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Coffea arabica, an allotetraploid hybrid of Coffea eugenioides and Coffea
canephora, is the source of approximately 60% of coffee products
worldwide, and its cultivated accessions have undergone several population

bottlenecks. We present chromosome-level assemblies of a di-haploid
C.arabica accession and modern representatives of its diploid progenitors,
C.eugenioides and C. canephora. The three species exhibit largely conserved
genome structures between diploid parents and descendant subgenomes,
with no obvious global subgenome dominance. We find evidence for a
founding polyploidy event 350,000-610,000 years ago, followed by several
pre-domestication bottlenecks, resulting in narrow genetic variation. A split
between wild accessions and cultivar progenitors occurred ~30.5 thousand
years ago, followed by a period of migration between the two populations.
Analysis of modern varieties, including lines historically introgressed with
C.canephora, highlights their breeding histories and loci that may
contribute to pathogen resistance, laying the groundwork for future
genomics-based breeding of C. arabica.

Polyploidy is a powerful evolutionary force that has shaped genome
evolution across many eukaryotic lineages, possibly offering adaptive
advantagesintimes of global change'’. Such whole-genome duplications
(WGDs) are particularly characteristic of plants®, and agreat proportion
of crop speciesare polyploid*™. Our understanding of genome evolution
following WGD is still incomplete, but outcomes caninclude genomic
shock, in terms of activation of cryptic transposable elements (TEs),
subgenome-partitioned gene regulation or fractionation, homoeologous
exchange (HE), meiotic instability and even karyotype variation®'2¢,
Alternatively, few or none of the above phenomena can materialize,
and the two subgenomes can coexist harmonically, gradually adapting
to new ploidy levels”. Regardless, the most common fate of polyploids
appearsto be fractionation and eventual reversion to the diploid state'®,

With an estimated production of 10 million metric tons per year,
coffee is one of the most traded commodities in the world. The most

broadly appreciated coffeeis produced fromthe allotetraploid species
Coffeaarabica, especially from cultivars belonging to the Bourbon or
Typica lineages and their hybrids”. C. arabica (2n = 4x = 44 chromo-
somes) resulted from anatural hybridization event between the ances-
tors of present-day Coffea canephora (Robusta coffee, subgenome CC
(subCC)) and Coffea eugenioides (subgenome EE (subEE)), each with
2n=2x=22.Thefounding WGD has previously been dated to between
10,000 and 1 million years ago®*, with the Robusta-derived subge-
nome of C. arabica most closely related to C. canephora accessions
from northern Uganda®. Arabica cultivation was initiated in fifteenth-
to sixteenth-century Yemen (Extended DataFig. 1). Around 1600, the
so-called seven seeds were smuggled out of Yemen?, establishing
Indian C. arabica cultivar lineages. A century later, the Dutch began
cultivating Arabicain Southeast Asia—thus setting up the founders of
the contemporary Typica group. One plant, shipped to Amsterdam
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Table 1] Statistics of the Coffea assemblies presented in this paper

Assembly C. eugenioides C. canephora C. arabica C. arabica HiFi
Projected genome size (Mb)? 682 705 1,281 1,281
Total assembly length (Mb) 661 672 1,088 1198
% of projected genome 96.9% 95.3% 84.9% 93.5%
N scaffolds 253 3,033 8,474 132
Scaffold N50 61.3Mb 501Mb 32.7Mb 53.7Mb
N contigs 5,736 3,757 11,863 238°
Contig N50° (Mb) 0.40 1.35 0.23 30.0
Pseudochromosomes (Mb) NA¢ 583 801 1192
% of projected genome NA 82.7% 62.5% 93.1%
N genes 32,192 28,880 56,670 69,314
Genes in pseudochromosomes NA 27,881 50,410 69,067
% genes in pseudochromosomes NA 97% 89% 99.6%
BUSCO genome
Complete 96.7% 97.4% 97.6% 97.9%
Single 88.5% 94.8% 20.1% 4.3%
Duplicated 8.2% 2.6% 77.5% 93.6%
Fragmented 11% 0.9% 0.8% 0.8%
Missing 2.2% 1.7% 1.6% 1.3%
Total 2,326 2,326 2,326 2,326
BUSCO annotation
Complete 94.9% 96.2% 92.1% 97.3%
Single 82.4% 92.8% 33.3% 4%
Duplicated 12.5% 3.4% 58.8% 93.2%
Fragmented 21% 1.5% 2.8% 0.8%
Missing 3.0% 2.3% 51% 1.9%
Total 2,326 2,326 2,326 2,326

From the plant DNA C-values database: https://cvalues.science.kew.org/. PAfter gap filling. The length of the shortest contig for which longer and equal-length contigs cover at least 50% of

the assembly. “Not applicable.

in 1706, was used to establish Arabica cultivation in the Caribbean in
1723. Independently, the French cultivated Arabica on the island
of Bourbon (presently Réunion)?, and the descendants of a single
plant that survived by 1720 form the contemporary Bourbon group.
Contemporary Arabica cultivars descend fromthese Typicaor Bourbon
lineages, except for afew wild ecotypes with origins in natural forests
in Ethiopia. Due to its recent allotetraploid origin and strong
bottlenecks during its history, cultivated C. arabica harbors a par-
ticularly low genetic diversity?® and is susceptible to many plant pests
and diseases, such as coffee leaf rust (Hemileia vastatrix). As aresult,
the classic Bourbon-Typica lineages can be cultivated successfully
in only a few regions around the world. Fortunately, a spontaneous
C. canephora x C. arabica hybrid resistant to H. vastatrix was identi-
fied on the island of Timor” in 1927. Many modern Arabicas contain
C. canephora introgressions derived from this hybrid, ensuring rust
resistance, but having also unwanted side effects, such as decreased
beverage quality®.

Moderngenomictools and adetailed understanding of the origin
andbreeding history of contemporary varieties are vital to developing
new Arabica cultivars, better adapted to climate change and agricul-
tural practices® . Here, we present chromosome-level assemblies of
C.arabicaandrepresentatives of its progenitor species, C.canephora
(Robusta) and C. eugenioides (hereafter Eugenioides). Whole-genome
resequencing data of 41 wild and cultivated accessions facilitated
in-depth analysis of Arabica history and dissemination routes, as well

as the identification of candidate genomic regions associated with
pathogen resistance.

Results
Thegenomes of C. arabica, C. canephora and C. eugenioides
As reference individuals, we chose the di-haploid Arabica line ET-39
(ref.32),apreviously sequenced doubled haploid Robusta®and the wild
Eugenioides accession Bu-A, respectively. Long-and short-read-based
hybrid assemblies were obtained (Methods and Supplementary Sections
2.1and 2.2), spanning 672 megabases (Mb) (Robusta), 645 Mb (Eugen-
ioides) and 1,088 Mb (Arabica), respectively. Upon Hi-C scaffolding,
the Robustaand Arabica assemblies consisted of 11 and 22 pseudochro-
mosomes, and spanned 82.7% and 62.5%, respectively, of the projected
genomesizes (Table1). Toimprove the Arabicaassembly, we generated
asecond assembly using Pacific Biosciences (PacBio) HiFi technology
followed by Hi-C scaffolding (Methods and Supplementary Sections 2.2
and2.3). This assembly was 1,198 Mblong, of which1,192 Mb (93.1% of the
predicted genome size based on cytological evidence®*) was anchored
to pseudochromosomes (Table 1). Gene space completeness, assessed
using Benchmarking Universal Single-Copy Orthologs (BUSCOs)*,
was >96% for all assemblies. Importantly, 93.2% of the BUSCO genes
were duplicated in the HiFi assembly (Table 1), indicating that most of
the gene duplicates from the allopolyploidy event were retained.

The Robusta and Eugenioides genomes contained, respectively,
67.5% and 59.7% TEs (Supplementary Section 3.2), with Gypsy long
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compared with numbers of base pairs in homoeologous unfractionated regions,
as afunction of numbers of consecutive genes deleted. ¢, Gene retention rates
insynteny blocks plotted along subCC chromosome 2; subCCis plotted in
orange and subEE inblue. The green box indicates the pericentromeric region.
CA, C.arabica; CC, C.canephora; CE, C. eugenioides.

terminal repeat (LTR) retrotransposons accounting for most of the
difference between the two species. This difference was greatly
reduced (63.1% and 63.8%) in the two Arabica subgenomes (subCC and
subEE, stemming from Robusta and Eugenioides ancestors, respec-
tively), possibly indicating TE transfer via HE. Robusta contained con-
siderably more recent LTR TE insertion elements than Eugenioides.
Again, the two Arabica subgenomes showed greater similarity to each
other in recent LTR TE insertions than the two progenitor genomes.
No major evidence was found for LTR TE mobilization following
Arabica allopolyploidization, in contrast to what has been observed
in tobacco®®, but similar to Brassica synthetic allotetraploids®.
Observed Arabicagenome evolutioninstead more closely follows the
‘harmonious coexistence’ pattern®® seen in Arabidopsis hybrids”>°.

High-quality gene annotations, followed by manual curation of
specific gene families (Supplementary Sections 3.1-3.4), resulted
in 28,857, 32,192, 56,670 and 69,314 gene models for the Robusta,
Eugenioides, PacBio Arabica and Arabica HiFi assemblies, respec-
tively (Table 1). Altogether, ~-97% of Robusta and 99.6% of Arabica HiFi
gene models were placed on the pseudochromosomes, with 33,618
and 35,449, respectively, to subgenomes subCC and subEE (Table 1).
Annotation completeness from BUSCO was >95% for Eugenioides and
Robusta, and reached 97.3% for Arabica HiFi.

