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‘2“5‘7 Fig. 1. Structure of the C. canephora genome. (A) Alignment of the pseudochromosome 1 sequence with the
genetic map of C.canephora and genomic overview. Correspordences betwen the genaticirkage map and the

DNA pseudomolecule are shown at left (oriented and nonoriented scaffolds are indicated in blue and green,
respectively: gray lines denote consistent data; orange lines indicate markers with an approximate genetic location). The relative proportions (percentage of
nucleotides)n siing windows (1-Mb sze, S00-Kb step) oftransposable elements (Copia n e, Gypsyin green) and genes (exons inblue, ntrons in dark blue) are
shown at ight. ) Coffee chromosomal blocks descending from the seven ancestral core eudicot chromosomes. The three paralogous descendants ofthe seven
‘ancestral chromosomes are shown in shared colors but different textures. (€) Comparison of three grapevine chromosomes (descendants of the
prehexaploidization core eudicot chromosome) mapped to a single coffee chromosome and three regions in the tomato genome. (D) Phylogeny and genome
duplication history of core eudicots. Arroheads indicate tetraploidization (blue) or hexaploicization (green) events. Red lines trace lineages of six species that
have not undergone further polyploicization. Bar graphs and colors reflect gene-order differences (tabie S17) between each of the six species (column labels) and
the entire set. showing the gene order conservatism of coffee. especially among asterics, and of peach and cacao among rosids





image7.jpg
S —
Tevelofgene order conservation

SASESSE 7181 Structure of the C. canephora genome. (A) Algnment of the pseudochromosome 1 sequence with the

‘genetic map of C. canephora and genormic overview, Correspondences between the genetic inkage map and the

DNA pseudomolece are shown at left (oriented and nonoriented scaffolds are indicated in biue and green,
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shown at ight. (B) Coffee chromosomal bocks descending from the seven ancestral core eucicot chromosomes. The three paralogous descendants ofthe seven
ancestral chromosomes are shown in shared colors but diferent textures. (C) Comparison of three grapevine chromosomes (descendants of the
prehexaploidization core eudicot chromosome) mapped to a single coffee chromosome and three regions i the tomato genome. (D) Phylogeny and genome
duplication history of core eudicots. Arfowheads indicate tetraploidization (blue) or hexaploidization (green) events. Red fnes trace lineages of ix species that
have not undergone further polyploidization. Bar graphs and colorsreflect gene-order diferences (table S17) between each of the six species (column labels) and
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the entire set, showing the gene order conservatism of coffee, especially among asterids, and of peach and cacao among rosics.

clustering 1270 genes were supported as expanded.
(Akaike information criterion > 27). Among gene.
‘ontology (GO) terms annotating these, 98 out
of 4300 generic terms were significantly over- or
underrepresented (table S14). Most GOs enriched
in C. canephora (P < 0.05) belonged t0 two main
functional categories: defense response and meta-
bolic process, the later including different cata-
Iytic activities (table S15).

Among defense response functions, there is a
diear expansion of nucleotide binding site disease-
resistance genes (12, 13)in the C. canephora ge-
nome (#). Most genes that grouped together
‘within single orthogroups were tandemly arayed,
suggesting that R genes evolved by tandem
plication and divergence of linked gene families
(supplementary text). Several gene functions i
volved in secondary metabolite biosynthesis are
significantly expanded in the C. canephora ge-
nome, including enzymes associated with the
production of phenylpropanoids such as flavo-
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‘noids and isoflavones (naringenin 3 dioxygenase,
isoflavone 2“hydroxylase), alkaloids (strictosi-
dine synthase, tropine dehydrogenase), monoter-
‘penes (e, menthol dehydrogenase), and caffeine
[N-methyltransferases (NMT)) (Fig. 2). For ex-
ample, indole alkaloids such as the monoamine
oxidase inhibitor yohimbine and antimalaria drug
quinine are prominent secondary compounds of
the coffee fmily and its parent order, Gentianales
(14),and the GO term indole biosynthetic process
wias highly enriched (P < 0.001) in coffee relative
to tomato, grapevine, and Arabidopsis.

Caffeine is a purine alkaloid synthesized by
several eudicot plants, including coffee, cacao
(Theobroma cacao), and tea (Camellia sinensis)
(Fig. 2). Caffeine s synthesized in both coffee
leaves, where it has insecticidal properties (15),
and fruits and seeds, where it inhibits seed ger.
‘mination of competing species (16). The lae steps
i caffeine biosynthesis are mediated by a series
of NMTs (Fig. 24) (17).

