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91 Abstract

92  Coffea arabica, an allotetraploid hybrid of C. eugenioides and C. canephora, is the source of
93  approximately 60% of coffee products worldwide, and its cultivated accessions have undergone
94  several population bottlenecks. We present chromosome-level assemblies of a di-haploid C.
95  arabica accession and modern representatives of its diploid progenitors, C. eugenioides and C.
96  canephora. The three species exhibit largely conserved genome structures between diploid
97  parents and descendant subgenomes, with no obvious global subgenome dominance. We find
98  evidence for a founding polyploidy event 350,000-610,000 years ago, followed by several pre-
99  domestication bottlenecks, resulting in narrow genetic variation. A split between wild
100 accessions and cultivar progenitors occurred ~30.5 kya, followed by a period of migration
101  between the two populations. Analysis of modern varieties, including lines historically
102 introgressed with C. canephora, highlights their breeding histories and loci that may contribute
103 to pathogen resistance, laying the groundwork for future genomics-based breeding of C.
104 arabica.
105

106  Introduction

107  Polyploidy is a powerful evolutionary force that has shaped genome evolution across many
108  eukaryotic lineages, possibly offering adaptive advantages in times of global change'?. Such
2
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109  whole genome duplications (WGDs) are particularly characteristic of plants’, and a great
110  proportion of crop species are polyploid*"'. Our understanding of genome evolution following
111 WGD is still incomplete, but outcomes can result in genomic shock, in terms of activation of
112 cryptic transposable eclements, subgenome-partitioned gene regulation or fractionation,
113 homoeologous exchange, meiotic instability, and even karyotype variation ® ''¢, Alternatively,
114  few or none of the above phenomena can materialize, and the two genomes can coexist
115  harmonically, gradually adaptating to new ploidy levels'’. Regardless, the most common fate
116  of polyploids appears to be fractionation and eventual reversion to the diploid state'®.

117

118  With an estimated production of 10 million metric tons per year, coffee is one of the most traded
119  commodities in the world. The most broadly appreciated coffee is produced from the
120 allotetraploid species Coffea arabica, especially from cultivars belonging to the Bourbon or
121  Typica lineages and their hybrids". C. arabica (2n = 4x = 44 chromosomes) resulted from a
122 natural hybridization event between the ancestors of present-day C. canephora (Robusta coffee,
123 subgenome CC) and C. eugenioides (subgenome EE; each with 2n = 2x = 22). The founding
124 WGD has been dated to between 10,000 to one million years ago®>**, with the Robusta-derived
125  subgenome of C. arabica closest related to C. canephora accessions from northern Uganda®.
126  Arabica cultivation was initiated in 15™ -16™ century Yemen. (Ext. data Fig. 1). Around 1600,
127  “seven seeds” were smuggled out of Yemen®, establishing Indian C. arabica cultivar lineages.
128 A century later, the Dutch began cultivating Arabica in Southeast Asia — thus setting up the
129 founders of the contemporary Typica group. One plant, shipped to Amsterdam in 1706, was
130 used to establish Arabica cultivation in the Caribbean in 1723. Independently, the French
131  cultivated Arabica on the island of Bourbon (presently Réunion)®, and the descendants of a
132 single plant that survived by 1720 form the contemporary Bourbon group. Contemporary
133 Arabica cultivars descend from these Typica or Bourbon lineages, except for a few wild
134 ecotypes with origins in natural forests in Ethiopia. Due to its recent allotetraploid origin and
135  strong bottlenecks during its history, cultivated C. arabica harbors a particularly low genetic
136 diversity”” and is susceptible to many plant pests and diseases, such as coffee leaf rust (Hemileia
137 vastatrix). As a result, the classic Bourbon-Typica lineages can only be cultivated successfully
138  ina few regions around the world. Fortunately, a spontaneous C. canephora x C. arabica hybrid
139 resistant to H. vastatrix was identified on the island of Timor?’ in 1927. Many modern Arabicas
140 contain C. canephora introgressions derived from this hybrid, ensuring rust resistance, but
141  having also unwanted side effects, such as decreased beverage quality?®.