Genome fractionation and subgenome dominance

Comparison of Arabica subCC and subEE against their Robusta and
Eugenioides counterparts revealed high conservation in terms of
chromosome number, centromere position and numbers of genes
per chromosome (Fig. 1and Supplementary Section 4). Patterns of

geneloss following the gamma paleohexaploidy event displayed high
structural conservation between Robusta and Eugenioides during the
4-6 million years since their initial species split*>** (Supplementary
Section4). Likewise, the structures of the two Arabica subgenomes were
highly conserved between each other, with, since the Arabica-founding
allotetraploidy event, only ~5% of BUSCO genes having reverted to the
diploid state (Fig. 1a and Table 1). Syntenic comparisons revealed that
genomic excision events, removing one or several genes at a time in
similar proportions across the two subgenomes, have been the main
driving forceingenome fragmentation both before and after the poly-
ploidy event (Fig. 1b and Supplementary Section 4). Fractionation
occurred mostly in pericentromeric regions, whereas chromosome
arms showed more moderate paralogous gene deletion (Fig. 1c and
Supplementary Section 4). The Arabicaallopolyploidy event seemingly
didnot affect therate of genome fractionation, which remained roughly
constant when comparing deletions in progenitor species versus
Arabicasubgenomes after the event. In support of the dosage-balance
hypothesis*°, subgenomic regions with high duplicate retentionrates
were significantly enriched for genes that originated from the Arabica
WGD (Fisher exact test, P< 2.2 x107%). In contrast, low duplicate reten-
tionrate regions significantly overlapped with genes originating from
small-scale (tandem) duplications (Supplementary Table1). Genes with
high retention rates were enriched in Gene Ontology (GO) categories
suchas ‘cellular component organization or biogenesis’, ‘primary meta-
bolicprocess’, ‘developmental process’ and ‘regulation of cellular pro-
cess’, while low retention rate genes were enriched in categories such
as ‘RNA-dependent DNA biosynthetic process’ and ‘defense response’
(inboth subgenomes), and ‘spermidine hydroxycinnamate conjugate
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biosynthetic process’ (involved in plant defense*) and ‘plant-type
hypersensitive response’ (in subEE) (Supplementary Tables 2-5).

To study possible expression biases between subgenomes, we
identified syntelogous gene pairs and removed the pairs showing
HEsin the Arabica subgenomes (see under ‘Origin and domestication
of Arabica coffee’ below)** (Supplementary Section 5). Overall, no
significant global subgenome expression dominance was observed
(Supplementary Tables 6 and 7). However, gene families regularly
displayed mosaic patterns of expression, including several encoding
enzymes that contribute to cup quality, such as N-methyltransferase
(NMT), terpene synthase (TPS) and fatty acid desaturase 2 (FAD2) fami-
lies, all having some genes being more expressed in one of the two
subgenomes (Extended DataFig. 2), as per arecent study*’. Similar gene
family-wise patterns occur in other evolutionarily recent polyploids
such as rapeseed'® and cotton**, which are also at their early stages of
transitioning back to a diploid state.

Origin and domestication of Arabica coffee

To obtain agenomic perspective onthe evolutionary history of Arabica,
we sequenced 46 accessions, including three Robusta, two Eugenioides
and 41 Arabica. The latter included an eighteenth-century type speci-
men, kindly provided by the Linnaean Society of London, 12 cultivars
with different breeding histories, the Timor hybrid and five of its back-
crosses to Arabica, and 17 wild and three wild/cultivated accessions
collected from the Eastern and Western sides of the Great Rift Valley**®
(Supplementary Table 8 and Fig. 2a).

HE between subgenomes hasbeen observedinseveral recent poly-
ploids®'***, Arabica generally displays bivalent pairing of homologous
chromosomes and disomic inheritance”, but since the subgenomes
share high similarity, occasional homoeologous pairing and exchange
may also occur. We therefore explored the extent of HE among Arabica
accessions and its possible contribution to genome evolution. Overall,
allaccessions shared a fixed allele bias toward subEE at one end of chro-
mosome 7, which contained genes enriched for chloroplast-associated
functions (Extended Data Fig. 3a, Supplementary Section 5 and Sup-
plementary Table 9). Since the Arabica plastid genome is derived
from Eugenioides*®, HE in this region was likely selected for, due to
compatibility issues between nuclear and chloroplast genes encoding
chloroplast-localized proteins®. Surprisingly, all but one accession
(BMJM) showed significant (Bonferroni-adjusted P values < 0.0005;
chi-squaredtest, eachd.f.=1) 3:1allelic biases toward subCC. The highly
concordant HE patterns, present in both wild and cultivated Arabicas
(Extended Data Fig. 4), suggested that (1) the allelic bias is an adaptive
trait not associated with breeding and (2) it originated in a common
ancestor of allsampled accessions, possiblyimmediately after the found-
ing allopolyploidy event. Some exchanges, shared by only a few acces-
sions, probably originated morerecently (Extended DataFig.3b). More
recent HE events were also found in some cultivars and also showed a bias
toward subCC, except for BMJM, which showed bias toward subEE due
toasingle large crossover inchromosome1 (Extended Data Fig. 3a). An
interesting hypothesis for future investigation is that in alow-diversity
polyploid species such as Arabica, HE could be a major contributor to
phenotypic variation observed among closely related accessions™.

We next studied population genetic statistics for each of the sub-
genomes (Supplementary Table 10). The 17 wild samples demonstrated
low genomic diversities, indicative of small effective populationsizes,
while negative Tajima’s Dsuggested an expanding population, possibly
following one or more population bottlenecks. The cultivars and wild
population samples had similar genetic diversities, as demonstrated by
low fixationindex (F,;) values. In cultivars, nucleotide diversities were
only slightly lower thanin wild populations and Tajima’s D scores were
less negative, suggesting that only minor bottlenecks and subsequent
population expansions occurred during domestication.

SNP tree estimation and ADMIXTURE analyses (Fig. 2b) iden-
tified a three-population solution for subCC: Typica-Bourbon

cultivars (Population 1), wild accessions (Population 2), and Timor
hybrid-derived cultivars (Population 3). The old BMJM and the recently
established Geisha cultivars showed admixed states on both sub-
genomes, similar to about half of the wild accessions. Indian varie-
ties encompassed both Typica and Bourbon variation, in agreement
with previous studies®. The Linnaean sample grouped with the culti-
vars, supporting its hypothesized origin from the Dutch East Indies™.
A complementary principal component analysis (PCA) (Extended
DataFig. 5) was in agreement with ADMIXTURE analysis.

In wild accessions, both subgenomes concordantly showed two
population bottlenecks (Fig. 2d) in the SMC++ (ref. 51) modeling.
Assuming a 21-year generation time*?, the oldest bottleneck initiated
abruptly around 350 thousand years ago (ka) and ended around 15 ka,
at the start of the African humid period*?, when climatic conditions
were more favorable for Arabica growth. The more recent bottleneck
initiated more gradually around 5 ka and lasts to this day. Cultivated
accessions, however, exhibited the oldest, but not the more recent,
bottleneck. In part due to these differences, we also modeled Arabica
population history using FastSimcoal2 (ref. 54), modeling the wild
population and cultivars as two separate lineages. In the best-fitting
model (Fig. 2e), the wild population was predicted to split from the
cultivar founding population 1,450 generations ago (-30 ka), that is,
before the last glacial maximum. The original founding event was
analyzed using the nonadmixed wild individuals, revealing an ancestral
population bottleneck at 350 ka (Extended Data Fig. 6a). Divergence
estimates based on gene fractionation, the distribution of nonsyn-
onymous mutations (Extended Data Fig. 6b) and calibrated SNP trees
(Fig. 2b) suggested the allopolyploid founding event occurred at
610 ka, whichis close to previous estimates***, The 350 ka bottleneck,
on the other hand, corresponds to that found in the SMC++ analyses
(Fig.2d). We therefore consider 610-350 ka a likely time range for the
polyploidization event (Fig. 2e). The wild and pre-cultivar lineages
maintained some gene flow (in terms of migration) until -8-9 ka, which
may have contributed to the modeledincrease in effective population
size (Fig.2d,e).

While these data were not able to identify the precise place of
origin of the modern cultivated population (see also the following sec-
tion), the extended period of migration between wild and cultivated
accessions suggests that they were separated only by arelatively small
geographic distance, such as along the two sides of the African Great
Rift Valley (Fig. 2a—c). Itis also possible that the cultivated lineage could
have extended as far as Yemen and that the end of migration between
the two populations could have been caused by the widening of the Bab
al-Mandab strait (separating Yemen and Africa) due torising sealevels®
at the end of the African humid period. A native Arabica population
exists in Yemen>®, which could support this hypothesis. The Linnaean
sample, together with the Typica and Bourbon cultivars, originates
from this second population, which was also used to establish cultiva-
tionin Yemen, as suggested by the SNP, ADMIXTURE and PCA analyses
(Fig.2b and Extended Data Fig. 5).

In conclusion, our analyses suggest that the Arabica allopoly-
ploidy event occurred between 610 and 350 ka, when considering that
inbreeding presentin Coffea populations would accelerate coalescence
estimation®”®, Earlier work proposing more recent timings, such as
20 ka (ref. 20), could be underestimates stemming from confounding
effects of population bottlenecks in cultivated and wild lineages.

Origin of modern cultivars

The known breeding history of several of our Arabica cultivars
provided us with a gold standard set for deducing the Arabica
pedigree using Kinship-based INference for Gwas (KING)* (Fig.3). The
method correctly identified the relationships between Bourbon and
Typica group cultivars and the Bourbon-Typica crosses in subCC. In
contrast, the subEE pedigree showed lower (second) order relation-
ships, possibly due to HE in that subgenome (Extended Data Fig. 7).