Among coffee-expanded genes, NMT activiy is
one of the more highly enriched GO terms (table
S15). A single gene family (ORTHOMCLI70) clus-
ters 23 genes in coffee, but none in grapevine,
tomato, or Arabidopsis (table $12), and this clus.
ter contains genes encoding known enzymes of
the caffeine biosynthetic pathway (13, 19). Maxi-
‘mum likelihood (ML) phylogenetic analysis of
ORTHOMCLI70 with tea and cacao NMTs that
have similar activities reveals species-specific
gene clades (Fig. 20). We analyzed these relation-
ships in a broader evolutionary context by includ-
ing genome-wide samples of NMTS from coffee,
caca, and other eudicot species. ML trees show
that the genes encoding the closest Arabidopsis
NMT relatives of coffee caffeine biosynthetic en-
zymes are involved in benzoic, salicylic, and ni-
cotinie unctions (4) (supplementary text). Caffeine:
biosynthetic NMTS from coffee nested within a
gene clade distinet from those of caca or tea,
‘which group together as sister lineages. Thus, a
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Fig. 2. Evolution of caffeine biosynthesis. (A)
“The principal caffeine biosynthetic pattway. Trree
methytaton steps are necessary to produce caf-
feine from xanthosine, involing the successive ac-
tion of three NMTs: xanthosine methyltransferase
(XMT), theobromine synthase [7-methybxanthine
methyitransferase (MXMT)]. and caffeine syn-
thase (3.7-dimethylxanthine methyltransferase
(DXMT)). SAM, S-adenosylmethionine: SAH. -
adencsyhomocysteine. () Evoltoary positon of
cafiene-producing plants with respect to_other
eudicots (phylogeny adapted from wwwmobot.
org/MOBOT/tesearchvAPweb). (€) ML phylo-
eny of coffee. tea. and cacao NMTS. Bootstrap
supportvalues (percentages) from 1000 replcates.
are shown next to relevant clades. Branch lengths
are proportional to expected numbers of nucleo-
tide substitutions per site. Colors identiy genes
assignabl to the genomic blocks denoted in (D).
(D) (Let) A model summarizing the duplcation
history of coffee NMT genes, folowing the phylog-
eny in (). Three distinct tandem gene arrays
evolved in st on chromosome 1 rom nearby gene
duplcates (bold squares). The red and green
blocks, colored as in (C),translocated (to chromo-
Some 9) or rearranged (to elsewhere on chromo-
Some 1 from their ancestral locus (blue region).
respectivel. (Rght) Gene orders on modern chro-
mosomes, Transiocation of the red block. contain-
ingthe putative caffeine NMTmetabolic cluster. et
the phylogeneticaly derived CcDXMT gene befind.
Simiarly, CCNMTI9 s a derived gene withnits own
NMTclade that remained in place folowing move-
ment of the green block. Numbers at branches
indicate relative times since major duplication
events or diversificatin times of the tandem ar-
rays, calcuated from approsimatey neutral syn
onymous substitutionrates. (E) Expression profiles
(reads per kiobase per millon reads mapped) of
Known Coffea canephora NMTs. The genes in the
putative metabolc cluster (along with CcDXMTand
CaMXMT) exhibit simiar expression patterns, igher
in perisperm than endosperm. Data are potted as
Iog values. DAP. days after polination.
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some 9) o rearranged (to elsewhere on chromo-
some 1) from ther ancestral ocus (bue regon),
respectively. (ight) Gene orders on modern chro-
mosomes.Transiocaionof th re bock, contin-
ingthe putatve cafeine NMTmetabolccuser et
the phylogeneticall derived CcDXMTgene behind
Smiarly, CoNMTIS s aderved gene within s own
NMT lade that remained n lace folowng move-
ment of the green block. Numbers at branches
indicate relatve times since major duplcation
events or dversfcation tmes of the tandem ar-
rays. colcate fom approximataly neutral syn-
onymoussubstittionats. (E) Expression profes
(reads per Kicbase per mion reacs mapped) of
known Coffeacanephora NMTs. The genes in the
putaive metaboliccuser (dong with CcDXMTand
CcMXMT) exhibit similar expression patterns, higher
in perisperm than endosperm. Data are plotted as
log2 vlues. DAP,days after polintion

‘minimum of two independent origins of caffeine
biosynthetic NMT activity can be inferred, as
proposed previously (20).

‘Microsynteny analyses of ORTHOMCLID, which
includes three tandem arrays, show that some
known and putative coffee caffeine synthase
‘genes—CEXMT (encoding xanthosine N-methyltrans-
ferase), CcMTL, and CeNMT3—form a tight as-
semblage of coexpressed tandem duplicates (Fig.
2D) reminiscent of a metabolic gene custer (21, 22).
Given that some plant metabolic gene clusters
are of relatively recent origin (23), we sought to
further unravel the role of gene duplication in
the expansion of the coffee NMT gene family
(Fig. 2D) (supplementary text). The three main
coffee NMT clades in ORTHOMCLI0 are distrib-
uted among a minimum of three genomicblocks;
however, some phylogenetically recent tandem
duplicates have moved away from their original
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| SS=———.