142

143 Modern genomic tools and a detailed understanding of the origin and breeding history of
144 contemporary varieties are vital to developing new Arabica cultivars, better adapted to climate
145  change and agricultural practices®>'. Here, we present chromosome-level assemblies of C.
146  arabica and representatives of its progenitor species, C. canephora (Robusta) and C.
147  eugenioides (hereafter Eugenioides). Whole-genome resequencing data of 41 wild and
148  cultivated accessions facilitated in-depth analysis of Arabica history and dissemination routes,
149 as well as the identification of candidate genomic regions associated with pathogen resistance.
150

151  Results and Discussion

152  Chromosome-level assemblies and annotations, genome fractionation, and subgenome
153  dominance

154  Asreference individuals, we chose the di-haploid Arabica line ET-39, a previously sequenced
155  doubled haploid Robusta®, and the wild Eugenioides accession Bu-A, respectively. Long and
156  short-read-based hybrid assemblies were obtained (Online methods and Supplementary
157  sections 2.1-2.2), spanning 672 Mb (Robusta), 645 Mb (Eugenioides) and 1,088 Mb (Arabica),
158  respectively. Upon HiC scaffolding, the Robusta and Arabica assemblies consisted of 11 and
159 22 pseudochromosomes, and spanned 82.7% and 62.5%, respectively, of the projected genome
160  sizes (Table 1). To improve the Arabica assembly, we generated a second assembly using
161  PacBio HiFi technology followed by Hi-C scaffolding (Online methods and Supplementary
162  section 2.3). This assembly was 1,198 Mb long, of which 1,192 Mb (93.1% of the predicted
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163 genome size based on cytological evidence®*) was anchored to pseudochromosomes (Table 1).
164  Gene space completeness, assessed using Benchmarking Universal Single-Copy Orthologs
165 (BUSCO)*, was >96% for all assemblies. Importantly, 93.2% of the BUSCO genes were
166  duplicated in the HiFi assembly (Table 1), indicating that most of the gene duplicates from the
167  allopolyploidy event were retained.

168

169  The Robusta and Eugenioides genomes contained, respectively, 67.5% and 59.7% transposable
170  elements (TEs) (Supplementary section 3.2), with Gypsy LTR retrotransposons accounting
171  for most of the difference between the two species. This difference was greatly reduced (63.1%
172 and 63.8%) in the two Arabica subgenomes (subCC and subEE, stemming from Robusta and
173 Eugenioides ancestors, respectively), possibly indicating TE transfer via homoeologous
174  exchange. Robusta contained considerably more recent LTR TE insertion elements than
175  Eugenioides. Again, the two Arabica subgenomes showed greater similarity to each other in
176  recent LTR TE insertions than the two progenitor genomes. No major evidence was found for
177  LTR TE mobilization following Arabica allopolyploidization, in contrast to what has been
178  observed in tobacco®, but similar to Brassica synthetic allotetraploids®’. Arabica genome
179  evolution observed instead more closely follows the “harmonious coexistence” pattern®® seen
180  in Arabidopsis hybrids'"*’.

181

182  High-quality gene annotations, followed by manual curation of specific gene families
183  (Supplementary Sections 3.1-3.4), resulted in 28,857, 33,505, 56,670, and 69,314 gene
184  models for the Robusta, Eugenioides, PacBio Arabica, and Arabica HiFi assemblies,
185  respectively (Table 1). Altogether ~97% of Robusta and 99.6% of Arabica HiFi gene models
186  were placed on the pseudochromosomes, with 33,618 and 35,449, respectively, to subgenomes
187  subCC and subEE (Table 1). Annotation completeness from BUSCO was >95% for
188  Eugenioides and Robusta, and reached 97.3% for Arabica HiFi.