Nature Genetics | Volume 56 | April 2024 | 721-731

724


http://www.nature.com/naturegenetics

https://doi.org/10.1038/s41588-024-01695-w

a b
Lake Tana
Ethiopia
awlssa 4
E016/136 Asasa,
Yirg: =
S Aemi W
e s
o
(9]
@
2
()
(]
>

e - 610 kya Bottleneck
Polyploidization?
—————— 350 kya Bottleneck

94-96 kya OAE

61-68 kya OAE

""""" 30.5kya Population split
Glacial
max. ~25 kya 12-32 kya
= = 8.9kya Bottleneck (end of

migration)

Fig.2|Population history of C. arabica. a, Geographic origin of resequenced
wild C. arabica accessions (red placeholders). Accession names are givenin c. The
red arrow indicates the probable route of migration to Yemen in historical times.
b, Ancestral population assignments of C. arabica accessions for subCC (left) and
SubEE (right). Relationships among individuals areillustrated with phylogenetic
trees obtained from independent SNPs. For magnified views of the trees, see
Supplementary Fig. 37. ¢, Magnification of the bottom left part of a, showing

the admixture values for each of the accessions in subCC (top) and subEE
(bottom); the colors correspond to the analysis inb. d, Population sizes of wild
and cultivated accessions, inferred using SMC++, suggest genetic bottlenecks at
~350 and 1 ka (limited to nonadmixed wild individuals). e, FastSimcoal2 output,

subCC subEE
/Smstéerdam 'Eourbo(rj\ . ]
ourbon - t I
Bourbon pointu B GTaSteerl;\aalrennse I
Guatemalense -Bourbon pointu EEEEEEEEETT
Noka 881 —— 1
. I
Arabusta Pizze IEEEEE “Arabusta Pizze
Mullil)::vo '¥I.Nov_o [
. - I
Topazie Rubr —
atua . i I
apar 59 — R E
h;-gggor __ -LINN_232 — 1
! ] I —
Costa Rica 95 I E,!\gihtlla 1
Oro Azteca lapar 59 I
LINN 232 K1 I
Elr';l: Population 7|8R99 Rica 95 ] Popul
-Costa Rica 95 s Population
EUEC 1: cultivars OroAztecs . mm— O o
. s [ 1: cultivars
BMIM = M 2: wild E— . wild
Shion B B 3: hybrid ——
[ Ar22-05 I ——— |
£261 I —
AT368 I
[Eth28.2 1 I
£237 — I
Ar02-05 I I
E123 — I
[ Ar7-0! | '
E159/180 I ]
Ar35-0 — | I
ET59 I I
Ar59-05 I I
£383 I I
Ar8 ] I
138C3 [ N
BuDTS (o) N
~+--BP409 (CC] --DA56 (CE)
~--Q121(CC) -+-BU-A (CE)
Wild nonadmixed Cultivated
—— subCC —— subEE subCC —— subEE
10° 108
10° S 10° 4
©
o
©
104 4 2 104
10° 10° 4
T T T T T T
100 10° 107 10° 10° 107
Pop. size Pop. size
subCC SubEE
Bourbon Bourbon
Migration b Migration
weight Bourbon- weight Bourbon-
Typica Typica
0.5 0.5
Typica .
Typica
Admixed wild ) Admixed wild
I T T T T T 1
0 0.01 0.02 0 0.01 0.02 0.03

Drift parameter Drift parameter

suggesting a population split-30.5 ka, followed by a period of migration between
the populations until 8.9 ka. This timing corresponds with increased population
diversity in cultivars at a similar time, calculated using SMC++. Green rectangles
along the timeline show ‘windows of opportunity’, times when Yemen was
connected with the African continent wherein human migrations to the Arabian
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M, migration; OAE, out-of-Africa event. f, Directional gene flow analysis using
Orientagraph suggests two hypotheses: gene flow from the shared ancestral
population of all cultivars to the Ethiopian wild individuals (subCC), or gene flow
from the Typicalineage to Ethiopia (subEE). Mapsin a and ¢ were generated with
Google Earth and Google Maps, respectively.

Timor hybrid-derived accessions did not show significant relationships
to mainline cultivars in subCC (likely due to Robusta introgressions
in this subgenome that broke the haplotype blocks; see below), while
subEE showed second-degree relationships to both the Typica and

Bourbon groups (Fig. 3 and Extended Data Fig. 7), confirming that
subEE has not received substantial introgression.

Interestingly, the Typica, Bourbon and JK1 individuals were also
firstdegree related, suggesting direct parent-offspring relationships.
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Besides confirming their shared Yemeni origins, this finding also under-
scores the Yemeni germplasm’s limited genetic diversity. Further,
the old cultivar lines JK1 (Indian), Erecta (Indonesian Typica), BMJM
(Caribbean Typica), TIP1 (Brazilian Typica) and BB1 (Brazilian Bourbon)
showed second- or higher-degree relationships with a cluster of closely
related wild admixed accessions, centered on E016/136 (Fig. 2b). The
recently established Geisha cultivar showed similar relationships
to the wild admixed individuals and the Bourbon and Typica
groups, suggesting common origins. Interestingly, admixed wild
accession E016/136 was closely related to both wild and cultivated
populations.

In a comparison of geographic origins, wild individuals from the
Easternside of the Great Rift Valley had some levels of admixture and
were closely interrelated, while on the Western side, the admixed,
related individuals were mostly concentrated around the Gesharegion
(Figs.2cand 3). The E016/136 admixed accession, closest to cultivars,
demonstrated afirst-degree relationship with several wild accessions,
of whichonly Ar35-06 and Eth28.2 were pure representatives of the wild
population (Fig. 2b). Therefore, these two accessions are genetically
closest, in our sample, to the hypothetical true wild parent of cultivated
Arabica, with E016/136 representing an intermediate form. Ar35-06
was collected near Geshamountain, close to the origin of the modern
Geisha cultivar. Altogether, these data point to the Gesha region as a
hotspot of wild accessions amenable to domestication.

Admixed wild samples may have originated fromarecent hybridi-
zation event that occurred before or after their collection from the
wild. A third alternative is that the Yemeni population (and hence the
cultivars) originated from an admixed population from the Eastern
side of the Great Rift Valley or the Gesharegion. Analysis of admixture
patterns with Orientagraph® (Fig. 2f) suggested hybridization with
the common ancestor of the Bourbon and Typica lineages in subCC,
and of TypicainsubEE. Inthe case of recent hybridization, introduced

haplotypes would exist as long contiguous blocks (as in the Timor
hybridization, which occurred 100 years ago), while for older events,
the blocks would be more fragmented due to crossing-over. Analysis
using the distance fraction (d;) statistic® showed the latter to be the
case (Extended Data Fig. 8), indicating that admixture events among
wild accessions were not very recent, supporting our third hypothesis.

Domesticationand cultivation usually involve strong population
bottlenecks based on high wild diversity, resulting inreduced genetic
diversity in cultivars®>. However, Arabica nucleotide diversity was
already very lowin the wild, probably as aresult of earlier bottlenecks
(Fig. 2d,e), but only marginally reduced in the pre-cultivated lineage
(Extended Data Fig. 9a). Bourbon had lower diversity than Typica,
probably resulting from the known single-individual bottleneck in
thisgroup. Also, theinbreeding coefficientsin the wild and cultivated
accessions were similar (Extended DataFig. 9b), differing from general
expectations for adomesticated species®.

To look for pathways under purifying selection in cultivars, we
identified genes with high F¢;(95% quantile) between cultivars and wild
accessions. Thisresulted inaset of 1,908 genes that were enriched for
the GO categories ‘cellular response to nitrogen starvation’, ‘regula-
tion of innateimmune response’ and ‘regulation of defense response’
(Supplementary Table 11), and contained homologs of ammonium
transporters AMTI and AMT2,important for nitrogen uptake in Coffea®;
ahomolog of'thesalicylicacid receptor NONEXPRESSER OF PR GENES 1
(NPRI), requiredinsalicylic acid signaling and systemic acquired resist-
ance®'; as well as a homolog of the Arabidopsis LSU2 gene, previously
identified as a hub convergently targeted by effectors of pathogens
from different kingdoms®. A second screen, focused on genes with a
large number of high-impact nonsynonymous mutations shared among
cultivars (>40% individuals having the mutation), generated a list of
556 genes that were significantly enriched for only one GO category,
‘defense response’ (Supplementary Table 12). From the 22 genesin this
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category, 16 were NB-ARC domain-containing resistance (R) genes, and
two were members of the leucine-rich repeat (LRR) defense gene family.
High diversity inimmune-related responsesis one possible pathogen
resistance mechanismin plant communities®, and therefore reduced
diversity may have compromised modern Arabica cultivarimmunity.

The high level of conservation between the Arabica subgenomes
and their diploid progenitors may have facilitated spontaneousinter-
specific hybridization events. This was the case for the Timor hybrid,
aspontaneous Robusta x Arabica hybrid resistant to H. vastatrix”. Our
sample set included five descendants of the original Timor hybrid,
obtained by backcrossing to Arabica. As expected, the hybridization
affected subCC more profoundly, with much higher levels of nucleotide
divergence apparent (Fg;= 0.185) than in subEE (Fs;=0.0897), when
comparing cultivars and hybrids. The divergence from wild popula-
tions was even greater, with Fg;= 0.254 for subCC and Fg;= 0.138 for
SubEE, illustrating that introgression occurred almost exclusively
withinsubCC.

Inthe Timor hybrids, the regions found with d;statistics® largely
overlapped theintrogressed lociidentified using Fs;scans (Fig. 4a) and
were found inlarge blocks, reflecting recent hybridization, and cover-
ing 7-11% of the genome (Fig. 4a and Extended Data Fig. 8). Transposon
insertion polymorphisms (TIPs) also overlapped with introgressed
regions (Gypsy P=0.0002; Copia P=0.035; Fisher exact test), con-
firming their recent origin from Robusta (Fig. 4b). The introgressed
regions overlapped with regions of higher subgenome fractionation
(P=0.001873; Supplementary Table13), possibly due to heterologous

recombination between subCC and Robusta, resulting in unequal
crossing-over.