™~

'RESEARCH | REPORTS

ancestral
5

positions via block rearrangements (Fig. 2D). One
such movement involving the putative meta-
bolic cluster appears to have left the CeDXMT
gene (encoding 37dimethylxanthine methyl-
transferase) behind, physically separated from
its ancestral tandem array. In caca, the func-
tionally characterized TcBCST gene has a tan-
dem duplicate, but this pair of genes evolved
independently from the NMT tandem arrays
found in C. canephora (fig. $29). We also ex-
‘amined the role of positive selection (PS) in the
evolution of caffeine biosynthesis among coffee,
tea, and cacao (#) (supplementary text). We found
significant evidence for PS (likelihood ratio test
for PAML (Phylogenetic Analysis by Maximum
Likelihood) branch-site test, P = 578 x 10
(24) only for the coffee NMT lineage, indicating
that the independent evolution of caffeine bio-
‘synthesis in coffee was adaptive and probably

Perisperm Endosperm

Cofe08 0 pgm

_At14000000

involved specific amino acid changes fived by
PS. These resuls highlight the distinct acquisi-
tion of caffeine biosynthesis in the coffee plant,
providing an example of convergent evolution of
secondary metabolic pathways encoded by tan-
demly duplicated genes.

‘Genomic functional diversifcation via tandem
duplication may have helped shape other aspects
of coffee bean chemical composition. Linoleic
acid, which is produced by the oleate desaturase
FAD? s the major polyunsaturated fatty acid
in the coffee bean (25, 26),where it contributes to
aroma composition and flavor retention after
roasting (4). Coffee has six FAD2 genes com-
pared with one in Arabidopsis,and most of hese
have arisen from tandem duplications on chro-
mosome 1 (fig. $33). RNA sequencing data sug-
gest transcriptional specialization for two of the
six FAD2 copies, with CcFAD2.3 being actively
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transeribed in developing endosperm (supple-
‘mentary text). Peak transeript abundance coin-
cides with the dramatic increase in linolei acid
content that occurs during seed development at
the perisperm-endosperm transition (27).

Our analysis of the adaptive genomic land-
scape of C. canephora identifies the convergent
evolution of caffeine biosynthesis among plant
lineages and establishes coffee as a reference spe-
cies for understanding the evolution of genome
structure in asterid angosperms.
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GENOME EDITING

Prevention of muscular dystrophy
in mice by CRISPR/Cas9-mediated
editing of germline DNA

Chengza Long,™* John R. MeAnally,"* John M. Shelton, Alex A. Mircault,"
Rhonda Bassel-Duby," Eric N. Olson't

Duchenne muscuar dystrophy (DMD) is an inherited X-linked disease caused by mutations.
i the gene encoding dystrophin, a protein required for muscle fiber integrity. DMD is
characterized by progressive muscle weakness and a shortened lfe span, and there is no
effective treatment. We used clustered regularly interspaced short palindromic repeat/Cas9
(CRISPR/Cas9)-mediated genome editing to correct the dystrophin gene (md) mutation in
the germ line of mdx mice, a model for DMD, and then monitored muscle structure and function.
‘Genome editing produced genetically mosaic animals containing 2 to 100% correction of the
Drmd gene. The degree of muscle phenotypic rescue in mosaic mice exceeded the efficiency of
gene correction, kel reflecting an advantage of the corrected cells and their contribution to
regenerating muscle. With the anticipated technological advances that wil faciltate genome
editing o postnatal somatic cels, tis strategy may one day allow correction of disease-causing
‘mutations in the muscle tissue of patients with DMD.

BB uchenne muscular dystrophy (DMD) is | essential for musde cell membrane integrity, With-

been encountered, and no curative treatment
exists (3).

RNA-guided, nuclease-mediated genome edit-
ing, based on type I CRISPR (clustered regu-
larly interspaced short palindromic repeat)/Cas
(CRISPR-associated) systems, offers a new ap-
‘proach to alter the genome (4-6). In brief, Cas9,
a nuclease guided by single-guide RNA (sgRNA),
binds to a targeted genomic locus next to the
protospacer adjacent motif (PAM) and generates.
a double-strand break (DSB). The DSB is then
repaired either by nonhomologous end-joining
(NHEJ), which leads to insertion/deletion (indel)
‘mutations,or by homology-directed repair (HDR),
‘which requires an exogenous template and can
generate a precise modification at  target locus
(7). Unlike other gene therapy methods, which
add a functional, or partially functional, copy of a
gene to a patients cells but retain the original
dysfunctional copy of the gene, this system can
remove the defect. Genetic correction using en-
gineered nucleases (6-12) has been demonstrated
in immortalized myoblasts derived from DMD
patients in vitro (9), and rodent models of rare
diseases (1), but not yet in animal models of
relatively common and currently incurable dis-
eases, such as DMD.
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GENOME EDITING

Prevention of muscular dystrophy
in mice by CRISPR/Cas9-mediated
editing of germline DNA

Chengzn Long,™* John R. MeAnally,"* John M. Shelton, Alex A. Mireault,’
Rhonda Bassel-Duby,' Eric N. Olson't

Duchenne muscuar dystrophy (DMD) is an inherited X-linked disease caused by mutations.

