
Articles
https://doi.org/10.1038/s41588-019-0506-8

1FAFU and UIUC-SIB Joint Center for Genomics and Biotechnology, Fujian Provincial Key Laboratory of Haixia Applied Plant Systems Biology, Key Laboratory 
of Genetics, Breeding and Multiple Utilization of Crops, Ministry of Education, Fujian Agriculture and Forestry University, Fuzhou, China. 2Department of 
Plant Biology, University of Illinois at Urbana-Champaign, Urbana, IL, USA. 3Department of Horticulture, Michigan State University, East Lansing, MI, USA. 
4Department of Biology, University of Fribourg, Fribourg, Switzerland. 5Department of Genetics, University of Georgia, Athens, GA, USA. 6Department of 
Computer Science, Johns Hopkins University, Baltimore, MD, USA. 7Department of Agronomy, National Taiwan University, Taipei, ROC. 8Department of 
Biology, Center for Genomics and Systems Biology, New York University, NY, New York, USA. 9Texas A&M AgriLife Research, Texas A&M University System, 
Dallas, TX, USA. 10Department of Agronomy, University of Florida, Gainesville, FL, USA. 11Department of Biochemistry and Molecular Biology, MS330, 
University of Nevada, Reno, NV, USA. 12Department of Tropical Plant and Soil Sciences, University of Hawaii at Manoa, Honolulu, HI, USA. 13USDA-ARS, 
Pacific Basin Agricultural Research Center, Hilo, HI, USA. 14South Subtropical Crops Research Institute, CATAS, Zhanjiang, China. 15Centre of Pear Engineering 
Technology Research, State Key Laboratory of Crop Genetics and Germplasm Enhancement, Nanjing Agricultural University, Nanjing, China. 16Hawaii 
Agriculture Research Center, Kunia, HI, USA. 17Centre de Coopération Internationale en Recherche Agronomique pour le Développement, UMR AGAP, 
Montpellier, France. 18AGAP, Université de Montpellier, CIRAD, INRA, Montpellier SupAgro, Montpellier, France. 19Queensland Department of Agriculture 
and Fisheries, Nambour, Queensland, Australia. 20Department of Botany and Biodiversity Research, University of Vienna, Vienna, Austria. 21These authors 
contributed equally: Li-Yu Chen, Robert VanBuren, Margot Paris and Hongye Zhou. *e-mail: maize@uga.edu; christian.lexer@univie.ac.at; rayming@illinois.edu

Most grain crops, vegetables and ornamentals are pro-
duced sexually through seed propagation, whereas most 
fruit trees, tubers and some ornamentals are clonally 

propagated through grafting, tissue culture, divisions or cuttings. 
Sexually reproducing species undergo hundreds to thousands of 
generations of recombination during domestication; this recur-
rent selection leaves highly tractable signatures in the genome. In 
contrast, domestication of clonally propagated crops depends on 
both vegetative and sexual reproduction, the latter acting more spo-
radically on long-lived clones. It can even be a one-step operation, 
where selection is completed once a clone is selected1. Hence, clonal 
crops may have undergone zero to a few recombination and selec-
tion cycles postdomestication, in sharp contrast to sexually repro-
ducing annual crops.

Pineapple (Ananas comosus (L.) Merr.) is a fruit crop originated 
and domesticated in South America. According to Bertoni2, the 
genus name Ananas means ‘excellent fruit’ in the Guaraní language 
of Paraguay. Pineapple was domesticated >6,000 years ago with 
archaeobotanical remains dated 3,500 years ago in South America 
and distributed to Mesoamerica >2,500 years ago3–5. Pineapple is 
clonally propagated using the leafy fruit crown, slips or suckers.

Red pineapple (Ananas comosus var. bracteatus) was anciently 
cultivated for fiber, fruit juice and as a living hedge, and is now a 
pantropical ornamental6,7. The bracteatus plant is conspicuous for its 
bright pink-to-red colored fruit. The name ‘bracteatus’ refers to its 
long bracts. The plant is vigorous with long leaves, coarse spines and 
abundant suckers. Plant fibers have been used in numerous applica-
tions that are beneficial to agriculture and the environment, partly 
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because of their biodegradable nature and lack of carcinogenic-
ity. Pineapple leaf fiber (PALF) contains 70–82% cellulose, 5–12%  
lignin and 1.1% ash8. PALF is a major source of natural fiber and has 
been used in the production of activated carbon fibers9, packaging 
materials10, cell scaffolds11 and apparels12.

Pineapple is in Bromeliaceae, which includes >3,000 species 
grouped within >50 genera13,14. Bromeliads challenge classical spe-
cies concepts because of their notoriously leaky pre- and postzy-
gotic barriers15–17. Ananas is unique in the family for its syncarpic 
fruit. Variety bracteatus is a cultigen, anciently cultivated for fiber 
in Southeastern Brazil, Paraguay and northern Argentina. Here, we 
generated a second Ananas reference genome from the bracteatus 
accession CB5 and resequenced numerous leading pineapple cul-
tivars and wild Ananas species to explore the diversity and domes-
tication history of pineapple, patterns of clonal propagation and 
signatures of human selection.

Results
Genome assembly and annotation of bracteatus pineapple acces-
sion CB5. The genome size of CB5 was estimated to be ~591 Mb 
by flow cytometry. We generated 26.9 Gb of reads from the PacBio 
RSII platform and ~100× Illumina short reads. Initial assembly 
using CANU yielded 809.6 Mb of assembled sequence. To eliminate 
redundant homozygous sequences, we developed a new algorithm, 
Pseudohaploid, that identifies and filters out heterozygous contigs 
based on whole-genome alignment. The resulting assembly was 
513 Mb, with a contig N50 of 427 kb at 92.6% completeness and 
much reduced duplicated sequences (Supplementary Tables 1 and 
2). Alignment of RNA sequencing (RNA-seq) assembled transcripts 
to the genome revealed 99.92% sequence identity (Supplementary 
Table 3). Additionally, 98.47% of Illumina reads were aligned to the 
genome, covering 99.51% of the genome (Supplementary Table 4).