Anintrogressed regionshared by all Timor hybrid lineswas evident
onchromosome4 (Fig.4a). Weidentified aset of 233 genes shared by all
hybrids (Supplementary Table 14). The set contained members of three
colocalized tandemly duplicated blocks of resistance-related genes on
chromosome 4, subCC, and showed high F;values between cultivars
and introgressed lines. A tandem array of five genes were homologs
of Arabidopsis RPP8, a NOD-like receptor resistance locus conferring
pleiotropic resistance to several pathogens® %, RPPS shows a great
amount of variation in Arabidopsis alone, where intrachromosomal
gene conversion combined with balancing selection contributes to
its exceptional diversity®’. The same subCC region also included a
tandem array of ten homologs of CONSTITUTIVE EXPRESSER OF PR
GENES 1(CPR1I), anegative regulator of defense response that targets
resistance proteins’®”., Finally, we identified three duplicates encod-
ing Leafrust 10 disease-resistance locus receptor-like protein kinases
(LRK1OL). The LRKIOL are a gene family that is widespread across
plants. First identified as a protein kinase in a locus contributing leaf
rust resistance in wheat’?, they were found to be upregulated during
various biotic and abiotic stresses” and were confirmed as positive
regulators of wheat hypersensitive resistance response to stripe rust
fungus”and powdery mildew™.

The high Fg-values between cultivated and introgressed, but not
wild, individuals (Fig. 4b) indicate that the wild population cannot
be the source for allelic asymmetries. Nucleotide diversities further
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illustrate this point; some genes demonstrate lower nucleotide diver-
sity in wild individuals, suggesting these genes to have experienced
selective sweeps. To further narrow down candidate genes involved
in leaf rust resistance, we reanalyzed comparative gene expression
datafromsusceptible and resistant accessions after H. vastatrixinocu-
lation”. This analysis identified 723 differentially expressed genes,
most of which were associated with defense responses (Fig. 4b and
Supplementary Tables 14 and 15). The combination of high Fg;values,
nucleotide diversities and differential expression data highlights
several strong candidate genes (one RPPS8, six CPR1 and one LRKI1OL)
atthislocus.

Discussion

Besides providing genomic resources for molecular breeding of one
of the mostimportantagricultural commodities, our Arabica, Robusta
and Eugenioides genomes provide a unique window into the genome
evolutionof arecently formed allopolyploid stemming from two closely
related species. Our Arabica data did not suggest a genomic shock
induced by allopolyploidy, but, instead, only higher LTR transposon
turnover rate. Genome fractionation rates remained basically unal-
tered before and after the allopolyploidy event. Likewise, no global
subgenome dominance in gene expression was observed, but rather
amosaic-type pattern as in other recent polyploids'®*, affecting the
expression of individual gene family members. However, similar to
octoploid strawberry®, we detected genome dominance in terms
of biased HEs favoring subCC. Since Robusta has one of the widest
geographic ranges in the Coffea genus, whereas Eugenioides is more
range-limited, this biased HE might be adaptive. This hypothesis was
supported by thessite frequency spectrum of HE loci, showing signs of
directional selection (Extended Data Fig. 3). Intriguingly, transposable
insertion polymorphisms significantly overlapped with tandem gene
duplications and biosynthetic gene clusters, hinting at their possible
rolesin cluster evolution.

Domestication of perennial species such as Arabica coffee
differs markedly from that of annual crops, consisting instead of
three phases: selection of outstanding genotypes from wild forests,
clonal propagation and cultivation, and then breeding and diver-
sification’. In addition to being a perennial crop, Arabica is also a
predominantly autogamous allopolyploid, which puts it in a class
of its own. We show here that genetic diversity was already very low
among wild accessions, due to multiple pre-domestication bottle-
necks, and that the genotypes selected for cultivation by humans
(both the ancient cultivated Ethiopian landraces and the recent
Geisha cultivar) already were somewhat admixed between divergent
lineages. The resequenced accessions displayed a geographic split
along the Eastern versus Western sides of the Great Rift Valley, with
cultivated coffee variants all placed with the Eastern population.
Such admixture has played alargerolein breeding many fruit-bearing
crops, the nonpolyploid allogamous perennial lychee being one of
the most extreme cases™.

The prevalent autogamy of Arabica, combined with the multiple
genetic bottlenecks it underwent in the wild, may have selectively
purged deleterious alleles, explaining the capacity of the species to
survive single-plant bottlenecks that occurred during its cultivation.
Anadditional element buffering deleterious alleles was probably Ara-
bica’s allopolyploidy itself, which provided some level of heterosis”’.
However, the narrow genetic basis of both cultivated and wild modern
Arabica constitutes a major drawback, as well as an obstacle for its
breeding using wild genepool diversity. On the other hand, the exten-
sive collinearity of its CC and EE subgenomes with those of its Robusta
and Eugenioides progenitorsislikely to facilitate introgression of inter-
esting traits from these species, as already happened historically in the
Timor spontaneous hybrid. The high-quality genome sequences of the
three species provided in this work, together with the identification of
the genomic region conferring resistance to coffee leaf rust, constitute

acornerstone for the breeding of novel Arabica varieties with superior
adaptability and pathogen resistance.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41588-024-01695-w.

References

1. Vande Peer, Y., Mizrachi, E. & Marchal, K. The evolutionary
significance of polyploidy. Nat. Rev. Genet. 18, 411-424 (2017).

2. Vande Peer, Y., Ashman, T.-L., Soltis, P. S. & Soltis, D. E. Polyploidy:
an evolutionary and ecological force in stressful times. Plant Cell
33, 11-26 (2021).

3. Leebens-Mack, J. H. et al. One thousand plant transcriptomes and
the phylogenomics of green plants. Nature 574, 679-685 (2019).

4. Sun, H. et al. Chromosome-scale and haplotype-resolved
genome assembly of a tetraploid potato cultivar. Nat. Genet. 54,
342-348 (2022).

5. Athiyannan, N. et al. Long-read genome sequencing of bread
wheat facilitates disease resistance gene cloning. Nat. Genet. 54,
227-231(2022).

6. Wu, S. etal. Genome sequences of two diploid wild relatives of
cultivated sweetpotato reveal targets for genetic improvement.
Nat. Commun. 9, 4580 (2018).

7. Wang, T. et al. A complete gap-free diploid genome in Saccharum
complex and the genomic footprints of evolution in the highly
polyploid Saccharum genus. Nat. Plants 9, 554-571 (2023).

8. Edger, P. P. et al. Origin and evolution of the octoploid strawberry
genome. Nat. Genet. 51, 541-547 (2019).

9. Li, F. etal. Genome sequence of cultivated Upland cotton
(Gossypium hirsutum TM-1) provides insights into genome
evolution. Nat. Biotechnol. 33, 524-530 (2015).

10. Chalhoub, B. et al. Early allopolyploid evolution in the
post-Neolithic Brassica napus oilseed genome. Science 345,
950-953 (2014).

1. Sattler, M. C., Carvalho, C. R. & Clarindo, W. R. The polyploidy and
its key role in plant breeding. Planta 243, 281-296 (2016).

12. McClintock, B. The significance of responses of the genome to
challenge. Science 226, 792-801(1984).

13. Sha, Y. et al. Genome shock in a synthetic allotetraploid wheat
invokes subgenome-partitioned gene regulation, meiotic
instability, and karyotype variation. J. Exp. Bot. 74, 5547-5563
(2023).

14. Thomas, B. C., Pedersen, B. & Freeling, M. Following tetraploidy in
an Arabidopsis ancestor, genes were removed preferentially from
one homeolog leaving clusters enriched in dose-sensitive genes.
Genome Res. 16, 934-946 (2006).

15. Schnable, J. C., Springer, N. M. & Freeling, M. Differentiation of the
maize subgenomes by genome dominance and both ancient and
ongoing gene loss. Proc. Natl Acad. Sci. USA 108, 4069 (2011).

16. Gaeta, R. T, Pires, J. C., Iniguez-Luy, F., Leon, E. & Osborn, T. C.
Genomic changes in resynthesized Brassica napus and their effect
on gene expression and phenotype. Plant Cell 19, 3403-3417
(2007).

17. Burns, R. et al. Gradual evolution of allopolyploidy in Arabidopsis
suecica. Nat. Ecol. Evol. 5,1367-1381 (2021).

18. Conant, G. C., Birchler, J. A. & Pires, J. C. Dosage, duplication,
and diploidization: clarifying the interplay of multiple models
for duplicate gene evolution over time. Curr. Opin. Plant Biol. 19,
91-98 (2014).

19. Carvalho, A. et al. Melhoramento do cafeeiro: IV - Café Mundo
Novo. Bragantia 12, 97-130 (1952).

Nature Genetics | Volume 56 | April 2024 | 721-731

728


http://www.nature.com/naturegenetics
https://doi.org/10.1038/s41588-024-01695-w

Article

https://doi.org/10.1038/s41588-024-01695-w

20. Scalabrin, S. et al. A single polyploidization event at the origin
of the tetraploid genome of Coffea arabica is responsible for
the extremely low genetic variation in wild and cultivated
germplasm. Sci. Rep. 10, 4642 (2020).

21. Cenci, A., Combes, M.-C. & Lashermes, P. Genome evolution in
diploid and tetraploid Coffea species as revealed by comparative
analysis of orthologous genome segments. Plant Mol. Biol. 78,
135-145 (2012).

22. Bawin, Y. et al. Phylogenomic analysis clarifies the evolutionary
origin of Coffea arabica. J. Syst. Evol. 59, 953-963 (2020).

23. Yu, Q. et al. Micro-collinearity and genome evolution in the
vicinity of an ethylene receptor gene of cultivated diploid and
allotetraploid coffee species (Coffea). Plant J. 67, 305-317 (2011).

