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S.1. Sample preparation, sequencing and assembly 

S.1.1. Sample preparation 

Leaves of oleaster (Olea europaea L. var. sylvestris) (about 2 m high) were collected 

from the Orhangazi region of Bursa city, Turkey. Leaves were collected and then plants 

were clonally propagated. All necessary permits were obtained for the described field 

studies. The DNA was isolated using the modified CTAB method as described in Sahu 

et al. (2012) (1). 

 

S.1.2. Library construction  and genome sequencing 

Paired-end (PE) libraries with insert sizes of 250, 500 and 800 bp, as well as 2, 5, 10 

and 20 kbp were constructed, following a standard protocol provided by Illumina (San 

Diego, CA, USA). All these short-reads from short- and long-insert pair-end libraries 

were subjected for high coverage sequencing on the Illumina HiSeq 2000 platform, 

resulting in genomic-DNA sequencing data from all 23 libraries (Table S1). 

 

S.1.3. Sequencing data filtering  

Prior to the assembly stage, low quality reads were filtered out. These included reads 

meeting any of the following criteria: (i) >2% ambiguous ñNò bases for short insert 

sizes (250, 500 and 800 bp) or >5% ñNò bases for long-insert sizes (2, 5, 10 and 20 kb); 

(ii) low-quality data for >60% of bases for short insert sizes or >30% of bases for long 

insert sizes; (iii) >10 bp of adapter sequence; (iv) >10 bp that overlapped between two 

ends of reads of short insert-size; and (v) identical sequences at both ends. After that, 

sequenced data totaled up to 220X coverage, given the estimated genome size (Table 

S1, Figs. S1 and S2). 
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S.1.4. Error correction  

SOAPec v2.01 custom program <http://soap.genomics.org.cn> was used for read-

trimming and base correction of 319.19 Gbp clean data from short insert-size libraries. 

 

S.1.5. Genome size estimation of oleaster 

S.1.5.1. Flow cytometry 

Flow cytometry analyses were performed as recommended by Partec-Sysmex (Kobe, 

Japan) to estimate the genome size of oleaster (Fig. S1), as described below. Chickpea 

DNA (Cicer arietinum cv. Gokce) was used as a primary internal standard (2C DNA 

content = 1.65 pg). Briefly, a piece of oleaster leaf and internal-standard leaf were 

placed in a petri dish with 0.5 ml isolation buffer, sliced with a sharp razor-blade and 

transferred into a tube. A total of 2 ml of propidium iodide (PI) dye plus RNase were 

added and the crude nuclear-suspension was filtered through 50 ɛm nylon mesh. Nuclei 

were stained with PI using CyStain PI Absolute P. kit. Then, fluorescence intensities of 

nuclei were measured with a CyFlow SL_3 CD4 counter from the same manufacturer. 

Filtered suspension was transferred into a new tube and incubated at 37 ÁC for 30 

minutes. Samples were simultaneously measured in the flow cytometer. PI-stained 

samples were excited at 488 nm with a 15 mW argon-ion laser. Signals of red PI 

fluorescent area from nuclei were collected in FL2 channel. Mean DNA-content was 

based on analyses of 10,000 nuclei. G1-peak mean values were used as basis for 

calculation of absolute DNA amount (2). Histogram of relative nuclear-DNA content 

was obtained using CyStain PI Absolute P kit. G1 peak of chickpea was detected on 

channel 132 (740 Mbp for 2C); hence, 1C DNA amount of oleaster was 1.46 Gb. 

http://soap.genomics.org.cn/
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S.1.5.2. Size estimation by k-mer analyses 

Genome size was estimated using total length of sequence reads, divided by sequencing 

depth. The latter was determined by counting the copy number of a certain k-mer (e.g., 

17-mer) present in sequence reads and plotting the distribution. To calculate the genome 

size the formula N Ĭ (L ī K + 1)/D = G was applied were. N is the total number of 

sequence-read, L the average length of sequence reads and K is k-mer length, (17 bp), 

G denotes genome size and D the overall depth estimated from the k-mer distribution. 