Contigs were corrected and scaffolded by high-throughput 
chromatin conformation capture (Hi-C) into 25 pseudo-chro-
mosomes that anchored 456 Mb (88.8%) of the genome (Fig. 1, 
Supplementary Fig. 1 and Table 5). Overall, 29,412 putative protein-
coding gene models were annotated (Supplementary Table 6). We 
identified 383.2 Mb of repetitive sequences, accounting for 74.7% of 
the assembled genome (Supplementary Fig. 2 and Supplementary 
Table 7). Kimura distances indicated a burst of long terminal repeat 
retrotransposon (LTR-RT) activity ~1.8 million years ago.

Improved assembly of pineapple F153 genome. The highest 
Gypsy LTR-RT content is concentrated near the centromeres in 
angiosperms18. The distribution of the Gypsy elements was plotted 
along the 25 pseudomolecules in the F153 genome (referred to as 
F153 v.6)19. Two peaks were observed in the linkage group (LG)01 
(Supplementary Fig. 3), a chimeric pseudomolecule corresponding to 
two chromosomes in CB5 (Supplementary Fig. 4). There was a Gypsy 
peak at one end of LG24, while there was no Gypsy rich-region in 
LG25, which align to one chromosome in CB5. The misassembled LGs 
were corrected in the improved F153 genome assembly (referred to as 
F153 v.7), in which LG01 was separated into AccChr1 and AccChr24, 
while LG24 and LG25 were linked together into AccChr25.

Genomic basis of fiber production in CB5 pineapple. Both F153 
and CB5 have eight CesA genes (Supplementary Table 8), grouped 
into those required for primary (CesA1, 3, 6 and 9) and second-
ary (CesA4, 7, 8 and 11) cell wall biosynthesis. The CB5 and F153 
genomes share the same genes, but do not have orthologs of the 
CesA2, 5 and 10 genes in Arabidopsis (Supplementary Fig. 5). In 
F153 and CB5, genes for primary cell wall biosynthesis were all 
highly expressed in leaves, flowers and fruit, except for CesA9. 
Interestingly, the CesA4, 7 and 8, genes that are involved in second-
ary cell wall synthesis, were highly expressed in leaves of F153, while 
their expression levels were low in CB5 (Supplementary Fig. 6).

Lignin is the second major component of PALF. The full set of 
pineapple lignin biosynthetic genes were identified by sequence 
alignment to known Arabidopsis, rice and poplar lignin synthesis 
pathway genes20,21 (Supplementary Dataset 1). CB5 and F153 had 24 
and 21 candidate genes for lignin biosynthesis, respectively. Three 
PAL genes in CB5 had higher expression in leaves than in F153 
(Supplementary Fig. 7). Both COMT1 and CCOMT1 showed higher 
expression in CB5 than in F153 (Supplementary Fig. 8).

Anthocyanin biosynthetic genes. The variety bracteatus is often 
grown as an ornamental plant, partly because of the red color of 
its fruit. Anthocyanin biosynthesis shares the phenylpropanoid 
pathway with lignin biosynthesis in its first steps. Anthocyanin bio-
synthetic genes were identified in F153 and CB5 (Supplementary  
Table 9). The size of the CB5 gene families encoding anthocyanin 
biosynthetic genes was larger than in F153 (22 versus 17). Early bio-
synthetic genes in the pathway such as CHS, CHI, F3H and F3′H 
were expanded in CB5. Both F153 and CB5 did not have FLS and 
ANS orthologs, indicating the existence of their isozyme genes, 
which may take over their functions.

Sugar metabolism genes. Sweetness is a major fruit quality trait. In 
pineapple fruit, sucrose is the main sugar followed by glucose and 
fructose22. Multiple enzymes participate in their biosynthesis, trans-
portation and metabolism with no difference in gene number between 
CB5 and fruit pineapple, including sucrose-phosphate synthases, 
sucrose-phosphate phosphatases, sucrose synthases, invertases, 
sucrose transporters (SUTs), sugars-will-eventually-be-exported 
transporters (SWEETs) and monosaccharide transporters23–26 
(Supplementary Table 10). In CB5, SUTs were constantly expressed 
at a low level during fruit maturation (Supplementary Table 11),  
while two of SUT genes (AccSUT1 and AccSUT3) were highly 
expressed in mature fruit in MD2 (Supplementary Table 12). More 
SWEET genes were expressed in the late developmental stage of fruit 
in MD2 than in CB5 (Supplementary Tables 13 and 14). More inter-
estingly, AccSWEET13 was located in the region of the F153 genome 
where a selective sweep was detected (see below). These results par-
tially explain why MD2 accumulates more sugar in its fruit than CB5.

Bromelains. We identified 61 and 47 cysteine proteinase (CP)-type 
bromelains in F153 and CB5, respectively. Meanwhile, we identified 
28 CPs in Amborella, 36 in Arabidopsis, 34 in papaya, 25 in grape, 50 
in poplar, 47 in sorghum and 50 in rice (Supplementary Table 15). 
These CPs are divided into nine subfamilies (Supplementary Fig. 9). 
Subfamily VI had the most members, while subfamilies V, VIII and 
IX had fewer members, with no more than three members in each 
species. An expansion was observed in subfamily VI in all the selected 
species, especially F153. Bromelains of pineapple belong to this sub-
family, and the expansion may result in a high production of brome-
lains. The majority of CPs showed constant expression patterns during 
fruit ripening (Supplementary Tables 16 and 17). Some genes such 
as AccCEP3 and AccPAP25 showed dynamic expression patterns at a 
high level during the mature stage of fruit ripening (Supplementary 
Table 16). In subfamily VI of CB5, only two genes displayed expres-
sion in the tissues studied. AcbPAP10 was found to be expressed in 
flowers, fruit and leaves, while AcbPAP17 was only expressed in flow-
ers. More highly expressed genes in subfamily VI were detected in 
F153. AccPAP3 and AccPAP4 exhibited very high expression at late 
stages of fruit development, perhaps contributing to fruit ripening.