24. Merot-L'anthoene, V. et al. Development and evaluation of a
genome-wide Coffee 8.5K SNP array and its application for
high-density genetic mapping and for investigating the origin of
Coffea arabica L. Plant Biotechnol. J. 17, 1418-1430 (2019).

25. Wellman, F. L. Coffee: Botany, Cultivation and Utilization
(L. Hill, 1967).

26. Lécolier, A., Besse, P., Charrier, A., Tchakaloff, T.-N. & Noirot, M.
Unraveling the origin of Coffea arabica ‘Bourbon pointu’ from
La Réunion: a historical and scientific perspective. Euphytica 168,
1-10 (2009).

27. Clarindo, W.R., Carvalho, C. R., Caixeta, E. T. & Koehler, A. D.
Following the track of ‘Hibrido de Timor’ origin by cytogenetic
and flow cytometry approaches. Genet. Resour. Crop Evol. 60,
2253-2259 (2013).

28. Bertrand, B., Guyot, B., Anthony, F. & Lashermes, P. Impact of the
Coffea canephora gene introgression on beverage quality of
C. arabica. Theor. Appl. Genet. 107, 387-394 (2003).

29. Marie, L. et al. G x E interactions on yield and quality in Coffea
arabica: new F1 hybrids outperform American cultivars. Euphytica
216, 78 (2020).

30. Bertrand, B., Villegas Hincapié, A. M., Marie, L. & Breitler, J.-C.
Breeding for the main agricultural farming of Arabica coffee.
Front. Sustain. Food Syst. 5, 709901 (2021).

31. Breitler, J.-C. et al. CRISPR/Cas9-mediated efficient targeted
mutagenesis has the potential to accelerate the domestication
of Coffea canephora. Plant Cell Tissue Organ Cult. 134, 383-394
(2018).

32. Berthaud, J. Etude cytogénétique d’un haploide de Coffea arabica
L. Cafe Cacao The 20, 91-96 (1976).

33. Denoeud, F. et al. The coffee genome provides insight into the
convergent evolution of caffeine biosynthesis. Science 345,
1181-1184 (2014).

34. Pellicer, J. & Leitch, I. J. The Plant DNA C-values database (release
7.1): an updated online repository of plant genome size data for
comparative studies. New Phytol. 226, 301-305 (2020).

35. Manni, M., Berkeley, M. R., Seppey, M., Simao, F. A. & Zdobnov, E. M.

BUSCO update: novel and streamlined workflows along with
broader and deeper phylogenetic coverage for scoring of
eukaryotic, prokaryotic, and viral genomes. Mol. Biol. Evol. 38,
4647-4654 (2021).

36. Petit, M. et al. Mobilization of retrotransposons in synthetic
allotetraploid tobacco. New Phytol. 186, 135-147 (2010).

37. Sarilar, V. et al. Allopolyploidy has a moderate impact on
restructuring at three contrasting transposable element insertion
sites in resynthesized Brassica napus allotetraploids. New Phytol.
198, 593-604 (2013).

38. Bird, K. A., VanBuren, R., Puzey, J. R. & Edger, P. P. The causes and
consequences of subgenome dominance in hybrids and recent
polyploids. New Phytol. 220, 87-93 (2018).

39. Gobel, U. et al. Robustness of transposable element regulation
but no genomic shock observed in interspecific Arabidopsis
hybrids. Genome Biol. Evol. 10, 1403-1415 (2018).

40.

4.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

56.

56.

57.

58.

50.

60.

Birchler, J. A. & Veitia, R. A. The gene balance hypothesis:
implications for gene regulation, quantitative traits and evolution.
New Phytol. 186, 54-62 (2010).

Zeiss, D. R., Piater, L. A. & Dubery, I. A. Hydroxycinnamate
amides: intriguing conjugates of plant protective metabolites.
Trends Plant Sci. 26, 184-195 (2021).

Bird, K. A. et al. Replaying the evolutionary tape to investigate
subgenome dominance in allopolyploid Brassica napus.

New Phytol. 230, 354-371(2021).

Combes, M.-C., Joét, T., Stavrinides, A. K. & Lashermes, P. New
cup out of old coffee: contribution of parental gene expression
legacy to phenotypic novelty in coffee beans of the allopolyploid
Coffea arabica L. Ann. Bot. 131, 157-170 (2023).

Yoo, M. J., Szadkowski, E. & Wendel, J. F. Homoeolog expression
bias and expression level dominance in allopolyploid cotton.
Heredity 110, 171-180 (2013).

Meyer, F. G., Fernie, L. M., Narasimhaswami, R. L., Monaco, L. C. &
Greathead, D. J. FAO Coffee Mission to Ethiopia, 1964-1965

(Food and Agriculture Organization of the United Nations,

1968).

Halle, F. Echantillonnage du matériel Coffea arabica récolté en
Ethiopie. Bulletin IFCC 14,13-18 (1978).

Krug, C. A. & Mendes, A. J. T. Cytological observations in

Coffea - IV. J. Genet. 39, 189-203 (1940).

Cros, J. et al. Phylogenetic analysis of chloroplast DNA variation in
Coffea L. Mol. Phylogenet. Evol. 9, 109-117 (1998).

Lashermes, P. et al. Molecular characterisation and origin of
the Coffea arabica L. genome. Mol. Gen. Genet. 261, 259-266
(1999).

Wu, Y. et al. Genomic mosaicism due to homoeologous
exchange generates extensive phenotypic diversity in nascent
allopolyploids. Natl Sci. Rev. 8, nwaa277 (2021).

Terhorst, J., Kamm, J. A. & Song, Y. S. Robust and scalable
inference of population history from hundreds of unphased whole
genomes. Nat. Genet. 49, 303-309 (2017).

Moat, J., Gole, T. W. & Davis, A. P. Least concern to endangered:
applying climate change projections profoundly influences the
extinction risk assessment for wild Arabica coffee. Glob. Change
Biol. 25, 390-403 (2019).

Kuper, R. & Kropelin, S. Climate-controlled holocene occupation
in the Sahara: motor of Africa’s evolution. Science 313, 803-807
(2006).

Excoffier, L. et al. fastsimcoal2: demographic inference under
complex evolutionary scenarios. Bioinformatics 37, 4882-4885
(2021).

Lambeck, K. et al. Sea level and shoreline reconstructions for the
Red Sea: isostatic and tectonic considerations and implications
for hominin migration out of Africa. Quat. Sci. Rev. 30, 3542-3574
(20Mm).

Montagnon, C., Mahyoub, A., Solano, W. & Sheibani, F. Unveiling
a unigue genetic diversity of cultivated Coffea arabica L. in its
main domestication center: Yemen. Genet. Resour. Crop Evol. 68,
2411-2422 (2021).

Nordborg, M. & Donnelly, P. The coalescent process with selfing.
Genetics 146, 1185 (1997).

Hu, G. et al. Two divergent haplotypes from a highly hetero-
zygous lychee genome suggest independent domestication
events for early and late-maturing cultivars. Nat. Genet. 54,
73-83 (2022).

Manichaikul, A. et al. Robust relationship inference in
genome-wide association studies. Bioinformatics 26, 2867-2873
(2010).

Molloy, E. K., Durvasula, A. & Sankararaman, S. Advancing
admixture graph estimation via maximum likelihood network
orientation. Bioinformatics 37, i142-i150 (2021).

Nature Genetics | Volume 56 | April 2024 | 721-731

729


http://www.nature.com/naturegenetics

Article

https://doi.org/10.1038/s41588-024-01695-w

61. Pfeifer, B. & Kapan, D. D. Estimates of introgression as a function
of pairwise distances. BMC Bioinformatics 20, 207 (2019).

62. Gaut, B.S., Seymour, D. K., Liu, Q. & Zhou, Y. Demography and its
effects on genomic variation in crop domestication. Nat. Plants 4,
512-520 (2018).

63. dos Santos, T. B., Baba, V. Y., Vieira, L. G. E., Pereira, L. F. P. &
Domingues, D. S. The urea transporter DUR3 is differentially
regulated by abiotic and biotic stresses in coffee plants.

Physiol. Mol. Biol. Plants 27, 203-212 (2021).

64. Wang, W. et al. Structural basis of salicylic acid perception by
Arabidopsis NPR proteins. Nature 586, 311-316 (2020).

65. Mukhtar, M. S. et al. Independently evolved virulence effectors
converge onto hubs in a plant immune system network. Science
333, 596-601 (2011).

66. Jousimo, J. et al. Ecological and evolutionary effects of fragmenta-

tion on infectious disease dynamics. Science 344, 1289-1293 (2014).

67. Cooley, M. B., Pathirana, S., Wu, H. J., Kachroo, P. & Klessig, D. F.
Members of the Arabidopsis HRT/RPP8 family of resistance
genes confer resistance to both viral and oomycete pathogens.
Plant Cell12, 663-676 (2000).

68. Mohr, T. J. et al. The Arabidopsis downy mildew resistance gene
RPP8 is induced by pathogens and salicylic acid and is regulated
by W-box cis elements. Mol. Plant Microbe Interact. 23, 1303-1315
(2010).

69. MacQueen, A. et al. Population genetics of the highly
polymorphic RPP8 gene family. Genes 10, 691 (2019).

70. Cheng, Y. T. et al. Stability of plant immune-receptor resistance
proteins is controlled by SKP1-CULLIN1-F-box (SCF)-mediated
protein degradation. Proc. Natl Acad. Sci. USA 108, 14694-14699
(20Mm).

71. Hedtmann, C. et al. The plantimmunity regulating F-Box Protein
CPR1 supports plastid function in absence of pathogens.

Front. Plant Sci. 8, 1650 (2017).

72. Feuillet, C., Schachermayr, G. & Keller, B. Molecular cloning
of a new receptor-like kinase gene encoded at the Lr110
disease resistance locus of wheat. Plant J. 11, 45-52 (1997).