Additionally, k-mer histograms of haploid-sequence data was computed, using the 

program Jellyfish (3) from Biowire (Mountain View, CA, USA) as follows: jellyfish 

count -m 17 -o OLEkvmD_k17mer --timing OLEkvmD_k17mer.time -s 4294967296 -

t 32 -c 8 -C /dev/fd/0 1>OLEkvmD_k17mer.log 2>OLEkvmD_k17mer.error, jellyfish 

merge -v -o OLEkvmD_k17mer.jf OLEkvmD_k17mer_* 1>>OLEkvmD_k17mer.log 

2>>OLEkvmD_k17mer.error, jellyfish dump -c -t -o OLEkvmD_k17mer.dump 

OLEkvmD_k17mer.jf 1>>OLEkvmD_k17mer.log 2>>OLEkvmD_k17mer.error, 

jellyfish stats -o OLEkvmD_k17mer.stats OLEkvmD_k17mer.jf 

2>>OLEkvmD_k17mer.error, jellyfish histo -t 32 OLEkvmD_k17mer.jf | sed 's/ / 

/g' >OLEkvmD_k17mer.histo. Total k-mer count was 61,190,425,479; hence, the 

genome size was estimated (Genome Size = k-mer_num/Peak_depth) to be 1.46 Gbp 

(Table S2). 

 

S.1.5.3. Heterozygosity-rate estimation 

The main peak of the 17-mer distribution was around 42X, with an obvious 

heterozygosis peak near 21X depth. Therefore, a 1.3 heterozygous rate was estimated 

by k-mer distribution of heterozygous sequence (Fig. S2). The highly heterozygous 
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nature of cultivated olive genome (O. europaea cv. Farga) situation was also reported 

as showing a heterozygosis peak near 26X (4). 

 

S.1.6. Genome assembly 

All sequence reads were assembled with SOAPdenovo software (5, 6), producing a 

reference sequence of oleaster genome. A total of 319.39 Gbp of clean data was 

assembled into contigs and scaffolds, using the de Bruijn graphïbased assembler of 

SOAPdenovo with the following four steps: 

i) Building contigs and scaffolds 

All reads from short insert-size libraries were used to construct de Bruijn graph with k-

mer parameter ïK37 ïR. Then, the graph complexity was simplified by removing tips 

and connections with low coverage, merging bubbles and masking small repeats. Lastly, 

k-mer path was evaluated to generate the contig file. All usable reads were realigned 

onto the contig sequences. Amount of shared paired-end relationships between each 

pair of contigs and rate of consistent and conflicting paired-ends were calculated to 

construct scaffolds step-by-step, from short insert-size paired-ends to long-insert 

paired-ends. 

 

 ii) Filling gaps 

Gaps between contigs were closed by KRSKGF software, version 1.2 (internally 

developed by BGI) and GapCloser, version 1.10 

<http://soap.genomics.org.cn/about.html> for SOAPdenovo. The former is a gap-filling 

tool based on k-mer analyses. GapCloser makes use of reads for local assembly within 

gaps, by aligning other ends of paired-end reads into scaffolds. Parameters were as 

follows: GapCloser ïa ./O.europaea.scafSeq ïb ./O.europaea.lib ïo ./ 
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O.europaea.scafSeq.FG ït 64. Scaffolds from reference assembly containing markers 

genetically mapped in the SHELL interval were identified. 

 

iii) Removing redundancy 

Rabbit (7) software <ftp://ftp.genomics.org.cn/pub/Plutellaxylostella> was used to 

remove redundant sequences. It relies on Poisson-based k-mer model, which needs a 

table of k-mer frequencies to determine redundant sequences. Jellyýsh software was 

used to generate a table with recommended-parameter K = 17 bp from 250 bp, 500 bp 

and 800 bp libraries, using the previously described commands (see S.1.5.2 Size 

estimation by k-mer analyses, above). After obtaining the 17-mer occurrence-frequency 

table, redundancy was removed, using the Redundancy Remover module of Rabbit 

software. 