Patterns of genome-wide variation in pineapple. We selected 
89 Ananas accessions for whole-genome resequencing, including 
67 accessions of A. comosus var. comosus, nine accessions of var.  
bracteatus, two accessions of var. erectifolius, nine accessions of the 
wild var. microstachys, and two accessions from Pitcairnia gracilis 
and P. punicea as outgroups (Fig. 2 and Supplementary Table 18). 
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The var. comosus samples include representatives of the three his-
torical cultivars ‘Queen’, ‘Smooth Cayenne’, and ‘Singapore Spanish’, 
associated with the pantropical diffusion of the pineapple in histori-
cal times. Other important var. comosus cultivars analyzed include 
‘Pérola’ and several cultivars from north-western South America 
and Central America, as well as admixed breeding lines and cul-
tivars of unknown origin. We also included cultivated clones of  
A. comosous var. bracteatus, and the proposed wild progenitor of 
pineapple A. comosus var. microstachys27 (Supplementary Table 19).

We identified 7,428,400 high-quality SNPs and <10-base pair 
(bp) insertions/deletions (indels) across the 89 accessions. Cultivated 
pineapple yielded 3.2 million variants, including a large number of 
rare alleles (1.6 million with <5% minor allele frequency). This high 
proportion of rare alleles was probably a product of unique somatic 
mutations expected with clonal propagation. Nearly half (3,526,071, 
47.5 %) of the SNPs were located in intergenic regions. The propor-
tions of SNPs from genic regions assigned to exon, intron and UTR 
regions were 17.1%, 31.8% and 3.6% respectively (Supplementary 
Fig. 10). A total of 12,806 SNPs with predicted effects on gene func-
tions, such as altering start codons, stop codons or splice sites, were 
discovered. Overall, 7,084 SNPs introduced stop codons, 725 SNPs 
disrupted stop codons, 750 SNPs disrupted start codons and 4,252 
SNPs affected splicing donor or acceptor sites (Supplementary  
Table 20). With regards to the SNPs located in the exon regions, the 
number of nonsynonymous SNPs is less than synonymous SNPs for 
each accession (Supplementary Table 21).

The nonsynonymous and synonymous site frequency spec-
tra were examined for cultivars Smooth Cayenne, Queen and 
Singapore Spanish (Supplementary Fig. 11). Smooth Cayenne has 
an excess of low-frequency nonsynonymous variants compared to 
synonymous variants, indicating purifying selection. For Queen 
and Singapore Spanish, there was an unusual excess of variants at an 
intermediate frequency for both nonsynonymous and synonymous 
sites. This was probably because Queen and Singapore Spanish had 
a higher abundance of heterozygous genotypes per SNP position 
(Supplementary Fig. 12).

Origin, population structure and genomic ancestry of pineap-
ple. We used a subset of 665,162 quality-filtered SNPs to explore 
relationships between the genomes of divergent Ananas taxa 
and cultivars. Phylogenetic trees and networks estimated with 
RAxML28 and SplitsTree29 separated accessions of the varieties 
microstachys, bracteatus, erectifolius and comosus, and accessions 
from major cultivars within the latter. Seven mislabeled culti-
vars were corrected, and six cultivars were assigned to correct 
cultivars that could not be classified previously (Supplementary  
Table 18). For Singapore Spanish and Selangor Green, we con-
firmed and completed the history of their diffusion from Eastern 
Brazil to Asia. Similarly, the two var. erectifolius accessions were 
obtained from the same original collection through vegetative 
propagation (Fig. 3a, Supplementary Table 18 and Supplementary 
Figs. 13 and 14).
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To reduce the overrepresentation of Smooth Cayenne, Queen 
and Singapore Spanish/Selangor Green from population structure 
analyses, only five accessions were retained for each of the corre-
sponding clusters (Fig. 3). Within variety comosus, the three groups 
that corresponded to the major cultivars Smooth Cayenne, Queen 
Singapore Spanish and a few cultivars derived from them, formed 
three clusters whose variation essentially originated from somatic 
mutations accumulated during the two to five centuries after their 
diffusion out of America. Smooth Cayenne and Queen dispersed 
from the Guianas, while Singapore Spanish and Selangor Green dis-
persed from the eastern coast of Brazil (south of Bahia)30. Common 
cultivars of A. comosus exhibit greatly reduced diversity (Fig. 3 and 
Supplementary Fig. 16), consistent with genetic bottlenecks from 
domestication. Nucleotide diversity was reduced more than 15 
times in pineapple cultivars compared to their wild A. comosus var. 
microstachys progenitor (Supplementary Fig. 16), which is consis-
tent with reduced diversity seen in multidimensional scaling (MDS) 
space and phylogenetic branch lengths (Fig. 3 and Supplementary 
Fig. 13) and high population differentiation (FST) among major 
cultivars (Supplementary Fig. 16). The typical accessions of var. 
bracteatus also formed a uniform group, where variation appeared 
to be related to somatic mutations; however, five less typical acces-
sions showed admixture with cultivars of var. comosus. At a greater 
genealogical depth, composite likelihood estimation with TreeMix 
detected a predicted admixture event between var. bracteatus and its 
A. macrodontes parent (Supplementary Figs. 17,18).