189

190  Comparison of Arabica subCC and subEE against their Robusta and Eugenioides counterparts
191  revealed high conservation in terms of chromosome number, centromere position and numbers
192 of genes per chromosome (Fig. 1, Supplementary section 4). Patterns of gene loss following
193 the gamma paleohexaploidy event displayed high structural conservation between Robusta and
194  Eugenioides during the 4-6 million years (My) since their initial species split**?
195  (Supplementary section 4). Likewise, the structures of the two Arabica subgenomes were
196  highly conserved between each other, with, since the Arabica-founding allotetraploidy event,
197  only ~5% of BUSCO genes having reverted to the diploid state (Fig. 1A; Table 1). Syntenic
198  comparisons revealed that genomic excision events, removing one or several genes at a time in
199  similar proportions across the two subgenomes, have been the main driving force in genome
200  fragmentation both before and after the polyploidy event (Fig. 1B, Supplementary section 4).
201  Fractionation occurred mostly in pericentromeric regions, whereas chromosome arms showed
202 more moderate paralogous gene deletion (Fig 1C, Supplementary section 4). The Arabica
203  allopolyploidy event seemingly did not affect the rate of genome fractionation, which remained
204  roughly constant when comparing deletions in progenitor species versus Arabica subgenomes
205  after the event. In support of the dosage-balance hypothesis*’, subgenomic regions with high
206  duplicate retention rates were significantly enriched for genes that originated from the Arabica
207  WGD (Fisher exact test, p<2.2e-16). In contrast, low duplicate retention rate regions
208  significantly overlapped with genes originating from small-scale (tandem) duplications (Table
209  S1). Genes with high retention rates were enriched in Gene Ontology (GO) categories such as
210 “cellular component organization or biogenesis”, “primary metabolic process”, “developmental
211 process” and “regulation of cellular process”, while low retention rate genes were enriched in
212 categories such as “RNA-dependent DNA biosynthetic process” and “defense response” (in
213 both subgenomes) and ‘“spermidine hydroxycinnamate conjugate biosynthetic process”
214  (involved in plant defense’') and “plant-type hypersensitive response” (in subEE) (Tables S2-
215  S5).

216

217
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221  Figure 1. Patterns of synteny, fractionation and gene loss in Coffea arabica (CA) and its
222 progenitor species C. canephora (CC) and C. eugenioides (CE). A. Corresponding syntenic
223 blocks between CA subgenomes subCC (orange) and subEE (blue), and with the CC (orange)
224 and CE (blue) genomes. B. bp in intergenic DNA in synteny block gaps caused by fractionation
225  in a subCC-subEE comparison, compared to numbers of bp in homoeologous unfractionated
226  regions, as a function of numbers of consecutive genes deleted. C. Gene retention rates in
227  synteny blocks plotted along subCC chromosome 2; subCC is plotted in orange and subEE in
228  blue. The green box indicates the pericentromeric region.

229

230  To study possible expression biases between subgenomes, we identified syntelogous gene pairs
231  and removed the pairs showing homoeologous exchanges in the Arabica subgenomes (see
232 under Origin and domestication of Arabica coffee, below)* (Supplementary section 5).
233 Opverall, no significant global subgenome expression dominance was observed (Tables S6-S7).
234 However, gene families regularly displayed mosaic patterns of expression, including several
235  encoding enzymes that contribute to cup quality, such as N-methyltransferase (NMT), terpene
236  synthase (TPS), and fatty acid desaturase 2 (FAD?) families, all having some genes being more
237  expressed in one of the two subgenomes (Ext. data Fig. 2), as per a recent study®. Similar
238  gene family-wise patterns occur in other evolutionarily recent polyploids such as rapeseed'®
239  and cotton*, which are also at their early stages of transitioning back to a diploid state.

240

241
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243

244

245  Origin and domestication of Arabica coffee

246  To obtain a genomic perspective on the evolutionary history of Arabica, we sequenced 46
247  accessions, including three Robusta, two Eugenioides, and 41 Arabica. The latter included an
248  18th-century type specimen, kindly provided by the Linnaean Society of London, 12 cultivars
249  with different breeding histories, the Timor hybrid and five of its backcrosses to Arabica, and
250 17 wild and three wild/cultivated accessions collected from the Eastern and Western sides of
251  the Great Rift Valley*“ (Table S8, Fig. 2A).