i the gene encoding dystrophin, a protein required for muscle fiber integrity. DMD is
characterized by progressive muscle weakness and a shortened lfe span, and there is no
effective treatment. We used clustered regularly interspaced short palindromic repeat/Cas9
(CRISPR/Cas9)-mediated genome editing to correct the dystrophin gene (Dmd) mutation in
the germ line of mdx mice, a model for DMD, and then monitored muscle structure and function.
‘Genome editing produced genetically mosaic animals containing 2 to 100% correction of the
'Dmd gene. The degree of musce phenotypic rescue in mosaic mice exceeded the efficiency of
gene comrection, likely refiecting an advantage of the corrected cells and their contribution to
regenerating muscle. With the anticipated technological advances that wil faciltate genome
editing of postnatal somatic cell, this strategy may one day allow correction of disease-causing.
mutations in the muscle tissue of patients with DMD.

uchenne muscular dystrophy (DMD) is
caused by mutations in the gene for dys-
trophin on the X chromosome and affects
‘approximately 1in 3500 boys. Dystrophin
is @ large cytoskeletal structural protein

essential for musde cell membrane integrity. With-
out it, muscles degenerate, causing weakness and
‘myopathy (1. Death of DMD patients usually
occurs by age 25, typically from breathing com-
plications and cardiomyopathy. Hence, therapy
for DMD necessitates sustained rescue of skele-
tal, respiratory, and cardiac muscle structure

Department of Moleculr Bgy and Hamon Certer for
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Soutmester Nedcal Cnter,Dalas, TX 75350, USA
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and function. Although the genetic cause of
DMD was identified nearly three decades ago
(2), and several gene- and cell-based therapies
have been developed to deliver functional Dmd
allles or dystrophinike protein to diseased mus-
dle tissue, mumerous therapeutic challenges have:

been encountered, and o curative treatment
exists (3

RNAguided, nuclease-medisted genome edit
ing, based on type 1l CRISPR (chustered regy-
larly interspaced short palindromic repeat/Cas
(CRISPR-ssociated) systems, offes a new ap-
proach o altr the genome (4-6).In brie,Cas),
a nuclease uided by single-guide RNA (gRNA),
binds to a targeted genomic locus next o the
protospacer adjacent motif (PAM) and generates
a doublestrand break (DSE). The DSE is then
repired cither by nonhomalogous end-oining
(NHEJ), which leads to insertion/deletion (indel)
‘mutations, or by homology-directed repair (HDR),
‘which requires an exogenous template and can
generate a precise modification at a targt locus
(7. Uniike other gene therapy methods, which
addafunctional, o partially functional. copy ofa
sene to a patients cels but retan the original
dysfunctional copy of the gene, this system can
remove the defect. Genetic corecton usng -
sincerel muclases (5-12) s been demonstrated
in immortalized myoblasts derived from DMD
patientsinvitro (9, and rodent models of rare
diseases (13), but not yet in animal models of
relatively common and currently incurable dis-
cases, such as DMD,

“The objectiv of this study was to corret the
senetic efect i the Dmd gene of mdz mice by
CRISPR/Caso-mediated genome eting i vivo.
“The mdz mouse (C57BL/10ScSn-Dmd™**/J) con-
tains anonsense mutation inexon 23 of the Dnd
sene (1, 15 (Fig, 10). e injcted Cas9, SgRNA,
and HDR template nto mouse zygotes to correct
the disease-causing gene mutation i the germ
line 16,17, srtegythat hasthe potental o corct
‘the mutation in all cells of the body, including myo-
genic progenitors. Safety and efficacy of CRISPR/
Caso-based geme therapy was also evaliated.
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Coffee study reveals the genetics of java
(+video)

With the coffee genome sequence in hand, researchers now
plan to develop new and better varieties of one of the world's
most craved beverages.

By Will Dunham, Reuters September 5, 2014

Washington — If you prefer your genctic research to be rich, bold, flavorful, steaming hot and
with a bit of a kick, try a mug full of this: Scientists have deciphered the coffee genome and
found genetic secrets that may make your cup of joe even better in the future.

An international team of rescarchers on Thursday unveiled the newly sequenced genome of
the coffee plant. They pinpointed genetic attributes that could help in the development of

new coffee varieties better able to endure drought, disease and pests, with the added benefit of
enhancing flavor and caffeine levels.

The rescarchers studied the species Coffea canephora, better known as Robusta. It accounts for
about 30 percent of the world's coffee production and is common in instant coffee. It is second in
importance to Arabica, generally known for a less strong, smoother taste. Scparate work is under
way on Arabica's genome.

Along with its the popular beverage's distinctive flavor and aroma, caffeine undoubtedly is a big
part of its appeal. The researchers said their study, published in the journal Science, found, not
surprisingly, that the coffee plant boasted a broad collection of enzymes involved in the
production of caffeine.

They also concluded that the coffee plant's caffeine enzymes evolved independently from those
in cacao (chocolate) and tca.

Compared with other plants the scientists examined, coffee possessed larger families of genes
related to making alkaloid and flavonoid compounds that contribute to the aroma and bitterness.
of beans.
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"For any agricultural plant, having a genome is a prerequisite for any sort of high technology
breeding or molecular modification," said plant genomist Victor Albert of the University
at Buffalo, one of the rescarchers.

