02p02860.1 CcDH_4CL-L8 chr2 2323248 2326781 Scaffold 15 GSCOCT00020155001~ 
 Hydroxycinnamoyl-CoA shikimate/quinate 

hydroxycinnamoyl transferase (HCT)
Phenylpropanoid Metabolism/ 
Chlorogenic Acids* Metabolism

Cc04p05230.1 CcDH_HCT
chr4 3908595 3911935 Scaffold 2

GSCOCT00022270001~ 
Hydroxycinnamoyl-

  

CcHCT GenBank Accession ABO47805

Hydroxycinnamoyl-CoA quinate 
hydroxycinnamoyl transferase (HQT)

Phenylpropanoid Metabolism/ 
Chlorogenic Acids* Metabolism

Cc06p14760.1 CcDH_HQT
chr6 12651706 12655746 Scaffold 9

GSCOCT00041214001~ 
Hydroxycinnamoyl-

  
CcHQT GenBank Accession ABO77957 

Cc06p20390.1 CcDH_C3'H1 chr6 24122683 24126973 Scaffold 20 GSCOCT00022969001~ 
  

CcC3'H1 GenBank Accession ABB83676
Cc00p08150.1 CcDH_C3'H2 chr0 68519309 68524322 Scaffold 385 GSCOCT00000289001~ 

  
CcC3'H2 GenBank Accession ABB83677

Cc02p18970.1 CcDH_CCoAOMT1 chr2 17197993 17199471 Scaffold 1 GSCOCT00014459001~ 
 

CcCCoAOMT1 GenBank Accession ABO77959
Cc06p11010.1 CcDH_CCoAOMT-L1 chr6 8925295 8926763 Scaffold 9 GSCOCT00041707001~ 

 
CaCCoAOMT-L1 SEQ ID NO:15 Patent 

Cc11p06680.1 CcDH_CCoAOMT-L2 chr11 23108496 23112473 Scaffold 16 GSCOCT00020692001~ 
 

CcCCoAOMT-L2 SEQ ID NO:16 Patent 

Phenylpropanoid Metabolism/ 
Initial Reactions

Monooxygenase/p-coumarate 3- 
hydroxylase (C3'H)

Phenylpropanoid Metabolism/ 
Chlorogenic Acids* Metabolism
Phenylpropanoid Metabolism/ 
Chlorogenic Acids* Metabolism/  
Cell Wall Biosynthesis (Lignin)

Caffeoyl-CoA O-Methyltransferase 
(CCoAOMT)

Phenylalanine ammonia-lyase (PAL)
Phenylpropanoid Metabolism/ 
Initial Reactions

Trans-cinnamate 4-monooxygenase (C4H)

4-coumarate-CoA ligase (4CL)

Phenylpropanoid Metabolism/ 
Initial Reactions
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Table S22. BAHD proteins involved in the acylation of plant secondary metabolites* to produce compounds such as volatile esters and 
chlorogenic acid isomers. 

 
The genome-wide searches for BAHD enzymes in four plants (poplar, Arabidopsis, tomato and coffee) were conducted in two steps. First, a BLASTP 2.2 was performed using 
SlHQT and CcHQT as queries with an E-value set at 2e-10, and Blosum62 as the matrix. For poplar, the poplar genome was queried through the Plant GDB Website at 
www.plantgdb.org, by choosing PtPep_Populus predicted proteins (v2.0) as the database. For Arabidopsis (TAIR10 release) and tomato (ITAG Release 2.3; SL2.40), the BLAST 
searches were launched using the BLASTP program hosted at Sol Genomics Network (http://solgenomics.net/tools/BLAST). For coffee, the Coffee Genome Hub Assembly V1.0 
database was queried. Then, for each search, all hits returned using these parameters were analysed individually, and only those containing both the "HxxxD" and "DFGWG" 
highly conserved domains, found in nearly all the functionally characterized enzymes(159), were considered and counted. In the case of the coffee genome, 57 hits were initially 
returned by the BLAST search. After analysis for the presence of both the "HxxxD" and "DFGWG" domains, 25 BAHDs, including the HQT and HCT genes, were kept for further 
analysis. These 25 BAHDs are not only candidate enzymes involved in the metabolism of hydroxycinnamic acids and esters (including chlorogenic acid isomers, candidate 
molecules for human health and coffee quality), but also in the biosynthesis of compounds such as volatile esters, which play an important role in coffee quality and flavor, or in 
the modification of compounds such as anthocyanins. The 25 proteins were then aligned with genetically or biochemically characterized BAHD acyltransferases (including some of 
those used by D'Auria) using ClustalW through the MegAlign software (Lasergene, DNASTAR version 9.1.0) (Figure S16). Then, a phylogenetic tree was built based on this 
alignment using the same software (bootstrapping parameters were as follows: Number of trials: 1000; Random seed: 111) (Figure S17). As can be shown by the phylogenetic tree, 
and referring to the publication of D'Auria et al (159), the phylogenetic distances established and the grouping of the members by clade can help to predict the function of the 
BAHD enzymes found in coffee genome. For example, sequence Cc06p19050.1 is grouped with characterized members from clade V-I, a subclade containing enzymes capable of 
forming the volatile benzenoid ester benzylbenzoate, or responsible for making specific odour in the related plants. A second example is sequence Cc02p06310.1, which clusters 
within a major subgroup of clade III consisting of acetyltransferases involved in volatile ester biosynthesis in flowers and ripening fruits.  
 