252

253  Homoeologous exchange (HE) between subgenomes has been observed in several recent
254 polyploids®***". Arabica generally displays bivalent pairing of homologous chromosomes and
255  disomic inheritance®®, but since the subgenomes share high similarity, occasional
256  homoeologous pairing and exchange may also occur. We therefore explored the extent of HE
257  among Arabica accessions and its possible contribution to genome evolution. Overall, all
258  accessions shared a fixed allele bias toward subEE at one end of chromosome 7, which
259  contained genes enriched for chloroplast-associated functions (Ext. data Fig. 3A,
260  Supplementary section 5, Table S9). Since the Arabica plastid genome is derived from
261  Eugenioides®, HE in this region was likely selected for, due to compatibility issues between
262  nuclear and chloroplast genes encoding chloroplast-localized proteins®. Surprisingly, all but
263  oneaccession (BMJM) showed significant (p-value <9.8e-37) 3:1 allelic biases towards subCC.
264  The highly concordant HE patterns, present in both wild and cultivated Arabicas (Ext. data
265  Fig. 4), suggested that i) the allelic bias is an adaptive trait not associated with breeding, and
266 i) it originated in a common ancestor of all sampled accessions, possibly immediately after the
267  founding allopolyploidy event. Some exchanges, shared by only a few accessions, probably
268  originated more recently (Ext. data Fig. 3B). More recent HE events were also found in some
269 cultivars and also showed a bias towards subCC, except for BMJM, which showed bias towards
270  subEE due to a single large crossover in chromosome 1 (Ext. data Fig. 3A). An interesting
271  hypothesis for future investigation is that in a low-diversity polyploid species such as Arabica,
272  HE could be a major contributor to phenotypic variation observed among closely related
273  accessions’.

274

275  We next studied population genetic statistics for each of the subgenomes (Table S10). The 17
276  wild samples demonstrated low genomic diversities, indicative of small effective population
277  sizes, while negative Tajima’s D suggested an expanding population, possibly following one
278  or more population bottlenecks. The cultivars and wild population samples had similar genetic
279  diversities, as demonstrated by low fixation index (Fsr) values. In cultivars, nucleotide
280  diversities were only slightly lower than in wild populations and Tajima’s D scores were less
281  negative, suggesting that only minor bottlenecks and subsequent population expansions
282 occurred during domestication.

283

284  SNP tree estimation and ADMIXTURE analyses (Fig. 2B) identified a three-population
285  solution for subCC: Typica-Bourbon cultivars (Population 1), wild accessions (Population 2),
286  and Timor hybrid-derived cultivars (Population 3). The old BMJM and the recently established
287  Geisha cultivars showed admixed states on both subgenomes, similar to about half of the wild
288  accessions. Indian varieties encompassed both Typica and Bourbon variation, in agreement
289  with previous studies?. The Linnaean sample grouped with the cultivars, supporting its
290  hypothesized origin from the Dutch East Indies®. A complementary analysis using PCA (Ext.
291  data Fig. 5) was in agreement with ADMIXTURE analysis.