The diversity and relatedness patterns were confirmed by MDS 
of genomic data (Fig. 3b and Supplementary Fig. 19). SplitsTree 
branch lengths involving the varieties microstachys, bracteatus, 
erectifolius and comosus were compared to those between major 
cultivars of comosus (Fig. 3a). Absolute genomic divergence (Dxy; 

Supplementary Fig. 16) was significantly greater among pairs of 
varieties, compared to major cultivars of comosus (P < 0.005). Dxy 
among Ananas varieties was on average 0.0059 (median 0.0046, 
s.e.m. 0.0007), which is within the range of expectations for recently 
derived species31,32.

Local genetic ancestry of hybrid accessions estimated with a 
Hidden Markov Model approach revealed a great diversity of pat-
terns, including hybrids with large ancestry segments stemming 
from different modern comosus cultivars, and hybrids with small 
ancestry segments from different cultivars and taxa (Fig. 4). The 
presence of both large and small segments in hybrids indicated that 
admixture has affected the evolution of variety comosus over long 
time scales. Our most likely models of local ancestry were consis-
tent with an average of 37 generations since the onset of admixture 
(range, 21–55) among the 22 var. comosus hybrids detected in our 
study. For the wild variety microstachys, individual estimates range 
from 107 to 612 generations, respectively. These numbers probably 
translated into several thousand years as perennial, primarily asexu-
ally propagated, plants.

Genomic signatures of mitotic selection and clonal propagation. 
Somatic mutation is a major driving force that shapes the domestica-
tion and diversification of clonally propagated plants33. One source 
of somatic mutation is the movement of transposable elements 
(TEs). We surveyed the presence/absence of variation of small DNA 
TEs in 89 resequenced accessions. DNA TEs were highly abundant, 
attaining copy numbers up to tens of thousands34 and they pre-
dominantly insert into or near gene-rich regions35. MITE-Hunter 
software predicted 4,614 TE junctions consisting of 2,286 Mutator, 
1,156 hAT, 1,018 PIF/Harbinger, 128 CACTA and 26 unknown 
elements. The unique junction sites created by TE insertions  
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were used as a reference for read mapping to assess the presence/
absence of variation against the F153 reference. In total, 98,476 
TE junctions were identified in the reference pineapple assembly: 
46,613 Mutator, 23,634 PIF/Harbinger, 18,831 hAT, 4,091 CACTA, 
254 unknowns and 12 junctions formed by two different TE super-
families. Compared to the F153 reference genome, each accession 
exhibited a great number of unique TE junctions, which varied 
from 97% identity with F153 in Ac50 to 28% identity with F153 in 
Ac46c (Supplementary Table 22). The high variability of TE inser-
tion sites in pineapple might be a driver for new traits via somatic 
mutation during domestication.

The process of mitotic recombination was predicted to lead to 
terminal homozygosity over time in tissues or organisms propa-
gated exclusively through somatic means. This random generation 
of homozygosity in initially heterozygous tissues36 could provide 
selectable genetic variation by uncovering recessive alleles. Hence, 
we investigated this question by first finding all of the single-copy 
(SC) genes in the pineapple genome. SC genes were chosen so that 
identification of heterozygosity versus homozygosity for any given 
chromosomal location could be ascertained without the confusion 
generated by paralogs. The final 10,439 SC genes were distributed 
randomly across the genome (Supplementary Fig. 20).

Terminal runs of homozygosity at the ends of LGs were fre-
quently detected, especially in Singapore Spanish, including LG01, 
03, 04, 08, 11, 14, 15, 20, 22 and 24 (Fig. 5, and Supplementary  
Fig. 21). Some of this homozygosity covered the entire region, from 
the site of the mitotic recombination to the end of the chromo-
some, as expected37. The presence of such terminal runs of homo-
zygosity indicated an early occurrence (and possible selection and  

fixation) of associated mitotic mutations in the domestication pro-
cess. In Smooth Cayenne and Queen, short terminal homozygos-
ity was detected sporadically in LG03 and 23, and was likely to be 
a product of mixed clonal and sexual reproduction. Notably, the 
overall level of heterozygosity (and the lack of all but a tiny number 
of homozygous regions) in the wild relatives of pineapple indicated 
that these populations were prodigious outcrossers.

Selective sweeps and selection on sexually derived forms dur-
ing pineapple domestication. Genomic regions of selection 
during pineapple domestication were identified based on dras-
tic reductions in nucleotide diversity (π) in cultivated accessions 
compared to wild lines (πc/πw) in sliding windows across the 
genome. Diversity within variety microstachys was used for esti-
mating πw. Cultivars with evidence of admixture were omitted 
from selection scans and πc was calculated within and across each 
of the four cultivars. Candidate swept regions were further nar-
rowed using an cross-population composite likelihood ratio test 
(XP-CLR) based approach to model the allele frequency spectrum 
differences between cultivated and wild accessions. This approach 
identified 25 putative domestication sweeps across the pineapple 
genome with sizes ranging from 150 kb to 1.2 Mb (Supplementary 
Table 23). Swept regions collectively spanned 11.9 Mb (~3.1% of 
the genome) which was substantially lower than patterns observed 
in sexually propagated crops such as tomato (186 domestication 
sweeps totaling 64.5 Mb, ref. 38) and soybean (121 sweeps totaling 
53 Mb, ref. 39). Pineapple also had fewer putative selective sweeps 
than other clonally propagated crops such as cassava, which con-
tains signatures of 224 sweeps40.
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Fig. 3 | Pineapple population structure and admixture. a, SplitsTree network for Ananas accessions excluding admixed samples. Green, variety 
microstachys; red, variety erectifolius; orange, variety bracteatus; yellow, variety comosus/Mordilona-related cultivars Cambray/Monte Lirio; purple, variety 
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Swept regions in pineapple encompassed 392 genes with enrich-
ment in stress response pathways (FDR = 2.1 × 10−3), but no obvi-
ous enrichment in genes previously characterized in other species 
as responsible for domestication-related traits. To narrow this list 
of candidate domestication genes, we surveyed gene expression 
changes in a high-resolution series of developing pineapple fruit. 
The strongest sweep was a 225 kb region at the beginning of LG03 
with a 400-fold reduction in diversity across cultivated accessions 
compared to the wild var. microstachys (Fig. 6a). This sweep was 
in the top 5% based on XP-CLR that indicated low FST and highly 