*: Acylation of plant secondary metabolites including those generated through the phenylpropanoid pathway to produce products such as small 
volatile esters (but also modified anthocyanins, as well as constitutive defense compounds and phytoalexins). 

Gene
Query Enzymes 

(Accession 
numbers)

Poplar Arabidopsis Tomato Coffee
HQT (BAHD) 0 0 1 1 Cc06p14760.1
HCT (BAHD) 7 1 1 1 Cc04p05230.1

Cc01p00040.1 Cc01p00380.1 Cc06p19050.1 Cc01p05160.1 Cc01p03700.1 Cc01p02660.1
Cc04p09590.1 Cc06p09250.1 Cc05p02710.1 Cc02p06310.1 Cc03p10220.1 Cc03p10200.1
Cc01p01700.1 Cc08p07440.1 Cc04p10200.1 Cc02p31430.1 Cc11p16420.1 Cc00p08090.1
Cc00p27820.1 Cc04p10250.1 Cc05p05980.1 Cc02p06870.1 Cc06p01600.1

Gene Copy Numbers Coffea canephora  Locus Numbers

Other BAHDs

SlHQT (CAE46933)
CcHQT (ABO77957)

65 29 40 23

http://www.plantgdb.org/
http://solgenomics.net/tools/blast
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 Table S23. Detailed description of the 25 candidate BAHDs identified in the coffee genome. Details include the genome location of all the genes 
(Locus ID, Chromosome Number, Start and End locations, Scaffold Number) and their function attributed by automated genome annotation.  

 
 

Locus ID Chr. Start End Scaffold number

Cc00p08090.1 chr0 68112243 68113574 Scaffold 383

Cc00p27820.1 chr0 174426642 174427985 Scaffold 4202

Cc01p00040.1 chr1 37175 39395 Scaffold 256

Cc01p00380.1 chr1 397146 399824 Scaffold 3887

Cc01p01700.1 chr1 2731546 2732883 Scaffold 73

Cc01p02660.1 chr1 5127048 5129138 Scaffold 172

Cc01p03700.1 chr1 8933561 8936458 Scaffold 51

Cc01p05160.1 chr1 19533095 19535391 Scaffold 166

Cc02p06310.1 chr2 4978892 4980235 Scaffold 78

Cc02p06870.1 chr2 5431740 5433155 Scaffold 78

Cc02p31430.1 chr2 40272906 40274201 Scaffold 34

Cc03p10200.1 chr3 12885358 12886695 Scaffold 44

Cc03p10220.1 chr3 12937641 12938972 Scaffold 44

Cc04p05230.1 chr4 3908595 3911935 Scaffold 2

Cc04p09590.1 chr4 8153822 8155482 Scaffold 2

Cc04p10200.1 chr4 9412879 9414177 Scaffold 94

Cc04p10250.1 chr4 9504032 9505330 Scaffold 94

Cc05p02710.1 chr5 11712999 11714381 Scaffold 48

Cc05p05980.1 chr5 20657717 20659153 Scaffold 60

Cc06p01600.1 chr6 1306113 1307504 Scaffold 22

Cc06p09250.1 chr6 7454894 7456300 Scaffold 9

Cc06p14760.1 chr6 12651706 12655746 Scaffold 9

Cc06p19050.1 chr6 20211753 20215397 Scaffold 39

Cc08p07440.1 chr8 19736745 19738106 Scaffold 28

Cc11p16420.1 chr11 32580671 32582002 Scaffold 74

GSCOCT00041938001~ Putative Omega-hydroxypalmitate O-feruloyl transferase~ HHT1~ complete