73. Zhou, H. et al. Molecular analysis of three new receptor-like
kinase genes from hexaploid wheat and evidence for their
participation in the wheat hypersensitive response to stripe rust
fungus infection. Plant J. 52, 420-434 (2007).

74. Xia, T. et al. Efficient expression and function of a receptor-like
kinase in wheat powdery mildew defence require an intron-
located MYB binding site. Plant Biotechnol. J. 19, 897-909 (2021).

75. Florez, J. C. et al. High throughput transcriptome analysis of
coffee reveals prehaustorial resistance in response to Hemileia
vastatrix infection. Plant Mol. Biol. 95, 607-623 (2017).

76. Gaut, B.S., Diez, C. M. & Morrell, P. L. Genomics and the
contrasting dynamics of annual and perennial domestication.
Trends Genet. 31, 709-719 (2015).

77. Chen, Z. J. Molecular mechanisms of polyploidy and hybrid vigor.
Trends Plant Sci. 15, 57-71 (2010).

78. Lan, T. et al. Insights into bear evolution from a Pleistocene polar
bear genome. Proc. Natl Acad. Sci. USA 119, e2200016119 (2022).

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2024

Jarkko Salojarvi®"**

, Aditi Rambani**, Zhe Yu®*', Romain Guyot ® 8’4, Susan Strickler**', Maud Lepelley?,

Cui Wang ®2, Sitaram Rajaraman ®2, Pasi Rastas ® °, Chunfang Zheng?®, Daniella Santos Mufioz®, Jodo Meidanis®,
Alexandre Rossi Paschoal®", Yves Bawin'?, Trevor J. Krabbenhoft® ', Zhen Qin Wang", Steven J. Fleck® %,

Rudy Aussel®", Laurence Bellanger®, Aline Charpagne™, Coralie Fournier ®°, Mohamed Kassam™, Gregory Lefebvre®,
Sylviane Métairon ® '°, Déborah Moine™, Michel Rigoreau?®, Jens Stolte™, Perla Hamon®, Emmanuel Couturon®,
Christine Tranchant-Dubreuil®, Minakshi Mukherjee ® *®, Tianying Lan', Jan Engelhardt® ¢, Peter Stadler®'®7,
Samara Mireza Correia De Lemos ® %, Suzana lvamoto Suzuki®", Ucu Sumirat®®, Ching Man Wai®?,

Nicolas Dauchot®?, Simon Orozco-Arias®’, Andrea Garavito ® 2, Catherine Kiwuka?*, Pascal Musoli?**,

Anne Nalukenge?*, Erwan Guichoux®, Havinga Reinout?®, Martin Smit*®, Lorenzo Carretero-Paulet?,

Oliveiro Guerreiro Filho ® 22, Masako Toma Braghini?, Lilian Padilha®?°, Gustavo Hiroshi Sera®®, Tom Ruttink ® 2%,
Robert Henry®?, Pierre Marraccini® 3, Yves Van de Peer ® 3343536 Alan Andrade ® %, Douglas Domingues ® ¢,
Giovanni Giuliano ® %8, Lukas Mueller?, Luiz Filipe Pereira®, Stephane Plaisance ® *°, Valerie Poncet®¢,

Stephane Rombauts ® 3"*¢, David Sankoff ®°, Victor A. Albert®"

Alexandre de Kochko® ' & Patrick Descombes ® ™

, Dominique Crouzillat®?2/ 7,

'School of Biological Sciences, Nanyang Technological University, Singapore, Singapore. 2Organismal and Evolutionary Biology Research Programme,
University of Helsinki, Helsinki, Finland. ®Singapore Centre for Environmental Life Sciences Engineering, Nanyang Technological University, Singapore,
Singapore. “Boyce Thompson Institute, Cornell University, Ithaca, NY, USA. °Department of Mathematics and Statistics, University of Ottawa, Ottawa,
Ontario, Canada. Institut de Recherche pour le Développement (IRD), Université de Montpellier, Montpellier, France. ’Department of Electronics

and Automation, Universidad Auténoma de Manizales, Manizales, Colombia. 8Société des Produits Nestlé SA, Nestlé Research, Tours, France.

%Institute of Biotechnology, University of Helsinki, Helsinki, Finland. "Institute of Computing, University of Campinas, Campinas, Brazil. "Department

of Computer Science, The Federal University of Technology - Parana (UTFPR), Cornélio Procopio, Brazil. ?Plant Sciences Unit, Flanders Research

Institute for Agriculture, Fisheries and Food (ILVO), Melle, Belgium. ®*Department of Biological Sciences, University at Buffalo, Buffalo, NY, USA. “Centre
d’Immunologie de Marseille-Luminy, Aix Marseille Université, Marseille, France. ®*Société des Produits Nestlé SA, Nestlé Research, Lausanne, Switzerland.

Nature Genetics | Volume 56 | April 2024 | 721-731

730


http://www.nature.com/naturegenetics
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0002-4096-6278
http://orcid.org/0000-0002-7016-7485
http://orcid.org/0000-0003-2916-3922
http://orcid.org/0000-0001-5171-3578
http://orcid.org/0000-0003-2768-1339
http://orcid.org/0000-0001-7878-4990
http://orcid.org/0000-0002-8887-0582
http://orcid.org/0000-0002-7680-5169
http://orcid.org/0000-0001-5370-2258
http://orcid.org/0000-0002-7310-0227
http://orcid.org/0000-0003-2434-8733
http://orcid.org/0000-0002-5172-838X
http://orcid.org/0000-0003-4934-2135
http://orcid.org/0000-0002-5016-5191
http://orcid.org/0000-0003-3484-1943
http://orcid.org/0000-0001-7078-5809
http://orcid.org/0000-0002-2913-5721
http://orcid.org/0000-0001-8766-0498
http://orcid.org/0000-0001-5991-8770
http://orcid.org/0000-0002-0864-8608
http://orcid.org/0000-0002-8228-2886
http://orcid.org/0000-0002-2204-6793
http://orcid.org/0000-0002-1012-9399
http://orcid.org/0000-0001-7637-6811
http://orcid.org/0000-0003-4327-3730
http://orcid.org/0000-0001-7128-3472
http://orcid.org/0000-0002-1290-0853
http://orcid.org/0000-0002-2486-0510
http://orcid.org/0000-0002-1651-241X
http://orcid.org/0000-0002-1099-2846
http://orcid.org/0000-0002-3985-4981
http://orcid.org/0000-0001-8415-5189
http://orcid.org/0000-0002-0262-826X
http://orcid.org/0009-0000-3369-0173
http://orcid.org/0000-0001-9212-3195
http://orcid.org/0000-0002-1274-247X

Article https://doi.org/10.1038/s41588-024-01695-w

®Department of Computer Science, University of Leipzig, Leipzig, Germany. "Interdisciplinary Center for Bioinformatics, University of Leipzig, Leipzig,
Germany. ®Group of Genomics and Transcriptomes in Plants, Sdo Paulo State University, UNESP, Rio Claro, Brazil. °Centro de Ciéncias Agrarias,
Universidade Estadual de Londrina, Londrina, Brazil. °Indonesian Coffee and Cocoa Research Institute (ICCRI), Jember, Indonesia. ?University of Illinois
at Urbana-Champaign, Urbana, IL, USA. ?Research Unit in Plant Cellular and Molecular Biology, University of Namur, Namur, Belgium. 2*Departamento
de Ciencias Bioldgicas, Facultad de Ciencias Exactas y Naturales, Universidad de Caldas, Manizales, Colombia. *National Agricultural Research
Organization (NARO), Entebbe, Uganda. ®Biodiversité Génes & Communautés, INRA, Bordeaux, France. *Hortus Botanicus Amsterdam, Amsterdam,
the Netherlands. ?Departamento de Biologia y Geologia, Universidad de Almeria, Almeria, Spain. ZInstituto Agronémico (IAC) Centro de Café ‘Alcides
Carvalho’, Fazenda Santa Elisa, Campinas, Brazil. ’Embrapa Café/Instituto Agrondmico (IAC) Centro de Café ‘Alcides Carvalho’, Fazenda Santa Elisa,
Campinas, Brazil. ®Instituto de Desenvolvimento Rural do Parana- IAPAR, Londrina, Brazil. *'Department of Plant Biotechnology and Bioinformatics,
Ghent University, Ghent, Belgium. **Queensland Alliance for Agriculture and Food Innovation, University of Queensland, Brisbane, Queensland, Australia.
33CIRAD - UMR DIADE (IRD-CIRAD-Université de Montpellier) BP 64501, Montpellier, France. **Department of Biochemistry, Genetics and Microbiology,
University of Pretoria, Pretoria, South Africa. **College of Horticulture, Academy for Advanced Interdisciplinary Studies, Nanjing Agricultural University,
Nanjing, China. *®Center for Plant Systems Biology, VIB, Ghent, Belgium. ¥Embrapa Café/Inovacafé Laboratory of Molecular Genetics Campus da
UFLA-MG, Lavras, Brazil. *®ltalian National Agency for New Technologies, Energy and Sustainable Economic Development, ENEA Casaccia Research
Center, Rome, Italy. *Embrapa Café/Lab. Biotecnologia, Area de Melhoramento Genético, Londrina, Brazil. °VIB Nucleomics Core, Leuven, Belgium.
“These authors contributed equally: Aditi Rambani, Zhe Yu, Romain Guyot, Susan Strickler. [ e-mail: jarkko@ntu.edu.sg; vaalbert@buffalo.edu;
dcrouzillat@gmail.com; alexandre.dekochko@gmail.com; patrick.descombes@rd.nestle.com

Nature Genetics | Volume 56 | April 2024 | 721-731 731


http://www.nature.com/naturegenetics
mailto:jarkko@ntu.edu.sg
mailto:vaalbert@buffalo.edu
mailto:dcrouzillat@gmail.com
mailto:alexandre.dekochko@gmail.com
mailto:patrick.descombes@rd.nestle.com

Article

https://doi.org/10.1038/s41588-024-01695-w

Methods

Genome sequencing

For the three Coffea species, genomic DNA was extracted from leaf
tissue. A Qiagen kit was used for DNA extraction for [lluminasequenc-
ing. lllumina short reads and PacBio 20-kilobase (kb) libraries were
prepared following the manufacturer’sinstructions. Sequencing was
performed on a HiSeq2000 instrument for the short reads, and the
PacBio RSII platform for long reads (specifications given in Supple-
mentary Table16). For the generation of HiFi reads, DNA was extracted
from C. arabicaleaftissue following nuclei purification by centrifuga-
tion followed by lysis, phenol-chloroform extraction and isopropanol
precipitation. DNA was fragmented to 20 kb using a Megaruptor 3.
SMRTbell libraries were sequenced on a single SMRTcell on a Sequel
lle platform.