"Without a genome, we couldn't do any real advanced research on coffee that would allow us to
improve it - not in this day and age," Albert added.

Coffee is one of the world's most valuable agricultural commodities.

With an estimated 2.25 billion cups consumed every day worldwide, more than 8.7 million tons
of coffee were produced last year. Production and export arc a multibillion-dollar enterprise,
employing millions of people in more than 50 countries. A tropical and subtropical crop, it is
vital to the economies of many developing countrics.

"Coffee is as important to everyday early risers as it s to the global cconomy,” said another
researcher, Philippe Lashermes of the French Institute of Research for Development.

Albert said the coffee genome is of average size for a plant. It had about 25,500 genes
responsible for various proteins.

Scientists have debated why coffee and certain other plants began their outsize caffeine
production.

Albert said it could get pollinators to come back again and again - like people to their
favorite Starbucks store - or stop herbivorous insects from chomping on the plant's leaves. When
the leaves fall to the forest floor, caffeine and other compounds may leach into the soil and
possibly inhibit the germination of the seeds of other competing plant species, he added.




image11.jpg
INSIGHTS | PERSPECTIVES

BOTANY

A wake-up call with coffee

Recording and archiving crop phenotype diversity
needs to catch up with genomic data

he captain of the starship
Voyager from one of the
Ner-day Star Tiek televi-
sion series expressed the
sentiments of many by
tating: "Coffee, the fin-
est organic suspension ever de-
vised" On page 18], Denocud ef
al present a draft genome of the
iploid Coffea canephora (1) one
ofthe two founder species of the
tetraploid crop Coffa arabica.
Coffee, the plant bearing the ir-
resistible bean that delivers the
most widely consumed psycho-
active drug in the world-caffeine-joins
a long list of crop species that have been
sequenced using ever-improving genomic
hardware and assembly software (2). High-
quality genome assemblies facilitate the
resequencing of many cultivated varieties,
landraces (local ccotypes), and sometimes
wild, crop-related species. The challenge
now s 10 translate these decoded genomes
into new and improved tools for plant
breeding; there is a need for a better bal-
ance of research priorities, with greater em-
‘phasis on crop phenotypes.

Linking genotypes to phenotypes i cur-
rently a game with few rules, particularly
when traits are challenging to describe or
measure because of their continuous distri-
bution in populations-for example, mean
yield or yield stability. One reason for the
slower progress in the arena of crop pro-
ductivity phenotyping s that scientists in
academic institutions are less inclined to
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Smel the coffee. Cofea canephora jons many oher crop species nd varees
with adraft genome sequence.

ing of repositories for data generated from
the many phenotypic studies that are being
conducted on sequenced plant varieties (3).
What's worse is that in most cases fol-
lowing publication of crop biology papers,
molecular data are released without the
corresponding potentially  commercially
valuable phenotypic data. For example, in
rice (Oryza sativa), which feeds roughly
half the " world_population, 3000 variants
from 8 countries were sequenced reveal-
ing 189 million single-nucleotide polymor-
phisms (SNPS) (4). But what good are 3000
‘genomes if the associated phenotypic data,
and sometimes sced stocks, are kept pro-
prietary? A wake-up call i needed for sci-
entists, granting agencics, journal editors,
and referces: What we eat are phenotypes,
and seriously addressing global food secu-
ity demands that, at least in the domain
of crop plants, phenotypic data should be
shared between scientists in the same man-
RPN eR Ny

‘The worldwide production of Arabica coffee
relies on a small number of cultivars with
very little genomic and phenotypic diversity
between them, relative to those available in
Affica, the center of origin. The key for en-
suring that coffee can survive as an afford-
able crop lies in the genetic variation found
in African species. This variation will help
o mitigate the effects of unstable
climate and plant diseases, a5 well
as modify the wealth of health-
related chemicals present in the
coffee sceds (6) (e2, naturally de-
caffeinated Arabica coffee) (7.

A recent survey of coffee ge-
netic resources in Ethiopia found
an alarming rate of genetic ero-
sion of the gene pool due to defor-
estation coupled with inadequate
conservationefforts. According
to the Biological Diversity Con-
vention (B}, the benefits derived
from discoveries made on the
basis of biodiversity must be
equitably shared with the coun-
try of origin. The complexity of

ing beneficial traits _ introduced
from endemic species often leads to situa-
tions where countries refuse to make their
genetic resources accessible. Perhaps the
draft coffee genome presented by Denocud
et al. can be used o provide an unequivo-
cal means to monitor, via SNP diversity, the
utilization of genetic resources after they
leave their country of origin. The substan-
tial value of the coffee production chain
s accrued by highly profitable companies
that transport, roast, blend, and sell the cof-
foe; these are typically located in rich, cof-
fee-importing countries. The danger to the
coffee crop (5) should provide an incentive
for all stakeholders to initiate international
collaborations in genomic-assisted breed-
ing projects and germ plasm conservation
with poor, coffee-exporting countries. This
proposal is compatible with the fact that
coffee s the most popular plant associ-
ated with genomics, because every genome
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sentiments —of
tating: "Coffee,