negative Tajima’s D (Fig. 6b,c). Although the sweep on LG03 over-
laps with a long run of terminal homozygosity (Supplementary  
Fig. 21.3), it was much narrower than the homozygosity run  
(Fig. 5). The putative sweep contains nine genes, including a pair of 
tandemly duplicated bromelain inhibitors (AccBI1 and AccBI2) with 
fruit-specific expression patterns (Fig. 6d). Bromelains coordinat-
ing with bromelain inhibitors are supposed to play an important 
role in pineapple fruit ripening41,42. Bromelain inhibitor is posttrans-
lationally inactivated during fruit ripening, leading to a significant 
increase in bromelain activity, thus enhancing tissue proteolysis, 
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softening and degradation41. AccBI1 and 2 are the most highly 
expressed genes during fruit ripening, with reads per kilobase per 
million mapped reads (RPKMs) as high as 443,814. Expression of 
AccBI1 oscillates down to 0 RPKMs in some ripening stages, sug-
gesting strict transcriptional control. Pineapple F153 contained  
61 bromelain genes, including two that have expression patterns 
that correlate inversely with AccBI1 and AccBI2 (Fig. 6d).

Candidate genes for self-incompatibility in pineapple. In con-
trast to A. macrodontes, A. comosus and its botanical varieties are 
self-incompatible, with exception of some clones of var. bracteatus. 
However, self-incompatibility tends to be stronger in var. comosus, 
compared to the other varieties that were not domesticated for 
fruit, which is probably a result of selection under domestication to 
reduce seed set in fruit43. Gametophytic self-incompatibility (GSI) 
operated in cultivated pineapple44, similar to S-RNase-based GSI, 

in which the S-locus encodes a single S-RNase and multiple S-locus 
F-box (SLFs/SFBs) proteins45. When self-pollinated in SI species, 
none of the SLFs/SFBs interact with their own S-RNase, which 
breaks down pollen tube RNA to inhibit growth; when cross-polli-
nated, some members of paternal SLFs/SFBs interact with maternal 
S-RNase, which allows pollen tube growth45. To search for genes 
potentially involved in pineapple GSI, we first identified S-RNase 
and SLF/SFB homologs in the pineapple reference genome based 
on sequence homology. These candidates were then tested for their 
selection history in diverse pineapple varieties. Twenty-five genes 
passed the criteria (Supplementary Table 24).

We examined the transcript levels of the 25 SI candidate genes in 
androecium and gynoecium, respectively (Supplementary Table 24).  
Two S-RNase genes (Aco001100 and Aco004758), the potential 
female specificity determinants in GSI, were highly expressed in 
both tissues but with stronger expression in androecium. For the 
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SLFs/SFBs, two of the genes (Aco00868 and Aco011265) showed 
much stronger expression in androecium than gynoecium, while 
two of them (Aco015095 and Aco021447) showed the opposite 
expression bias. Expression of four genes was not detected. The 
remaining 13 genes showed similar expression in both tissues. 
Among the six genes showing differential expression in androecium 
and gynoecium, the ribonuclease T2 family member Aco001100 
and F-box family member Aco00868 are tightly linked on LG02, 
only 1.8 Mb apart, and they are the most likely candidates for self-
incompatibility in A. comosus var. comosus Smooth Cayenne F153. 
Furthermore, Aco001100 was tightly linked with two other SLF/SFB 
genes (Aco001170 and Aco012216), a characteristic of RNase-based 
GSI45. In CB5, the ribonuclease T2 family member CB5.v30014510 
was the orthologous gene of Aco001100 and linked with only one 
SLF/SFB family gene (CB5.v30013780), which is not a functional SI 
system (Supplementary Table 25).

Discussion
The chromosomal-level assembly of the bracteatus pineapple CB5 
genome sheds more light on the biology and evolution of Ananas. 
To overcome the problem of assembling a heterozygous genome, 
we have developed an algorithm, Pseudohaploid, that identifies 
and filters out heterozygous contigs by searching for redundant 
homologous sequences. Facilitated by long-read sequencing tech-
nology, we identified and located more repetitive sequences in the 
CB5 genome, providing comprehensive resources to study genome 
evolution driven by TEs. In addition, the misassembled pseudo-
chromosomes in the F153 genome were corrected with the assis-
tance of the CB5 genome. Comparison between these two pineapple 
genomes revealed genomic components associated with fiber pro-
duction, color formation, sugar accumulation and fruit maturation. 
It also provided an additional line of evidence to verify SI candidate 
genes in F153.

Our genomic data indicated the presence of a continuum of 
divergence, ranging from low divergence among groups of modern 
pineapple cultivars to moderate divergence among closely related 
taxa, such as the cultivated botanical varieties comosus, bracteatus  
and erectifolius, to a much greater divergence in the wild var.  
microstachys, which exhibits Dxy values normally seen among 
recently diverged species34,35. In contrast, FST reflected low diversity 
in major cultivars, consistent with the domestication bottleneck. 
Greatly reduced diversity in cultivars relative to their wild progenitor 
pointed to the severe domestication bottleneck experienced by this 
clonally propagated crop, and an excess of intermediate frequency 
alleles in two major groups of modern cultivars indicated the poten-
tial for clonal propagation to mask recessive deleterious variants  
in heterozygotes46.