For the resequencing of 39 wild and cultivated C. arabica acces-
sions, libraries were prepared using the KAPA HyperPrep Kits (Roche)
following the manufacturer’s instructions, and paired-end (2 x 125)
sequenced on an Illlumina HiSeq2500 instrument to ~40x coverage.
The Linnaean herbarium sample was sequenced to 46x coverage with
lon Torrent technology.

Assembly

Contig-level assembly for C. canephora was obtained with MHAP” and
scaffolded using BAC-end sequences and 454 paired-end sequences
generated previously®. Both C. eugenioides and C. arabicawere assem-
bled with Falcon®’, and C. arabica was subsequently phased using
Falcon_unzip. All three genomes were error-corrected with Pilon®
using llluminashortreads (Supplementary Section 2.2). C. canephora
and C. arabica were further scaffolded into pseudochromosomes
using Dovetail Hi-C technology. For C. eugenioides no more material
could be obtained for further improvement of the assembly contigu-
ity, and the assembly was scaffolded into pseudomolecules using C.
canephora asreference. Gaps in the scaffolds were filled with PBJelly®,
after which sixmore rounds of polishing were done with Pilon using the
Illumina shotgun sequenced genomic DNA as well as RNA sequencing
(RNA-seq) reads.

The resulting chromosome assemblies for C. canephora were
checked and corrected using an ultra-high-density linkage map® gener-
ated during the project. To furtherimprove the quality of the C. arabica
assembly, Bionano genome maps were generated.

C. arabica HiFi assembly was carried out with hifiasm v.0.16.1
(ref. 84), followed by scaffolding using Hi-C data from Dovetail tech-
nology and ALLHiC® pipeline. Final quality checks and manual adjust-
ments of the assembly were carried out using 3d-DNA®® and juicebox®”.

The completeness of the different assemblies was assessed using
BUSCOV.5.2.2 (ref. 35) with the eudicots_odb10 database (2,326 genes;
Table 1). Telomeric repeats were searched across the chromosomes
using CoGeBLAST®®,

To assess the phasing of both subgenomes from C. arabica,
synonymous nucleotide substition (K,) values were obtained from
CoGe* and compared between C. arabica and each of two diploid
outgroups, C.canephora and C. eugenioides, using scriptsinR.

Linkage map

Areference genetic map was constructed fromacross betweena Con-
golese group genotype (BP409) and a Congolese x Guinean hybrid
parent (Q121). The segregating population was composed of 93 F1
individuals®. The parents were sequenced to 60x and progeny to 20x
coverage using the Illumina HiSeq2000 platform at Nestlé Research.
Following quality control with FastQC and trimming with Trimmomatic
v.0.36 (ref. 91), the reads were mapped against the C. canephorarefer-
ence assembly using BWA-MEM v.0.7.15 (ref. 92). The linkage mapping
was conducted with Lep-MAP3 (ref. 83). The markers were clustered
into paternal and maternal linkage groups by using alogarithm of the
odds score of 18 in a segregation distortion aware model. The final

curation of the assembly, combining the two parental maps, solving
conflicts as well as identification of haplotype alleles, was carried out
manually.

TE annotation and analysis

EDTA® was used to de novo identify TEs in the C. canephora,
C.eugenioides aswell as C. arabica subgenomes. Inpactor2 (ref. 94) was
usedtorecover full-length LTR retrotransposonsin the three genomes
and to classify them at the lineage level. EDTA and Inpactor2 librar-
ies were merged and clustered using cd-hit®. Clusters were manually
inspected toremove nested and false predictions. After curation, librar-
ieswere used for annotation using Repeat Masker (default parameters).
Annotations withlength >200 base pairs (bp) wereretained. The timing
of LTR retrotransposon insertions was studied in the three genomes
using individual sequences recovered by Inpactor2 and using an average
basesubstitutionrate of 1.3 x 1078 (ref. 96), similar to Orozco-Arias etal.””.

Gene prediction

RNA-seq and IsoSeq reads were generated to support de novo gene
prediction. AMAKER-P pipeline” was used to combine several de novo
gene callers with the IsoSeq and junction information from short-read
RNA-seq. High-evidence gene models with Annotation Edit Distance
score < 0.5wereselected for the annotation. For C. arabicaHiFiassembly,
the annotations werefirst transferred from CC, CE and the previous CA
assembly using GeMoMav.1.9 (ref. 99), and then combined. All genes of
interest linked to coffee flavor were subjected to manualinspection and
gene model curation. Following the annotation, BUSCO completeness
scores were assessed for the CC, CE and CA predicted transcriptomes.

Gene expression

Three gene families, encoding terpene synthases (TPS), N-methyl-
transferases (VMMT) and fatty acid desaturase 2 (FAD2), were further
characterized and used to investigate the influence of the presence
of the extra gene copies in the allopolyploid using previously pub-
lished expression data'®. The expression data presented here are the
TPM (transcripts per million) normalized counts with log-scaling:
log,o(x +1x107), where x is the TPM count from STARaligner'®.. For
leaf rust differential expression analysis, previously published RNA-seq
data” were reanalyzed by mapping the reads on C. arabica HiFi assem-
bly using STARaligner. Differential expression in Timor hybrid versus
susceptible Caturra accession after inoculation with H. vastatrix was
analyzed with DEseq2 (ref.102) in R. False discovery rate (FDR) adjust-
mentwas carried out using the Benjamini-Hochberg method; adjusted
Pvalue < 0.05was considered statistically significant.

Evolution of synteny and fractionation

Synteny information was obtained using the SynMap tool on the CoGe
platform®%°, Only genes within synteny blocks were considered, not
only gene pairs butalso singleton genes in each genome that have lost
their counterpart in the other genome due to fractionation or other
geneloss.

We used the ‘peaks’ method'®, as calculated by the R function
geom_density, for the three events that generate duplicate genomes
during genome evolution of C. arabica, thatis, the gammatriplication
attheorigin of the core eudicots, the speciation underlying the CC/CE
divergence and the allotetraploidization event.

HE

Syntenic genes between CE, CC, subCC and subEE were identified using
the SynMap tool on the CoGe platform. Identification of allele biases
was carried out by mapping the C. arabica short-read sequencing
data against combined CE and CC assemblies using BWA-MEM®? and
calculating sequencing coverages on syntenic genes using bedtools.
Differential coverage across the chromosomes was visualized using
custom R scripts. To reduce noise, a sliding window of ten genes was
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used to calculate the average coverage along chromosomes. The allele
balance was calculated as A =4 x ((CC/(CC + EE)) - 0.5), where CC and
EF are the subCC and subEE syntelog coverages, respectively. Allele
balances <-1.5 or >1.5 were considered homozygous for EE, or CC,
respectively, while balances <0.5 and >-0.5 were considered equal.

SNP calling

Following quality control with FastQC'®*, lllumina short reads were
trimmed using Trimmomatic v.0.36 (ref. 91) and mapped on the
C.arabicareference assembly with BWA-MEM v.0.7.16a-r1181 (ref. 105).
For the Linnaean sample, the reads were processed according to the
protocols recommended for degraded DNA analysis in MapDamage
v.2.0.8 (ref.106). GATK (v.3.8.0) pipeline was used for SNP calling. Dupli-
cates were marked and removed using Picard v.2.0.1and genotype likeli-
hoods were called into GVCF files using HaplotypeCaller (GATK). For
the diploid progenitors, to allow interspecies comparisons, the map-
ping was done to each of the subgenomes separately, including chro-
mosome zero, that is, contigs not assembled into pseudomolecules,
inboth mappings.Joint calling was carried out using GenotypeGVCFs
(GATK)'” and snpEffv.4.3t was used to assess the impact of the SNPs'%,
Toremoveregions with cross-species mappings, we removed the SNPs
that were called as heterozygous when mapping the di-haploid ET-39
sequencing datato the Arabicareference genome.

Genome-wide nucleotide diversity was calculated with vcftools
v.0.1.17 (ref. 109), by calculating the mean of pi values from sliding
windows of 100 kb with10-kb step size. Similarly, genome-wide Tajima’s
Dwas calculated from the mean of Tajima’s D values with window size
0f100 kb. PCAwas run using Plink v.1.90 (ref.110). ADMIXTURE v.1.3.0
(ref. 111) was run for SNP data where the variants in repeat regions
were filtered out and the outgroup species (diploid Coffea species)
were excluded. The SNPs were filtered for linkage disequilibrium (LD)
according to the recommendation in the ADMIXTURE manual with
(--indep-pairwise 5010 0.1) while allowing maximum 10% missing values
(--geno 0.1). Admixture analysis was run using tenfold cross-validation.
The solution giving lowest cross-validation score was selected as the
best solution. Nonsynonymous nucleotide diversity, ,, and neutral,
intergenic i, were calculated using the PiNSiR R package (https://github.
com/jsalojar/PiNSiR) and ANGSD v.0.933 (ref. 112), similar to ref. 58.