est organic suspension ever de-

vised" On page 18I, Denocud ef

al.present a draft genome of the

diploid Coffea canephora (1), one
of the two founder species of the
tetraploid crop Cofla arabica.
Coffee, the plant bearing the ir-
resistible bean that delivers the
most widely consumed_ psycho-
active drug in the world-caffeine-joins
a long st of crop species that have been
sequenced using ever-improving genomic
hardware and assembly software (2). High-
quality genome assemblies facilitate the
resequencing of many cultivated varities,
landraces (local ecotypes), and sometimes
wild, crop-related species. The challenge
now is to translate these decoded genomes
into new and improved tools for plant
breeding; there is a need for a better bal-
ance of research priorities, with greater em-
phasis on crop phenotypes.

Linking genotypes to phenotypes is cur-
rently a game with few rules, particularly
when traits are challenging to describe or
‘measure because of their continuous distri-
bution in populations-for example, mean
yield or yield stability. One reason for the
Slower progress in the arena of crop pro-
ductivity phenotyping is that scientists in
academic institutions are less inclined to
be passionate about observable or simply
measured traits than about results from
sophisticated  high-throughput - machines
that profile many molecular or growth-
related traits. In addition, phenotyping of
such integrative quantitative traits is much
more challenging to archive than the digital
cracking of four-base nucleic acid codes or
20 amino_acid-based proteins. Unlike the
well-established, publicly available reposi-
tories for DNA and proteins, there exists
no equivalent consensus on the structur-
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ing of repositories for data generated from
the many phenotypic studies that are being
conducted on sequenced plant varieties (3).

What's worse is that in most cases fol-
lowing publication of crop biology papers,
molecular data are released without the
corresponding _ potentially  commerciall
valuable phenotypic data. For example, in
tice (Oryza sativa), which feeds roughly
half the world population, 3000 variants
from 8 countries were sequenced reveal-
ing 189 million single-nucleotide polymor-
phisms (SNPS) (4). But what good are 3000
‘genomes if the associated phenotypic data,
and sometimes seed stocks, are kept pro-
prietary? A wake-up call & needed for sci-
entists, granting agencies, journal editors,
and referces: What we eat are phenotypes,
and seriously addressing global food secu-
rity demands that, at least in the domain
of crop plants, phenotypic data should be
shared between scientists in the same man-
ner as for sequences (3).

Coffee, which is admired for its aroma,
flavor, and the alkaloid stimulant caffeine,
has a number of atributes that make it par-
ticularly suitable for linking genomes and
phenotypes for the purpose of sustaining
an industry that s strugeling with climate
change and pests (5). The center of coffee
diversity is in Affica. From there the bev-
erage spread throughout the world begin-
ning as early as 500 years ago. Nowadays,
the top coffec-growing countries are Brazil,
Vietnam, Indonesia, Colombia, and Ethio-
pia-this last being the birthplace of the
crop plant and where more than 1 million
households are engaged in growing coffee.

TeliC resources in Lhiopia 1oun
an alarming rate of genetic ero-
sion ofthe gene pool due t0 defor-
estation coupled with inadequate
conservation_efforts. According
10 the Biological Diversity Con-
vention (B, the benefits derived
from  discoveries made on the
of biodiversity must be

equitably shared with the coun-

try of origin. The complexity of
monitoring  beneficial traits _ introduced
from endemic species often leads 10 situa-
tions where countries refuse to make their
genetic resources accessible. Perhaps the
draft coffee genome presented by Denoeud
et al. can be used to provide an unequivo-
cal means to monitor, via SNP diversity, the
utilization of genetic resources after they
leave their country of origin. The substan-
tial value of the coffee production chain
s accrued by highly profitable companies
that transport, roast, blend, and sell the cof-
fee: these are typically located in rich, cof-
fee-importing countries. The danger to the
coffee crop (3) should provide an incentive
for all stakeholders to initiate international
collaborations in_ genomic-assisted breed-
ing projects and germ plasm conservation
with poor, coffee-exporting countries. This
proposal i compatible with the fact that
coffee i the most popular plant associ-
ated with genomics, because every genome
meeting has coffee breaks that are needed
1o reinvigorate the audiences and to pro-
motecommunication, conversation, and
the sharing of knowledge.
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The coffee genome provides insight
into the convergent evolution of
caffeine biosynthesis
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Coffee is a valuable beverage crop due to its characteristic flavor, aroma, and the
stimulating effects of caffeine. We generated a high-quality draft genome of the species
Coffea canephora, which displays a conserved chromosomal gene order among asterid
angiosperms. Although it shows no sign of the whole-genome triplication identified in
Solanaceae species such as tomato, the genome includes several species-specific gene

family expansions, among them N-methytransferases (NMTs) involved in caffeine
production, defense-related genes, and alkaloid and flavonoid enzymes involved in

secondary compound synthesis. Comparative analyses of caffeine NMTs demonstrate that
these genes expanded through sequential tandem duplic
from cacao and tea, suggesting that caffeine in eudicots is of polyphyletic origin.