Admixture analysis of A. comosus cultivars revealed widespread 
admixture genotypes in 39 (44%) out of 89 accessions, detected in 
every cultivar and botanical variety. With regard to evolutionary 
processes operating during pineapple domestication, our results 
indicated a role for both ancient and recent admixture and thus 
sexual recombination and subsequent artificial selection in most 
cultivars. This was supported by the dearth of terminal runs of 
homozygosity along the chromosomes of pineapple in two out of 
three major cultivars. This indicated that both sexual recombina-
tion and somatic mutations have contributed to the phenotypic 
diversity seen in Ananas. It appears that the true degree of genomic 
complexity of germplasm used in 20th-century breeding programs 
was previously underestimated.

Early pre-Columbian pineapple cultivars were selected for low 
fruit fiber content and reduced seed production through lower 
fertility and self-incompatibility47. The pineapple genome contains 
25 selective sweeps, much fewer than those in sexually reproduc-
ing crops such as the 121 in soybean39 and the 186 in tomato38, 
supporting the conclusion of a mixture of sexual and asexual 

selection for pineapple. The strongest selective sweep included 
a pair of tandemly duplicated bromelain inhibitors previously 
suggested as important regulators of pineapple fruit senescence 
and ripening in this nonclimacteric fruit41. Gene duplications are 
the drivers of evolutionary innovation and have been linked to 
domestication traits in tomato48 and black raspberry49. The bro-
melain inhibitor gene duplication event was probably selected in 
pre-Columbian varieties.

Our initial working hypothesis was that somatic mutations 
were the main source of variation for domestication in pineapple. 
Our efforts to identify mitotic selective sweeps were fruitful in the 
cultivar Singapore Spanish as shown by extensive terminal runs 
of homozygosity, the hallmark of mitotic selection. However, this 
hypothesis was rejected for two major cultivars, Smooth Cayenne 
and Queen, although sporadic terminal runs were detected in two 
chromosomes, indicating long term clonal reproduction punctuated 
by sexual reproductions. Meiosis in pineapple generally occurs once 
every 2 years, while recombination in mitotic cells is continuous but 
at very low rates, about 104 to 105 times less frequent than meiotic 
recombination50,51. At such a low frequency and the nature of clonal 
production, only mitotic recombination events that occurred at the 
single cell stage of the reproductive tissues, crowns, suckers, slips 
and shoots, could be transmitted to progenies and preserved to be 
detectable. Moreover, one sexual recombination could interrupt ter-
minal runs of homology that had formed and been maintained over 
thousands of years.

The one-step operation hypothesis, wherein domestication and 
early improvement are an immediate outcome of a single clonal 
propagant might be responsible for the selection of some long-last-
ing clones in some lineages. Genomic analyses, particularly those 
searching for terminal runs of homozygosity, can be applied to other 
clonally propagated crops to elucidate the extent of sexual recombi-
nation versus vegetative descent in their domestication history. The 
coexistence of sexual recombination and the one-step operation 
among different cultivars might be common in clonally propagated 
crops. Some controversial hypotheses were rejected in the past, but 
later validated entirely or partly by innovative new technologies or 
enhanced resolution of evidence, including the ‘dominance’ versus 
‘overdominance’ hypotheses for heterosis and Lamarck’s theory of 
the inheritance of acquired characteristics. The hypothesis of the 
one-step operation for the domestication of clonally propagated 
crops thus seems to be one of them.

Online content
Any methods, additional references, Nature Research reporting 
summaries, source data, statements of code and data availability and 
associated accession codes are available at https://doi.org/10.1038/
s41588-019-0506-8.
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Methods
Genome assembly and annotation overview. The CB5 chromosome level 
assembly takes advantage of PacBio Single-Molecule Real-Time technology and 
Hi-C based scaffolding methods, followed by Illumina short read-based polishing. 
Briefly, ~50× coverage of subreads were generated with the PacBio RSII platform 
and ~60× coverage by short reads was generated on the Illumina HiSeq X10 
platform. The initial contig-level assembly was accomplished with CANU v.1.7 
and heterozygous contigs were removed using our newly developed algorithm, 
Pseudohaploid (details in Supplementary Note). Further, Illumina short reads 
were recruited to polish the PacBio assembled genome using Pilon v.1.18 with 
parameters: —diploid —threads 6 —changes —tracks —fix bases —verbose —
mindepth 4. Hi-C libraries were created from tender leaves of CB5 at BioMarker 
Technologies Corporation as previously described52. Chimeric fragments 
representing the original cross-linked fragments were then processed into paired-
end sequencing libraries and sequenced on the Illumina HiSeq X10 platform. The 
paired-end reads were uniquely mapped onto the draft assembly and misjoined 
contigs were corrected by detecting abrupt long-range contact patterns using 
the 3D-DNA pipeline53. The Hi-C corrected contigs were further linked into 25 
pseudo-chromosomes using the ALLHiC pipeline54.

We annotated the CB5 chromosomal-level assembly using a series of 
programs, which are fully described in the Supplementary Note. Briefly, the 
MAKER2 pipeline55 was used to annotate the protein-coding proteins by 
integrating homologous proteins, RNA-seq assembled transcripts and the results 
of ab initio gene predictors. In addition, repetitive sequences were predicted by 
RepeatMasker56 and we also predicted miRNAs by searching for candidates that 
matched to public miRNAs.

Identification of lignin and anthocyanin biosynthetic genes. Protein sequences 
for lignin biosynthetic genes of Arabidopsis thaliana, Populus trichocarpa and 
Oryza sativa20 were used to align with the protein sequences of F153 and CB5 using 
BLASTP with a cut off e value ≤ 1 × 10−10 and coverage ≥ 0.75. For anthocyanin 
biosynthetic genes identification, protein sequences of Arabidopsis thaliana57 were 
used to align with the protein sequences of F153 and CB5. Pfam was adopted to 
identify conserved domains for these candidate genes. Finally, we used MEGA 7 
to draw a phylogenetic tree to confirm the expected relatedness of anthocyanin 
biosynthetic genes. The phylogenetic tree was inferred using the neighbor-joining 
method. The alignment was done by MUSCLE v.3.8.31 with default substitution 
model and 1,000 bootstraps.