 

iv) Reconstructing scaffolds 

SSPACE software (8) was used to construct scaffolds. This tool is a stand-alone 

scaffolder of pre-assembled contigs, using paired-read data. It can use overlapping 

relationships between contigs and reads to extend contigs, as well as PE relationships 

of reads to construct scaffolds (Table S3). 

 

S.1.7. Analyses of the genome assembly 

S.1.7.1. GC-content distribution 

GC content of oleaster and sesame (Sesamum indicum) was calculated using 500 bp 

250 bp overlapping sliding windows. Main oleaster GC-content peak was around 

36.8%, being similar to that of sesame (34.9%), but there was a small curve-shoulder 

with high GC-content (42% to 44%) (Table 1 and Fig. S3). 

ftp://ftp.genomics.org.cn/pub/Plutellaxylostella/
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S.1.7.2. Analyses of sequencing depth and genome GC-depth 

Genome sequencing read-depth distribution was estimated by aligning Illumina reads 

onto the assembled sequence of oleaster. Mapping was carried out using SOAPaligner 

<http://soap.genomics.org.cn/soapaligner.html>, with Ò2 mismatches. GC content and 

average depth with 50 kb non-overlapping sliding windows was calculated. Genome 

distribution was different from expected pattern, showing a smaller segregated cloud 

with high GC-content. No obvious difference was found comparing depths of these two 

blocks (Fig. S4). A total of 417 assembled sequences with 136, 116 and 963 bp lengths, 

whose GC content ranged from 40% to 50%, were aligned to non-redundant nucleotide 

(nr/nt) database (20140407) from National Center for Biotechnology Information 

(NCBI) <http://www.ncbi.nlm.nih.gov>, using megaBLAST 2.2.21 to check for 

putative spurious-sequences from other species. No obvious contamination from 

bacteria or fungi was found. The best hits were some repeat sequences, ribosomal DNA 

(rDNA) encoding ribosomal ribonucleic acid (rRNA), chloroplast and mitochondrion 

from O. europaea and O. europaea var. sylvestris. Apart from that, no other species 

were identified, and all alignments were dispersed (Table S4). Distribution of 

O. europaea var. sylvestris sequence depth was shown in Fig. S5. Here, filtered reads 

were aligned onto the genome-sequence assembly using SOAPdenovo2 

<http://soap.genomics.org.cn/soapdenovo.html>. Then, the percentage of bases with 

different depth frequency in genome was calculated. Sequences with coverage under 

20X were less than 6%. Average depth was about 180X to 240X. The small peak at 

100X to 160X depth may be caused by high levels of genomic heterozygosity (Fig. S5). 

http://soap.genomics.org.cn/soapaligner.html
http://www.ncbi.nlm.nih.gov/
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S.1.7.3. Assembly evaluation 

Transcriptomes from different tissues (leaf, stem, pedicel and fruit, see section S.2.2. 

further), comprising 212,714 unigenes were mapped with Basic Local-Alignment 

Search Tool (BLAST) software version 2.2.21 from NCBI using default parameters (9). 

A total of 91.49% of the unigenes could be aligned to the genome assembly (Table S5a). 

 

S.1.8. Genetic-linkage-map construction and assembly anchoring 

Genetic-linkage maps were constructed using the genotyping-by-sequencing (GBS) 

approach, to develop an integrated genome map for anchoring the assembly (Fig. S6). 

 

S.1.8.1. Genotyping-by-sequencing 

DArTseq (10) SBS approach was used to identify single-nucleotide polymorphisms 

(SNP). In short, DNA samples of each F1 individual and parents were digested with 

PstI-MseI restriction enzymes and then ligated with enzyme-compatible adapters. To 

increase the number of PstI-MseI fragments, PCR amplifications were performed after 

Raman et al. (2014) (11). In short, the following profile was used: one cycle of 94 ÜC 

for 1 min (denaturing); 29 cycles [94 ÜC for 20 sec (denaturing, with further ramp of 

2.4 ÜC/sec to 58 ÜC), 58 ÜC for 30 sec (annealing, with ramp of 2.4 ÜC/sec to 72 ÜC) and 

72 ÜC for 45 sec (polymerization)]; and one cycle of final extension at 72 ÜC for 7 min. 