thmore than 225 billon cups consumed

‘every day, coffee is one of the most im-

‘portant crops on Earth,cultvated across

‘more than 11 million hectares. Coffee be-

longs to the Rubiaceae family, which is
part of the Euasterd 1 clade and the fourth largest
family of angiosperms, consisting of more than
11,000 species in 660 genera (1). We sequenced
Coffea canephora (2n = 2z = 22 chromosomes),
an outerossing, highly heterozygous diploid, and
one of the parents of C. arabica (2n = 4z = 44
chromosomes), which was derived from hybrid-
ization between C. canephora and C. eugenioides
(2). A total of 54.4 million Roche 454 single and
‘mate-pair reads and 143,605 Sanger bacterial ar-
tificial chromosome-end reads were generated
from a doubled haploid accession, representing

ions independently of genes

bly (364 Mb) and 6% of the annotated genes
was anchored to the 11 C. canephora chromo-
somes (4). More than 96% of the scaffolds larger |
than 1 Mb were anchored (Fig. 14).

‘We annotated 25,574 protein-coding genes ()
(table 56), 92 microRNA precursors, and 2573
organellar-to-nuclear genome transfers (4). Trans-
posable elements account for ~50% of the ge-
‘nome (4), of which ~85% are long terminal repeat
(LITR) retrotransposons. Large-scale comparison
between C.canephora LTR retrotransposons and
those of eference plant genomes shows outstand-
ing conservation of several Copia groups across
distantly related genomes, suggesting that hori-
‘zontal mobile element transfers may be more fre-
‘quent than generally recognized (5-5).

‘Structurally, the coffee genome shows no sign

eudicot in terms of integrity of gross chromo-
somal structure, coffee displays less gene-order
divergence to all other rosids, despite being an
asteid tself (9). Coffee also shows lttle synteni
divergence relative to other sequenced asterids
(Fig. 1D, table S17, and supplementary text).

To cassify gene familis in the C. canephora
genome, we ran OrthoMCL on inferred protein
sequences from coffee, grapevine, tomato, and
Arabidopsis (4), generating 16,917 groups of or-
thologous genes (fig. $5). To examine coffee-
specific gene family expansions with potential
adaptive value, we ft different branch models
implemented in BadiRate (11) to these ortho-
‘roups (4).In the coffee lineage, 202 orthogroups
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Coffee is a valuable beverage crop due to its characteristic flavor, aroma, and the
stimulating effects of caffeine. We generated a high-quality draft genome of the species
Coffea canephora, which displays a conserved chromosomal gene order among asterid
‘angiosperms. Although it shows no sign of the whole-genome triplication identified in
Solanaceae species such as tomato, the genome includes several species-specific gene

family expansions, among them N-methyltransferases (NMTs) involved in caffeine
production, defense-related genes, and alkaloid and flavonoid enzymes involved in
secondary compound synthesis. Comparative analyses of caffeine NMTs demonstrate that
these genes expanded through sequential tandem duplications independently of genes.
from cacao and tea, suggesting that caffeine in eudicots is of polyphyletic origin.

ith more than 225 billion cups consumed

every day, coffee s one of the most im-

portant crops on Earth, cultivated across

‘more than 11 million hectares. Coffee be-

longsto the Rubiaceae family, which is
partof the Euasterid I lade and the fourth largest
family of angiosperms, consisting of more than
11,000 species in 660 genera (1). We sequenced
Cofea canephora (2n = 22 = 22 chromosomes),
‘an outcrossing, highly heterozygous diploid, and
one of the parents of C. arabica (2n = 4z = 44
chromosomes), which was derived from hybrid-
ization between C. canephora and C. eugenioides
(2). Atotal of 544 million Roche 454 single and.
‘mate-pair reads and 148,605 Sanger bacterial ar-
tificial chromosome-end reads were generated
from a doubled haploid accession, representing
~30x coverage of the 710-Mb genome (3). Addi-
tional Illumina sequencing data (60x) were used
to improve the assembly (table D) (4). The re-
sulting assembly consists of 25,216 contigs and
13,345 scaffolds with a total length of 568.6 Mb.
(80% 0f 710 Mb),including 97 Mb (17%) of inter-
‘contig gaps. Eighty percent of the assembly s in
635 scaffolds, and the scaffold N50 (the scaffold
size above which 50% of the total length of the
sequence assembly can be found) is 126 Mb
(table S2). A high-density genetic map covering
349 saffolds and comprising ~64% of the assem-
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bly (364 Mb) and 86% of the annotated genes
was anchored to the 11 C. canephora chromo-
somes (4). More than 96% of the scaffolds larger
than 1 Mb were anchored (Fig. 14).

‘We annotated 25574 protein-coding genes (4)
(table 6), 92 microRNA precursors, and 2573
‘onganellar-to-nuclear genome transfers (4). Trans-
posable elements account for ~50% of the ge-
nome (4),of which ~85%are long terminal repeat
(LTR) retrotransposons. Large-scale comparison
‘between C. canephora LR retrotransposons and
those of reference plant genomes shows outstand-
ing conservation of several Copia groups across
distantly related genomes, suggesting that hori-
zontal mobile element transfers may be more fre-
quent than generally recognized (5-5).