Identification of CP subfamily C1 genes. Gene models of all the species used in 
this study were downloaded from Phytozome v.11.0 and v.12.0 (https://phytozome.
jgi.doe.gov/pz/portal.html). The conserved domain of cysteine peptidase subfamily 
C1, peptidase_C1 domain (PF00112) was downloaded from the pfam database 
(http://pfam.xfam.org/). HMMER were used to search against protein databases for 
each species to identify proteins containing peptidase_C1 domain with threshold 
of e value ≤ 1 × 10−5. We further confirmed those proteins by searching their 
domains against Conserved Domains Database from NCBI. Full-length proteins 
were aligned by MUSCLE v.3.8.31 with default parameters. Phylogenetic trees were 
constructed by Smart Model Selection PhyML v.3.0 with statistical criteria (AIC)58 
and were further edited with MEGA 7.

Variant calling and annotation. A total of 4.7 billion 150–250 bp paired-end 
Illumina reads yielded an average coverage of 17.5× per accession (Supplementary 
Table 19). This read depth is similar to other large-scale resequencing projects39,59,60. 
Raw reads were quality-filtered to remove adapters and low-quality bases (Q < 30). 
Quality-filtered reads were aligned against the unmasked F153 pineapple draft 
genome (v.6) using Bowtie2 (v.2.2.6) (ref. 61) with default parameters. Read 
mapping rates for cultivated accessions ranged from 82.3% to 94.5% with an 
average of 87.6% compared to 69.4–84.2% for wild Ananas and related species. 
Variant detection was performed using the genome analysis toolkit (GATK; v.3.5-
0-g36282e4)62 following the best practices workflow for variant discovery. Resulting 
BAM files were locally realigned using IndelRealigner to remove erroneous 
mismatches around small-scale insertions and deletions. Variants were called in 
each accession separately using HaplotypeCaller and individual genome Variant 
Call Format (gVCF) files were merged using GenotypeGVCFs. This two-step 
approach includes quality recalibration and regenotyping in the merged vcf file, 
ensuring variant accuracy. The flag –output_mode EMIT_ALL_CONFIDENT_
SITES was used to provide read coverage for each position in the reference genome 
(including invariant sites), allowing regions with no alignment to be filtered out 
before population genetics analysis. A total of 9,342,943 raw variants were called 
by GATK. These variants were filtered to remove sites with quality scores less than 
100, minimum allele frequency <0.02, and missing data >10%. The final vcf file 
contains 7,428,400 high-quality SNPs and indels (<10 bp) across the 89 accessions. 
Variants were annotated using SNPEff (v.4.2) (ref. 63) with pineapple gene models19.

Nonsynonymous and synonymous site allele frequency analysis. SNPEff 
annotated nonsynonymous and synonymous sites were used for site allele 
frequency analysis. Only SNPs from Smooth Cayenne, Queen and Singapore 
Spanish accessions were used because of their higher sample sizes. The bracteatus 

botanical variety was used as an outgroup to polarize ancestral and derived 
variants. Allele frequency was estimated separately for each population and 
SNP positions in more than 70% of each population’s sample size were analyzed. 
Because each SNP position had different sample sizes, we used the hypergeometric 
distribution to down-sample the jth SNP positions’ observed sample size, Nj, to 
the most minimum downsampled sample size across all SNP positions, n (ref. 64). 
Thus, the allele frequency for a down-sample size of n was calculated as:

pi;2n ¼ k�1
Xk

j¼1

dj
i

 
2Nj � dj
2n� i

 

2Nj

2n

 

where pi,2n corresponds to the allele frequency of i derived alleles in a diploid 2n 
population, dj is the observed derived allele count for site j and k is the total number 
of SNP positions.

Linkage disequilibrium (LD) analysis. The final vcf file was used for genome-
wide LD calculation using individuals with nonadmixed evolutionary histories 
(Fig. 3c). Using PLINK (v.1.90b3.46) (ref. 65), LD between SNP pairs within the 
same LG was calculated using a 5 Mb window and limiting to SNPs that were 
not more than 499,999 SNPs apart. SNPs within LGs that were at least 10 Mb in 
length were analyzed. SNP pairs were then grouped into 10 kb bins to average 
the R-squared correlation (r2) between SNPs. SNP pairs with r2 values <0.1 were 
omitted. The LOESS method of line of best fit was fitted using the average r2  
value per bin.

RNA-seq analysis. The trimmed paired- or single-end reads of each sample were 
aligned to the repeat-masked F153 genome v.6 (ref. 19), using TopHat (v.2.0.9) 
under default settings66. The normalized RPKM value of each sample was estimated 
by Cufflinks v.2.2.1, followed by Cuffnorm v.2.2.1 (ref. 66) using default settings 
with the pineapple gene model annotation (v.6)19.