292
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Figure 2. Population history of Coffea arabica. A. Geographic origin of resequenced wild C.
arabica accessions. 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 are illustrated with phylogenetic trees
obtained from independent SNPs. For magnified views of the trees, see Fig. §45. C.
Magnification of panel A, showing the admixture values for each of the accessions in subCC
(top) and subEE (bottom); the colors correspond to the analysis in panel B. D. Population sizes
of wild and cultivated accessions, inferred using SMC++, suggest genetic bottlenecks at ~350
and 1 kya (limited to non-admixed wild individuals). E. FastSimcoal2 output, suggesting a
population split ~30.5 kya, followed by a period of migration between the populations until
~8.9 kya. 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 Peninsula may have occurred. The purple rectangle shows the last
ice age. 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 Typica lineage to Ethiopia (subEE).
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In wild accessions, both subgenomes concordantly showed two population bottlenecks (Fig.
2D) in the SMC++* modeling. Assuming a 21-year generation time>, the oldest bottleneck
initiated abruptly around 350 thousand years ago (kya) and ended around 15 kya, at the start of
the African humid period (AHP)*, when climatic conditions were more favourable for Arabica
growth. The more recent bottleneck initiated more gradually around 5 kya 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™,
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 kya), i.e., before the last glacial maximum. The original founding event
was analyzed using the non-admixed wild individuals, revealing an ancestral population
bottleneck at 350 kya (Ext. data Fig. 6A). Divergence estimates based on gene fractionation,
the distribution of nonsynonymous mutations (Ext. data Fig. 6B), and calibrated SNP trees
(Fig. 2B) suggested the allopolyploid founding event occurred at 610 kya, which is close to
previous estimates?*. The 350 kya bottleneck, on the other hand, corresponds to that found in
the SMC++ analyses (Fig. 2D). We therefore consider 610-350 kya 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 kya, which may have contributed to the modeled increase 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 section), the extended period of migration between wild and
cultivated accessions suggests that they were separated only by a relatively small geographic
distance, such as along the two sides of the African Great Rift Valley (Fig. 2A-C). It is 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 to rising sea levels™ at the end of the AHP.
A native Arabica population exists in Yemen’’, which could support this hypothesis. The
Linnaean sample, together with the Typica and Bourbon cultivars, originate from this second
population that was also used to establish cultivation in Yemen, as suggested by the SNP,
ADMIXTURE, and PCA analyses (Fig. 2B, Ext. data Fig. 5).

In conclusion, our analyses suggest that the Arabica allopolyploidy event occurred between
610 and 350 kya, when considering that inbreeding present in Coffea populations would
accelerate coalescence estimation®®*. Earlier work proposing more recent timings, such as 20
kya®, 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 (2") order relationships, possibly due to HE in that subgenome (Ext. data Fig. 7). 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 2™ degree relationships to both the Typica and Bourbon groups
(Fig. 3; Ext. data Fig. 7), confirming that subEE has not received substantial introgression.
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Figure 3. Kinship estimation of C. arabica accessions, inferred from SNPs in subCC. The
degree of relatedness was estimated using Kinship-based INference for GWAS (KING) and
describes the number of generations between the related accessions. Thumbnail images show
false discovery rate corrected F3 tests of introgression Z-statistics for each of the target
individuals. Each cell in the matrix illustrates an F3 test result for the target accession
containing introgression from two different sources (x- and y- axis); blue color illustrates
significant gene flow (or allele sharing via identity by descent™; IBD) from the two source
accessions to the target, while red color illustrates lack of gene flow. See Ext. data Fig. 7 for
corresponding analyses in subEE. In the wild accessions, the dark green background highlights
the admixed individuals (Fig. 3B), while the non-admixed individuals are highlighted with red
background. Relationships follow standard nomenclature (e.g., 2" degree refers to an
individual's grandparents, grandchildren etc., whereas 3rd degree refers to great-
grandparents, great-grandchildren, etc.)

Interestingly, Typica, Bourbon and JK1 individuals were also 1% degree related, suggesting
direct parent-offspring relationships. Besides confirming their shared Yemeni origins, this
finding also underscores the Yemeni germplasm’s limited genetic diversity. Further, the old
cultivar lines JK1 (Indian), Erecta (Indonesian Typica), BMIM (Caribbean Typica), TIP1
(Brazilian Typica), and BB1 (Brazilian Bourbon) showed 2™ 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 Eastern side 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 Gesha region (Fig. 2C,
Fig. 3). The E016/136 admixed accession, closest to cultivars, demonstrated a first-degree
relationship with several wild accessions, of which only 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 Gesha mountain, 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.
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Admixed wild samples may have originated from a recent hybridization 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 Gesha region. Analysis of admixture patterns with Orientagraph®® (Fig.
2F) suggested hybridization with the common ancestor of the Bourbon and Typica lineages in
subCC, and of Typica in subEE. In the 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 (Ext. data
Fig. 8, indicating that admixture events among wild accessions were not very recent, supporting
our third hypothesis.