Samples were then soaked at 10 ÜC until removed. PCR, amplicons from each sample 

were pooled and loaded into cBot (Cluster Station) from Illumina for amplification, 

using bridge PCR (bPCR). Sequencing of all amplification products was carried out on 

a single lane of a HiSeq 2000 from the same manufacturer. A single lane generated 

sequences that were analyzed using proprietary DArT analytical pipelines. In the 

primary pipeline, FASTQ files were first processed to filter out low-quality sequences. 
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More-stringent selection, such as $Phred pass score of 30, was applied to barcode 

region versus rest of sequence. This way, reliable results were obtained during 

assignments of sequences to specific samples in barcode-split step. Approximately 

2,000,000 sequences per barcode/sample were identified and used in marker calling. 

Finally, identical sequences were collapsed into fastqcall files. These files were used in 

the secondary pipeline for DArT P/Lôs proprietary SNP and presence/absence of 

markers (PAM) calling algorithms (DArTsoftseq). Sequencing data were processed in 

the analytical pipeline. 

 

S.1.8.2. Linkage-map construction 

GBS data were analyzed using regression-mapping algorithm of JoinMap 4.0 software 

from Kyazma (Wageningen, Netherlands) to enable linkage-map construction. Options 

for marker placement were determined for each linkage group of two parental-maps 

using Kosambiôs mapping function, minimum logarithm-of-odds (LOD) score 

threshold of 5.0, recombination-fraction threshold of 0.35, ripple value of 1.0, jump 

threshold of 3.0 and triplet threshold of 5.0. MapChart 2.0 (12) was used for graphical 

presentation of linkage maps. In heterozygous perennial trees, such as olives, the strategy 

used to map F1 populations is the two-way pseudo-test cross-mapping strategy. In this case, 

marker data analyzed with this strategy and an olive linkage map were constructed separately 

for each parent (Memecik and Uslu cultivars). Genetic linkage maps were constructed to 

develop the integrated genome map for anchoring the scaffolds, using 94 individuals 

from a cross-pollinated (CP) population of a cross between cultivar Memecik and 

cultivar Uslu. For chromosome-scale pseudomolecule construction, two maps were 

established from two progenies: an F1 progeny of 92 individuals (Memecik Ĭ Uslu). 

An integrated map including 1,307 markers was established (13), based on the double 
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heterozygous loci (14, 15), which were as the benchmarks to judge distances of the 

marker from different map (Table S5b). 

 

S.1.8.3. Anchoring of genome assembly into genetic map 

Several genetic maps, based on either GBS or amplified-fragment length polymorphism 

(AFLP) markers, were integrated in order to construct linkage groups of the assembled 

sequences. Genetic markers were mapped onto the scaffolds using Burrows-Wheeler 

Aligner (BWA) software module for alignment (BWA aln) (16) with default parameters. 

Afterwards, anchoring of assembled scaffolds to genetic maps was achieved by 

applying ALLMAPS software (17). All uniquely-mapped markers from either map 

were provided as input to ALLMAPS with default settings. A total of 1,605 scaffolds 

were assigned to linkage groups; 516 of them were also oriented (multiple markers on 

a single scaffold). On the other hand, 41,238 scaffolds (mostly, smaller ones) could not 

be reliably placed on linkage groups, and were thus categorized as unassigned (Fig. 1a 

and Fig. S6). 

 In summary 573 Mbp (~51%) of the current assembly was linked to the genetic 

maps, based on the unique alignment of 3,491 markers. This generated 23 linkage 

groups, representing chromosomes in the O. europaea var. sylvestris genome. 