Admixture, phylogenetics and population structure analyses. SNPs from 
whole-genome resequencing were filtered using vcftools v.0.1.13 (ref. 67) with 
minimum allelic count = 2, maximum missing data = 15%, minimum coverage = 4, 
SNP quality > 20, retaining only biallelic variants and no indels. A maximum 
likelihood-based tree of Ananas accessions was built using RAxML v.8.2 (ref. 28) 
with 100 bootstrap replicates to determine branch support, and a phylogenetic 
network was constructed using the neighbor-net method implemented within 
SplitsTree68. Additionally, MDS was used for model-free clustering of Ananas 
accessions. Nucleotide diversities (π), Dxy and FST were estimated for all taxa and 
major cultivars. Nucleotide diversities in wild and cultivated forms were used as 
a simple, robust approach to document genetic bottlenecks experienced during 
domestication; we refrained from demographic modeling of cultivar history 
using diffusion- or coalescent-based approaches due to the widespread presence 
of clonally propagated genotypes in the sample set, which would violate basic 
modeling assumptions. Instead, we explored key aspects of cultivar history by 
analyzing genomic patterns of ancestry. Genome-wide ancestry and admixture 
were estimated with ADMIXTURE v.1.23 (ref. 69). For variety comosus cultivars, 
this analysis used only the five samples with the highest coverage for each cultivar 
to avoid biases due to the overrepresentation of clonal samples. Population splits 
and past admixture events were further explored using the TreeMix approach70. 
Local ancestry along confidently assembled pineapple chromosomes was estimated 
with a Hidden Markov Model approach modified from Price et al.71 following 
Wegmann et al.72, making use of the RASPberry software. The most likely number 
of generations since admixture was estimated for each admixed individual by this 
method based on likelihood ratio tests. Except where noted, statistical analyses 
were carried out in R.

Detecting putative selective sweeps. Regions of selection during pineapple 
domestication were identified based on drastic reductions in π of cultivated 
accessions compared to wild lines (πc/πw) in sliding windows across the genome. 
Variety microstachys is the likely progenitor of cultivated pineapple, so diversity 
within this group was used for estimating πw. Cultivars with evidence of admixture 
were omitted from selection scans and πc was calculated within and across each of 
the four cultivars. To reduce false positives due to drift, the four cultivated groups 
were combined into a single pool before analysis. Nucleotide diversity (π) was 
calculated using the –window-pi-step tool in vcftools (v.0.1.12) (ref. 67). Invariant 
sites were included in calculations of π to remove any inflations in estimation 
related to missing data. Nucleotide diversity was calculated in sliding windows of 
50 kb with a 10-kb step size to identify sweeps and in sliding windows of 10 kb with 
a 2.5 kb step to narrow candidate genes. The top 5% of πw/πc values were considered 
swept regions. Adjoining swept windows were merged into blocks, producing a 
final set of 25 swept regions.

Candidate swept regions were further narrowed using an XP-CLR based 
approach to model the allele frequency spectrum differences between cultivated 
and wild accessions73. The following parameters were used for XP-CLR scans across 
each chromosome: window of 0.005 cM, window size of 1,000 bp, a maximum of 
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100 SNPs per grid, and a corrLevel of 0.7. The genetic distance between adjacent 
variants was calculated using the ultra high-density genetic map used to anchor 
the F153 pineapple draft genome19. Comparisons were made between var. comosus 
cultivars showing no evidence of recent admixture and var. microstachys. Regions 
with the top 10% XP-CLR scores were merged as putative swept regions and only 
regions overlapping with high πw/πc values were kept to remove false positives.

FST was estimated with the Weir and Cockerman approach using four-way 
comparisons of the cultivar clusters (Smooth Cayenne, Queen, Singapore Spanish 
and Mordilona-related) in the program SFselect (https://github.com/rronen/
SFselect). Tajima’s D was calculated in sliding windows of 50 kb with 25 kb overlap 
using a suite of programs in vcftools (v.0.1.12)67.

Identification and mapping of transposable element insertion sites. MITE-
Hunter74 was used with default parameters to search the pineapple genome 
assembly for candidate small DNA TEs. MITE-Hunter outputs were manually 
examined to select bona fide TEs based on their flanking sequences, TIR and TSD 
characteristics and classified into families following the convention used by Han 
et al.75. The terminal 50 bases of TEs were used as blast queries to identify TE 
junctions in the pineapple genome. Blast results were filtered to retain hits that 
have minimum alignment length of 15 bp and are within 10 bp of the TE termini. 
Multiple blast hits within a window of 30 bp were merged and considered as one 
junction. These blast hits mark unique TE junctions in the reference pineapple 
genome. The presence/absence of TE junctions were scored in the 89 accessions 
based on mapping of Illumina reads from the accessions to the reference pineapple 
genome. A site was marked as present in an accession when at least one read 
covered 20 bp upstream and downstream of the TE junction.

Identifying tracks of homozygosity. Tracks of homozygosity were identified 
using the 50 resequenced varieties with the highest coverage. Long tracts of 
homozygosity are usually genomic regions having consecutive genes without 
heterozygosity. We first identified all the tracts of homozygosity spanning more 
than three consecutive genes. In the rare cases where two tracts of homozygosity 
were interrupted by only one gene with only one heterozygous SNP, the three 
parts were still joined into longer tracts of homozygosity. Then, the number of 
homozygosity tracts spanning six or more consecutive genes were counted and the 
summation of homozygosity tract numbers among the 38 cultivars was displayed, 
with 100 genes as a bin size. Red dotted lines mark predicted centromere locations, 
based on the observation that by far the highest density of LTR retrotransposons is 
always found to be flanking the centromere in all studied angiosperm genomes18.

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

Data availability
The bracteatus CB5 genome and annotation, the revised version of F153 genome, 
and pineapple RNA-seq data have been submitted to EBI-ENA under the study 
PRJEB33121. Quality filtered Illumina reads for the 89 resequenced pineapple 
genomes have been deposited in the NCBI BioProject database (http://www.ncbi.
nlm.nih.gov/bioproject) under accession number PRJNA389669.

Code availability
We developed a new algorithm, Pseudohaploid, that identifies and filters out 
heterozygous contigs based on whole-genome alignment. This method can be run 
stand-alone with any assembler and is available open-source at http://github.com/
schatzlab/pseudohaploid. Other public available open-source and custom software/
code used to analyze the data in this study are listed in the Nature Research 
Reporting Summary.
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