Domestication and cultivation usually involve strong population bottlenecks based on high wild
diversity, resulting in reduced genetic diversity in cultivars®’. However, Arabica nucleotide
diversity was already very low in the wild, probably as a result of earlier bottlenecks (Figs. 2D-
E), but only marginally reduced in the pre-cultivated lineage (Ext. data Fig. 9A). Bourbon had
lower diversity than Typica, probably resulting from the known single-individual bottleneck in
this group. Also, the inbreeding coefficients in the wild and cultivated accessions were similar
(Ext. data Fig. 9B), differing from general expectations for a domesticated species®.

To look for pathways under purifying selection in cultivars, we identified genes with high Fsr
(95 % quantile) between cultivars and wild accessions. This resulted in a set of 1,908 genes that
were enriched for the GO categories “cellular response to nitrogen starvation”, “regulation of
innate immune response” and “regulation of defense response” (Table S11), and contained
homologs of ammonium transporters AMT] and AMT2, important for nitrogen uptake in
Coffea™, a homolog of the salicylic acid receptor NONEXPRESSER OF PR GENES 1 (NPRI),
required in SA signaling and systemic acquired resistance®’, 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” (Table S12). From the 22 genes in this 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 in immune related responses is one possible
pathogen resistance mechanism in plant communities®®, and therefore reduced diversity may
have compromised modern Arabica cultivar immunity.

The high level of conservation between the Arabica subgenomes and their diploid progenitors
may have facilitated spontaneous interspecific hybridization events. This was the case for the
Timor hybrid, a spontaneous Robusta x Arabica hybrid resistant to Hemileia 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 (Fs;/=0.185) than in subEE (Fs=0.0897), when
comparing cultivars and hybrids. The divergence from wild populations was even greater, with
F57=0.254 for subCC and Fs7=0.138 for subEE, illustrating that introgression occurred almost
exclusively within subCC.

In the Timor hybrids, the regions found with dr statistics® largely overlapped the introgressed
loci identified using Fsr scans (Fig. 4A) and were found in large blocks, reflecting recent
hybridization, and covering 7-11% of the genome (Fig. 4A, Ext. data Fig. 8). Transposon
Insertion Polymorphisms (TIPs) also overlapped with introgressed regions (Gypsy p=0.0002;
Copia p=0.035; Fisher exact test), confirming their recent origin from Robusta (Fig. 4B). The
introgressed regions overlapped with regions of higher subgenome fractionation (p=0.001873;
Table S13), possibly due to heterologous recombination between subCC and Robusta, resulting
in unequal crossing-over.
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An introgressed region shared by all Timor hybrid lines was evident on chromosome 4 (Fig.
4A). We identified a set of 233 genes shared by all hybrids (Table S14). The set contained
members of three colocalized tandemly duplicated blocks of resistance-related genes on
chromosome 4, subCC, and showed high Fsr values between cultivars and introgressed lines.
A tandem array of five genes were homologs of Arabidopsis RPPS, an NLR resistance locus
conferring pleiotropic resistance to several pathogens®’®. RPPS8 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
(CPR1), a negative regulator of defense response that targets resistance proteins’>’. Finally,
we identified three duplicates encoding leaf rust 10 disease-resistance locus receptor-like
protein kinases (LRK10L). The LRK10L 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
found to be upregulated during various biotic and abiotic stresses”> and confirmed as positive
regulatogs of wheat hypersensitive resistance response to stripe rust fungus” and powdery
mildew’®.