 

S.2. Genome annotation 

S.2.1. Repetitive element annotation 

Both homology-based and de novo approaches were used to find transposable elements 

(TE) or transposons, in the oleaster genome. RepeatModeler 

<http://www.repeatmasker.org/RepeatModeler.html> uses two ab initio repeat-

prediction programs (RECON and RepeatScout), which identify repeat-element 

http://www.repeatmasker.org/RepeatModeler.html
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boundaries and family relationships among sequences. PILER (18) and RepeatScout 

usually work better for de novo repeat-library construction of small genomes (Ò600 

Mbp), while RepeatModeler is more appropriate for larger ones. LTR_FINDER(19) 

identifies full-length LTR, being used with RepeatModeler to generate the de novo 

repeat library. Tandem repeats were searched for in the genome, using Tandem Repeats 

Finder (20). TE proteins and de novo were combined (Table 1 and Table S6). The 

homology-based approach involved applying commonly-used databases of known 

repetitive-sequences, along with programs such as RepeatProteinMask and 

RepeatMasker (21). The highly repetitive nature of cultivated olive genomes was 

reported elsewhere (4, 22). According to the O. europaea cv. Farga assembly over 63% 

of the olive genome has repeat elements (4). Consistent with the O. europaea cv. 

Leccino assembly, LTR type TEs are the most common repeat elements (22). 

 

S.2.2. RNA sequencing and assembly of transcriptome data 

A total of eight samples were collected from three different individual oleasters located 

in the central region of Kemalpasa collection orchard (Izmir, Turkey), from leaf, stem, 

pedicel and fruit tissues in July (2014) and November (2014). Transcriptome 

sequencing for all oleaster RNA-seq libraries were performed with Illumina RNA-seq 

protocols. Two assembly approaches were used: de novo assembly of clean RNA-reads 

and reference based using the assembled genome. Gene-expression dynamics were 

analyzed for development, differentially-expressed genes, expression patterns of 

positively-selected genes and lineage-specific genes. Paired-end and single-end strand-

specific RNA-seq libraries were prepared from these tissues, according to Zhong et al. 

(2011) (23) and were sequenced on the Illumina HiSeq 2000 system. Raw reads 

obtained were pre-processed by removing adapter sequences, discarding empty reads 
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and low-quality sequences. All reads were then used for transcriptome de novo 

assembly, using the Trinity short-read assembly program (24). Parameters were ñ--

seqType fq --min_contig_length 100; --min_glue 3 --group_pairs_distance 250; --

path_reinforcement_distance 85; and --min_kmer_cov 3ò. This generated unique 

sequences of transcripts, often being full-length ones for a dominant isoform, as well 

as identifying unique portions of alternatively-spliced transcripts. Available RNA-seq 

data (eight libraries) were aligned to the whole oleaster genome (pseudo-chromosomes 

and unanchored sequences) using HISAT2 software (25) with default parameters and 

activated qc-filtering. Resulting compressed binary-versions of sequence 

alignment/map (SAM) format (BAM) files with alignments were then converted to 

browser-extensible data (BED) format. Next, coverage tool from BEDTools package 

(26) was used to calculate the overlap between produced RNA-seq alignments and 

general-feature format (GFF) file containing gene predictions. A custom Perl 

<https://www.perl.org> script was then used to calculate coverage of gene-models with 

different stringency-criteria. The obtained mapping rate of RNA-seq against the 

genome was between 81% and 85%, depending on the library used. The number of 

gene models being supported by transcript data varied between 41,559 and 52,819 when 

no filtering criteria were used (Table S9). When a more stringent criterion was applied 

(at least 10 reads and >75% of gene model covered), 22,533 to 26,764 gene models 

were found for a single library and 31,198 (61.5% of predicted) when all RNA-seq 

libraries were combined. Gene expression levels were calculated by ñreads per kilobase 

transcriptome, per million mapped readsò (RPKM), according to Mortazavi et al. (2008) 

(27). Comparative gene-expression levels in RNA-seq tissues with false-discovery rate 

(FDR) Ò0.001 and fold change >2 were evaluated (Fig. S7 and additional data file, see 

section S.6). To further analyze differentially-expressed genes, Gene Ontology (GO) 
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<http://geneontology.org> analyses (28) were performed. Lists of such genes across 

eight different RNA-seq libraries were subjected to GO enrichment, by mapping all 

listed genes to GO database. Then, calculating gene numbers for every term with 

hypergeometric test, significantly-enriched GO terms were identified, based on GO-

TermFinder <http://go.princeton.edu/cgi-bin/GOTermFinder>. After that, the 

following three ontologies were identified: molecular function, cellular component and 

biological process (additional data file, see section S.6). A total of 8,469, 15,102, 8,848 

and 10,215 genes were regulated in fruit, leaf, pedicel and stem tissues, respectively 

(additional data file, see section S.6). GO-enrichment analyses were performed for 

differentially-expressed genes in ripe fruit tissues collected in November (ripe or 

mature), compared to unripe-fruit tissues collected in July (unripe or immature). 