GSCOCT00028954001~ Benzyl alcohol O-benzoyltransferase~ HSR201~ complete

GSCOCT00025372001~ Putative Vinorine synthase~ ACT~ complete

GSCOCT00038181001~ Putative Salutaridinol 7-O-acetyltransferase~ SALAT~ complete

GSCOCT00022270001~ Hydroxycinnamoyl-Coenzyme A shikimate/quinate hydroxycinnamoyltransferase~ HCT~ complete

GSCOCT00041214001~ Hydroxycinnamoyl-Coenzyme A shikimate/quinate hydroxycinnamoyltransferase~ HCT~ complete

GSCOCT00042562001~ Putative Vinorine synthase~ ACT~ complete

GSCOCT00042568001~ Putative Vinorine synthase~ ACT~ complete

GSCOCT00020896001~ Putative Hydroxycinnamoyl-Coenzyme A shikimate/quinate hydroxycinnamoyltransferase~ HCT~ complete

GSCOCT00035195001~ Putative Malonyl-coenzyme A:anthocyanin 3-O-glucoside-6''-O-malonyltransferase~ 3MAT~ complete

GSCOCT00023385001~ Putative BAHD acyltransferase DCR~ DCR~ complete

GSCOCT00039240001~ Putative BAHD acyltransferase DCR~ DCR~ complete

GSCOCT00027565001~ Putative Vinorine synthase~ ACT~ complete

GSCOCT00031025001~ Putative Vinorine synthase~ ACT~ complete

GSCOCT00031029001~ Putative Vinorine synthase~ ACT~ complete

GSCOCT00022851001~ Omega-hydroxypalmitate O-feruloyl transferase~ HHT1~ complete

GSCOCT00037859001~ Putative Salutaridinol 7-O-acetyltransferase~ SALAT~ complete

GSCOCT00013192001~ Putative Taxadien-5-alpha-ol O-acetyltransferase~ TAT~ complete

GSCOCT00033062001~ Putative Benzyl alcohol O-benzoyltransferase~ HSR201~ complete

GSCOCT00011474001~ Putative Benzyl alcohol O-benzoyltransferase~ HSR201~ complete

GSCOCT00039158001~ Putative Vinorine synthase~ ACT~ complete

Function

GSCOCT00006943001~ Putative Deacetylvindoline O-acetyltransferase~ DAT~ complete

GSCOCT00006800001~ Putative Vinorine synthase~ ACT~ complete

GSCOCT00012436001~ Benzyl alcohol O-benzoyltransferase~ HSR201~ complete

GSCOCT00013680001~ Benzyl alcohol O-benzoyltransferase~ HSR201~ complete
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Table S24. Known caffeine-biosynthetic and related N-methyltransferase (NMT) genes in C. canephora 
 
 

 
 
 

    Sizes 
Gene ID Gene model (alias) Gene 

Name 
Chr Start  Stop Gene 

(bp) 
Protei
n (aa) 

Exon 
1  

Exon 
2 

Exon 
3 

Exon 
4 

Intron 
1 
length/ 
phase 

Intron 
2 
length/ 
phase 

Intron 
3  
length/ 
phase 

Cc01g00720 GSCOCT00011062001 CcDXMT Chr1 1 210 494 1 212 499 2 006 386 75 417 261 402 146/0 257/0 448/0 
Cc09g06950 GSCOCT00036343001 CcMTL Chr9 8 151 260 8 153 271 2 012 386 75 420 261 402 144/0 170/0 540/0 
Cc09g06960 GSCOCT00036341001 CcNMT3 Chr9 8 174 351 8 176 414 2 064 387 75 420 261 402 136/0 255/0 515/0 
Cc09g06970 GSCOCT00036338001 CcXMT Chr9 8 259 623 8 261 616 1 994 374 75 420 261 363 136/0 255/0 484/0 
Cc00g24720 GSCOCT00004719001 CcMXMT ChrUn 155 539 8

57 
155 541 6
85 

1 829 380 75 417 261 384 123/0 259/0 322/0 



 
 

89 

 
Table S25. Summary of examined NMT sequences from coffee, cacao and tea species, 
with expression profiles. Background colors indicate the three main synteny groups among 
coffee NMTs are indicated with purple, green and blue symbols. See separate excel file. 
 
 
Table S26. Results of the asymmetric evolution, divergent selection and positive selection 
tests. See separate excel file. 
 
 
Table S27. Description of the positively selected aminoacids. See separate excel file. 
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