The high Fsr 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 illustrate this point; some genes demonstrate lower nucleotide diversity 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 data from susceptible and resistant accessions after H. vastatrix inoculation’’. This
analysis identified 723 differentially expressed genes, most of which were associated with
defense responses (Fig. 4B, Tables S14-S14b). The combination of high Fsr values, nucleotide
diversities, and differential expression data highlight several strong candidate genes (one RPPS,
six CPRI and one LRK10L) at this locus.
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Figure 4. Introgression of Coffea canephora into H. vastatrix-resistant C. arabica /ineages.
A. Introgression dy statistic estimated for different Timor hybrid derivatives. Colored lines
above the axis mark regions of significant introgression in the line under inspection, and are
colored by chromosome. The shared introgressed region on Chr 4 is colored in purple and
boxed. Transposon Insertion Polymorphisms are represented as lines below the X axis and
exhibit overlap with introgressed regions. B. The shared introgressed genomic region on
subCC chromosome 4 contains a cluster of R genes (RPPS8), a cluster of homologs of a
negative regulator of R genes (CPR1), and a cluster of homologs of leaf rust resistance 10
kinases (LRK10L) (bottom). The heatmap shows, from the bottom up, (i) log fold change of
gene expression after H. vastatrix inoculation, when comparing resistant Timor hybrid
lineage against a susceptible cultivar; red color means elevated expression in the hybrid, and
blue decreased expression. (ii) Fixation index (Fsr) values for the introgessed lines vs
cultivars and between cultivars and wild accessions. (iii) Nucleotide diversity for the wild and
cultivated accessions for each gene coding region, plus the flanking 2kb upstream and
downstream of the region.

Conclusions and outlook

Besides providing genomic resources for molecular breeding of one of the most important
agricultural commodities, our Arabica, Robusta and Eugenioides genomes provide a unique
window into the genome evolution of a recently 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 unaltered before and after the allopolyploidy event. Likewise, no
global subgenome dominance in gene expression was observed, but rather a mosaic-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 homoeologous exchanges 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 the site frequency spectrum of HE
loci, showing signs of directional selection (Ext. data Fig. 3). Intriguingly, transposable
insertion polymorphisms significantly overlapped with tandem gene duplications and
biosynthetic gene clusters, hinting at their possible roles in cluster evolution.

Domestication of perennial species like 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, then breeding and diversification’. 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 bottlenecks, 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 a large role in breeding many fruit-bearing crops, the non-polyploid 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. An
additional element buffering deleterious alleles was probably Arabica’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 extensive collinearity of its CC and EE
subgenomes with those of its Robusta and Eugenioides progenitors is likely to facilitate

12



541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558

559
560
561
562
563
564

Salojdrvi et al., main text

introgression of interesting 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 a cornerstone for the breeding of novel Arabica varieties with
superior adaptability and pathogen resistance.

Data availability

Coffee genome assemblies are available at CoGe (https://genomevolution.org/): C. canephora:
50947, C. eugenioides: 60235, and C. arabica: 66663 (Pacbio HiFi) and 53628 (Pacbio). All
genome information, including the VCF files with SNP information are available at
ftp.solgenomics.net; the genome data is also available at ORCAE
(https://bioinformatics.psb.ugent.be/orcae/overview/Coara and
https://bioinformatics.psb.ugent.be/gdb/coffea arabica/).

The sequencing data have been deposited to NCBI under bioproject ID: PRINA698600.

TABLES
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 1281 1281
Total assembly length (Mb) | 661 672 1,088 1,198
% of projected genome 96.9% 95.3% 84.9% 93.5%
N scaffolds 253 3,033 8,474 132
Scaffold N50 61.3 Mb 50.1 Mb 32.7 Mb 53.7 Mb
N contigs 5,736 3,755 11,863 238**
Contig N50 (Mb) 0.40 0.76 0.23 30.0
Pseudochromosomes (Mb) n.a. 583 801 1192
% of projected genome n.a. 82.7% 62.5% 93.1%
N. genes 33,505 28,880 56,670 69,314
Genes in pseudochromosomes | n.a. 27,881 50,410 69,067
% genes in|n.a. 97% 89% 99.6%
pseudochromosomes
BUSCO genome
complete 96.7% 97.4% 97.6% 97.9%
single 88.5% 94.8% 20.1% 43 %
duplicated 8.2% 2.6% 77.5% 936 %
fragmented 1.1% 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% 4.1%
duplicated 12.5% 3.4% 58.8% 93.2%
fragmented 2.1% 1.5% 2.8% 0.8%
missing 3.0% 2.3% 5.1% 1.9%
total 2,326 2,326 2,326 2,326

*From the Plant DNA C-values database: https://cvalues.science.kew.org/; ** After gap filling;
***Denoeud et al, 2014; ****Scalabrin et al, 2020.
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