Differences were mostly related to oil-producing fruit tissue, including terpenoid and 

isoprenoid metabolism, lipid metabolism and transport processes. As expected, this 

further confirms the oil and secondary-metabolite biosynthesis and transport in mature 

fruit (additional data file, see section S.6). On the other hand, catalytic, ion binding and 

transferase-activity genes in pedicel tissue were preferentially expressed. Interestingly, 

stem tissue gene-expression GO terms were mostly related with response stimuli, as 

well as hormone elicitation. Fatty-acid biosynthesis and transport processes were also 

identified in stem tissue gene-expression patterns, which were differentiated for oil 

biosynthesis (additional data file, see section S.6). 

 

S.2.3. Gene annotation 

Homology-based and de novo methods, as well as RNA-seq data, were used to predict 

genes in the O. europaea var. sylvestris genome. GLEAN (29) was used to consolidate 

results. Protein sequences of Arabidopsis thaliana, Sesamum indicum (sesame), 

http://geneontology.org/
http://go.princeton.edu/cgi-bin/GOTermFinder
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Solanum tuberosum (potato) and Vitis vinifera (common grape vine) were aligned with 

TBLASTN and genBLASTA (30) against the matching proteins using GeneWise (31) 

for accurate spliced alignments. Next, we used the de novo gene-prediction methods 

GlimmerHMM (32) <https://ccb.jhu.edu/software/glimmerhmm> and Augustus (33) to 

predict protein-coding genes, using parameters trained for O. europaea var. sylvestris, 

A. thaliana, S. indicum, S. tuberosum and V. vinifera (Table S8). 

 

S.2.4. Non-coding RNA annotation 

The assembled oleaster genome was screened for non-coding RNA (ncRNA). Thus, 

tRNA genes were predicted by tRNAscan-SE version 1.23 (34) with eukaryote 

parameters. On the other hand, rRNA template sequences from plant-rRNA databases 

were aligned against the Olea europaea var. sylvestris genome using BLASTN, to 

identify putative rRNA. Other noncoding RNA, like microRNA (miRNA) and small 

nuclear-RNA (snRNA), were identified using INFERNAL version 0.81 (35) by 

searching against the RNA family (Rfam) (36) database release 10.1 

<ftp://ftp.sanger.ac.uk/pub/databases/Rfam> (Table S10). 

 

S.2.4.1. miRNA identification  

Raw sequences from six small RNA (sRNA) libraries generated by our group (37) were 

used for miRNA identification. sRNA reads were first cleaned by filtering low-quality 

ones and removing adapters. A restrictive approach was carried out to avoid false 

positives: only sequences present in at least four out of six sequencing libraries were 

kept and combined together for subsequent analyses. miRDeepFinder (38) was used to 

perform sRNA analyses (including categorizing conserved-miRNA, identifying 

miRNA and their targets), as well as GO/Kyoto Encyclopedia of Genes and Genomes 

ftp://ftp.sanger.ac.uk/pub/databases/Rfam
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(KEGG) (39) <http://www.genome.jp/kegg> for annotation of miRNA and their targets. 