Analysis of GBS data

Read data from 736 Pstl GBS libraries of C. arabica*® were downloaded
fromthe SRArepository (bioproject PRINA554647). The samples were
100-bp single-end reads sequenced onan Illumina HiSeq2000 instru-
ment. After trimming and quality filtering, the datawere mapped onto
the reference genome sequence of C. arabica using the BWA-MEM
algorithm with default settings in BWA v.0.7.17 (ref. 105). SNPs were
called using the Unified Genotyper in GATK v.3.7 (ref. 107).

F3 statistics

The Admixtools package'” was used to calculate the F3 statistics, and
the obtained Pvalues were subjected to FDR correction using the proce-
dure developed by Salojirviet al."*, where the Z-scores were converted
into Pvalues, subjected to FDR correction using Benjamini-Hochberg
correctionand then converted back to Z-scores.

113

SNP trees

The SNPs were filtered for repetitive regions, followed by filtering
for LD > 0.4 and loci with >40% missing values, as well as minor allele
prevalence <10%. The obtained fasta file of the selected sites was input
for RAXML with -T 30 -m GTRGAMMA model, using 30 starting trees
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and 1,000 bootstrap samples'™.

Pairwise sequentially Markovian coalescent modeling
For each individual, the reads were mapped against the full CA refe-
rence assembly. The mappings were then filtered for indels using

bcftools and regions with <8x or >100x coverage. After filtering, the
obtained pairwise sequentially Markovian coalescent (PSMC) fastq
file was split into subCE and subCC specific parts and PSMC demo-
graphy was estimated using standard parameter settings (-N25
-t15 -r5)"°. The inferred history was then visualized using R and
ggplot2 package.

Ancestral state estimation

The ancestral state was inferred from reads of two representatives
of each of the diploid coffee species, C. canephora (BUD15, Q121) and
C.eugenioides (BU-A, DA56), mapped against each of the subgenomes
and the unassigned contigs. Subsequently, a majority vote was
carried out to infer the ancestral allele using ANGSD v.0.933 (ref. 112)
with options -doFasta 2 and -doCounts 1. The SNP calls in the VCF file
were then flipped to the ancestral states using beftools +fixref™.

SMC++

The input data for SMC++ comprised the VCF file where the ancestral
state was used asreference (see above) and the SNPsinrepeat regions
were filtered out. For the cultivar population, the representatives of
Bourbon and Typica lineages were included (TIP1, Bourbon, Mundo
Novo, BMJM, Moka, Rubi, Topazio, Bourbon pointu, Catuai99, BB1,
Erecta,JK1, Guatemalense, Amsterdam); Geisha was removed from the
analysis because of its unknown pedigree. SMC++ parameter selection
was carried out using threefold cross-validation (smc++ cv) imple-
mented in SMC++v.1.15.3 (ref. 51).

Kinship analysis

Before kinship analysis, the diploid species were removed from the
SNP file and the kinship was estimated using KING software v.2.2.5.
with --kinship option®. The results were visualized using Keynote, for
each subgenome separately.

Introgression analyses

Orientagraph v.1.0 (ref. 60) was run for each of the subgenomes sep-
arately according to the developer recommendations by carrying
out filtering for linkage as recommended for TreeMix"®, PopGenome
Rpackage was used to calculate d_fstatistics®. For the subCE introgres-
sion, BUD15 was used as outgroup, DA56 as the source of introgres-
sion and E383 as the nonadmixed wild representative. For subCC, DA56
was used as outgroup and BUD15 as the source of introgression. The
statistic was calculated in 20-kb nonoverlapping windows using
weighted jackknife to assess the significance of introgression. The
results were visualized usingR.

Population simulations

FastSimCoalv.2.6 was used for population simulations®. Site frequency
spectrum was calculated using ANGSD'? with the VCF file contain-
ing wild individuals and repetitive regions filtered out. The ancestral
states were estimated as described above. For each of the models,
100 parameter files were simulated. For each parameter file,
1,000,000 simulations were run; monomorphic sites were not
used. Maximum composite likelihood estimation of parameters was
carried out with 40 expectation-conditional maximizationiterations.

Fixationindex

Site-wise Fs; values between wild and cultivated individuals were
calculated for each gene annotation and 2-kb flanking regions using
vcftools'”. Then, mean Fgvalues were calculated for each gene model
using the R package.

TEinsertion polymorphisms

We studied LTR retrotransposon insertions via analysis of short-read
whole-genome resequencing data using TIP_finder™, using the discord-
ant mapping pair approach.
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Biosynthetic gene clusters
Biosynthetic gene clusters were identified with the Plantismash web
server (http://plantismash.secondarymetabolites.org/) following

default analysis protocols'.

Statistical testing

Statistical significance of overlaps between various gene sets was
assessed using Fisher exact test in R. Gene set enrichments were
carried out by first assigning each gene to the GO category of the
closest Arabidopsis homolog (using E-value threshold 1x 107°). Tests
forenrichmentwere carried out using goatools'. Bonferroni-corrected
P value of 0.05 was used as threshold for significance. Tests for the
allele balance were carried out using chi-squared test; each test
hadd.f.=1.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Coffee genome assemblies are available at CoGe (https://genome-
volution.org/): C. canephora: 50947; C. eugenioides: 67315; and
C.arabica: 66663 (Pacbio HiFi) and 53628 (Pacbio). The genome data
are also available at ORCAE (https://bioinformatics.psb.ugent.be/
orcae/overview/Coaraand https://bioinformatics.psb.ugent.be/gdb/
coffea_arabica/). All sequencing data are available at NCBI under bio-
projectIDPRJNA698600, and our assemblies are accessioned there as
JAZHSI000000000.1,JAZHGF000000000.1,JAZHGH000000000.1
andJAZHGGO00000000.1. Genotyping data (VCF files) and syntenic
alignments are available in Data Dryad: https://doi.org/10.5061/dryad.
qnk98sfpt.

Code availability

R scripts for calculating the neutral and deleterious nucletide diver-
sities (PiNSiR) are provided in Zenodo'* (https://zenodo.org/doi/
10.5281/zen0d0.5136526).
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Extended Data Fig. 1| Coffee dissemination routes. Yellow: current Coffea Typicaroutes; Ethiopia (the center of origin of Arabica) and Timor Island (the
arabica cultivation; black: current C. canephora cultivation; shaded black/yellow origin of the Timor hybrid) are colored in red. The map was modified from an
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Extended Data Fig. 2| Composition and expression of exemplar Arabica
gene families contributing to bean quality traits. a, Schematic biosynthesis
of caffeine (left), terpenoids (middle), and unsaturated fatty acids (right).

b, Phylogenies and expression during fruit development of CA genes for
N-methyltransferases (NMTs) mediating caffeine biosynthesis (left), terpene
synthases (TPS) (middle), and fatty acid dehydrogenase 2 (FAD2) (right). RNA
sequencing was carried out for three biological replicates from three different
fruit maturation stages (green, yellow, and red) of the K7 cultivar. ¢, Genome-
wide NMT (left), TPS (middle), and FAD2 (right) gene trees and expression
patterns during fruit development. Genes located in the two subgenomes

areindicated by font color; subCC (red) and subEE (blue). Arabidopsis genes
arein brown. Grey wedgesin the circular trees highlight the tree portions

shown inb. XMT: xanthosine methyltransferase; MXMT: 7-methylxanthine
methyltransferase; DXMT: 1,7-dimethylxanthine methyltransferase; MTL:
N-methyltransferase-like; FS: (E,E)-a-farnesene synthase; GS: Geraniol synthase;
IS: Isoprene synthase; MS: myrcene synthase; TS: (-)-a-terpineol synthase; FAD2:
Fatty acid desaturase 2. Gene expression is shown by color scale, yellow (positive)
through red to blue (negative), in units of loglO0 transcripts per million (log10
TPM); grey areas indicate the absence of expression data for Arabidopsis genes.
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Extended Data Fig. 6 | Arabica speciation time estimates based on population
genetic modeling and rate of genome fractionation. a, Summary of
FastsimCoal2 models for historical effective population sizes (N,). The effective
population size (y-axis) is plotted against the number of generations before
present (Gbp, x-axis). The bottlenecks were identified using 100 FastSimCoal
runs with 106 simulations. Maximum composite likelihood estimation of
parameters was carried out with 40 expectation-conditional maximization
iterations. The plots summarize the best models for subgenomes CCand EE in
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of21years/generation was used (Moat el al. 2019). b, Summary of the genome
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subEE (blue). A similar analysis was carried out for Robusta-derived genomes,
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the divergence time between the subgenomes, estimated from numbers of
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Amsterdam Botanical Garden and Natural History Museum London.

Wild representatives were collected in the 1960's in Ethiopia.
Timing and spatial scale
No exclusion of data.
Data exclusions
No biological experiments were carried out in the work. All statistical analyses report a p-value associated with the analyses aimed to

Reproducibility assess the reproducibility of the results.
Randomization No clinical experimentation was done in the paper, therefore there was no need for randomisation.
Blinding Blinding was not possible since the data analysis did not contain case vs. control experimental setups.

Did the study involve field work? ~ [_| Yes X No

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies XI[] chip-seq
Eukaryotic cell lines |Z D Flow cytometry
Palaeontology and archaeology |Z D MRI-based neuroimaging

Animals and other organisms
Human research participants

Clinical data

XXX XKX &
O00OXOOO

Dual use research of concern

=)
Q
=4
=
=i
D
o
®)
=
g
o
—
1)
o
O
=
=]
(]
(%]
=
=
=
Q
<

Leoc Yoy




Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals

Wild animals

Field-collected samples  Wild representative samples were collected from Ethiopia in 1960s during two missions, and since then have been maintained in the
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