Structurall, the coffee genome shows no sign
of a whole-genome polyploidization in its lin-
eage since the y triplication at the origin of the:
core eudicots (9) (Fig. 18). Coffee contains exactly
three paralogous regions for each of the seven
pre-y ancestral chromosomes (Fig. 18). Coffee
chromosomal regions show unique one-to-one
correspondences with grapevine chromosomes
(Fig. 1C and fig. $12) and a one-to-three corre-
spondence with the tomato genome, which un-
derwent a second lineage-specific triplication
during its evolutionary history (10). Although
grapevine, a rosid, s the most conservative core

8030, CP5706, Eny.Frane. “Université vy, UMR 8030,
CPS706, Eny. France ‘Deprtment o BiobogialScieces,
109 Cooke al, Unversty a Buflo (Sate Unnersy of
New York), Buffa, NY 14260, USA. istut ce Recherce
pou e Dévelogpement (IRD). UMR Risitance des

Plantes aux Boagresseurs (RPB) [Cente de Coopération
Intrrationale en Recherche Agomique pour e
Déveoppement (CRAD). IRD, WD), BP 64501 34354
Menlpeler Cede 5, France. CIRAD, UMR Améoration
Géntique et Adaptation des Plantes Méditerandennes ot
Tiopcales (AGAP), F34398 Montpeler, France. 'IRD, UMR
Dversté Adaptaton et Déeloppement des Planes (CIRAD.
RO, UN2), BP 64501, 34304 Montpeler Codex 5, Frarce.
aian Natool Agency for New Technologes, Erergy and
Sustanale Devlopment ENEA) Casacca Research Center,
Via Angusarese 301 00123 Roma, . "Deparment of
Mathematics and Statstics, Universty of Ottan, 565

King Edard Avenve, Ottawa Ontari KIN 64, Canaca
gioversty Itemation, Parc Scietiue Agopos I
34397 Mortpele Cedex 5, France. "Nesté Research

and Development Grire, 101 Avene Gustave i,
NofreDame-d 06, BP 43716, 37057 Tours Cedex 2, Fance.
HENEA Trsaa Reserch Conter, 75026 Rotonls, 1l
Centr fo Botechniogy, Unversat Befeld
Unversiatsstrae 2, 033615 Bileed, ermany. “AG
Gerominfomat, Technsche Fakfat, Unverstat Bieield,
33504 Belfec, Germany. “nstitut Notonal e
Recherche Agronomique (INRA) Unté de Recherches en
Geénomique-fo (UR INRA 1164), Centre de Recherche de
Vorsaes, 78026 Versalles Cedew, France. *Depariment of
Biogy.Chongaing Unversty of Scence and Technology,
4000042 Crongang. China. "Department of Plant Boogy
148 Edward . Madgan Labortory, NC-051 1201 West
Grogory Drie, Uniersty of s at Urbana Crampaign,
Utbara L 61801, USA. “epatament de Genbtca and
Insut d Rocerca e la Sodverstal (RBi). Universital
e Batcelos, Diagonal 643, Barcelona 08078, Spain
0opartment of Nathematics, nivesty of Haryland.
Wathematcs Bulding 034, Universt of Marylnd, College
Pak. MD 20742, USA. ©Schoo of Elctcal Engnesring
and Compuder Science, Unversiy of Otawa, 800 Kirg
Edvard Avenue, Oftaws, Ontario KIN 65, Carada.
“Department of e Sinces, Unnersty of Trest, Via
Lco Gorgir 5, 3127 Tresto, aly. “Indonesian

Coffe and Cacoa Isttue, Jembe,Exst Jova, Indonesia
taboratrio d Gentica Mo, Nicko de
Bitecndaga (NT50), Embrapa Recursos Genticos ¢
Bitecnaogia Final Av. W/ Norte, Prcue Estcao Bl
Brasia OF 7077017 Brazk. “CIRAD, UMR RPE (CIAD,
RD. UNE), BP 64501 34394 Montelier Cedex 5. France.
DA Aratica i Via Lico Grorger 5, 34127 Trst,
aly. “Queensland Aance or Arculture and Food
Imovaton, The Unversty of Querstand. . Luca 4072,
Australa “Central Cffe Researc nsuto, Cofee Board,
Cofie Reserch Saton (Pos) - 57 117 Chiknagalor
Dt Karataka State, Inda. *Hawai Agrictre
Research Cnter, Post Office Box 100, K, H
967530100, USA. SBI05 Instute, Univerity of Arizons,
1657 Helen Sret. Tocson, AZ 8572 USA

“Correspondg author. Emat aalbortObuftaoedu (VAAY.
inckerSgonoscopecrs. (P phifppeashemes it
®L)

5 SEFTEMBER 2014 - VOL 945 SSUE 6201 1181

—_——— e . s