Briefly, other small RNA, including rRNA, snRNA and tRNA, were discarded if they 

could be fully mapped to Rfam 10.1. To differentiate conserved and non-conserved 

reads, remaining reads were aligned against all known plant miRNA (miRBase, release 

21) (40) by Water module of European Molecular Biology Open Software Suite 

(EMBOSS) package (41). A conserved read is defined to have no more than three 

mismatches with known miRNA sequences; otherwise being considered a non-

conserved read (42). A putative miRNA star [miRNA*; also known as minor miRNA, 

corresponding to the other (antisense) strand of the major miRNA] sequence whose 3ô-

OH end has two-nucleotide (nt) overhang is considered a real one. However, it should 

be taken into account that some well-known miRNA do not always co-exist with their 

miRNA* in small sequencing-libraries. Each of six sRNA sequencing libraries 

generated ~15 million reads on average, representing ~6 million unique-sequences 

(Table S11). A total of 11.21% non-redundant sequences had more than three reads, 

accounting for 57.87% in total. Of these sequenced (Ó3 reads), tRNA, rRNA and 

snRNA had average ratios of ~ 0.94%, 2.78% and 0.21% of total reads, respectively, 

amongst the six libraries, while miRNA accounted for an average of 15.06% of total 

reads and 0.21% of unique reads (Table S11). An averaged total of ~83.40% (Ó3 reads) 

could be completely mapped back to oleaster genome, corresponding to 75.51% unique 

reads on average. 

 Most reads in the six libraries had a length between 18 and 26 nt. The most 

abundant ones were of length 24 nt, followed by 21 nt. Furthermore, nucleotide-base 

distributions in 18 to 26 nt reads were found to be similar across the six libraries. 

A/GC/U content of reads with length of 22 and 23 nt in the July-Fruit (JF) library were 

higher than those in the other five. Likewise, A/GC/U content of reads with length of 

http://www.genome.jp/kegg
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21 nt in the November-Leaf 1 (NL1) were higher than those in the other five libraries 

(Fig. S8). We have previously found that mature olive-tree miRNA preferentially start 

with U (37). That was confirmed in the present work with oleaster, especially for reads 

with length of 20 and 21 nt. On the other hand, C was the dominant base at the end of 

small RNA in the six libraries, particularly for 20 and 21 nt reads. Thus, the start and 

end nucleotide of small RNA in this work are likely due to miRNA. 

 A total of 498 conserved-miRNA families were identified in the six wild-olive-

tree libraries, including miR156, miR157, miR160, miR166, miR168, miR172, miR394 

and miR399. In general, conserved miRNA in July-Leaf 1 (JL1) versus NL1 and JF 

versus NL2 showed similar expression (Fig. S9). On the other hand, miR156, miR157, 

miR164, miR166, miR167, miR168, miR172 and miR391 consist of top high-

expression miRNA families. Pearsonôs chi-squared test detected 334 (67.8%) 

conserved-miRNA families differentially-expressed in the six oleaster libraries (p-value 

Ò0.01). Compared with other species from both eudicotyledons and monocotyledons, 

oleaster has relatively broad conserved-miRNA families, including miR156, miR157, 

miR158, miR159, miR160 and miR163 (Fig. S10). A total of 213 conserved wild-olive-

tree miRNA precursors were identified from 203 contigs, belonging to 94 families. 

Only 24 miRNA had their miRNA*, with 18 (69), 21 (63) and 19 nt (44) miRNA being 

the largest ones. The length of conserved precursors varied from 50 to 888 nt. A miRNA 

star was required to co-exist at least in one sequencing library. Thus, 125 novel miRNA 

were identified in oleaster from the six libraries. Most of such novel miRNA only had 

one member, excluding miR-N5, miR-N8, miR-N9, miR-N14, miR-N15, miR-N21, 

miR-N24, miR-N25, miR-N35, miR-N49, miR-N57, miR-N60 and miR-N99. 
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S.2.4.2. miRNA-target transcript analyses 

In this study, only novel miRNA and their miRNA* were required to co-exist in at least 

one sequencing library. psRNATarget <http://plantgrn.noble.org/psRNATarget> (43) 

was used to identify miRNA targets with default parameters. Next, the miRNA targets 

were subjected to GO term classification. KEGG-pathway enrichment was performed 

following KEGG annotation attached in GO-protein annotation. Pearsonôs chi-squared 

test was used to differentiate miRNA expression in the six sequencing libraries. 

Considering highly conserved miRNA and their functions, all conserved miRNA (3,322 

unique reads) and 125 novel ones were used to predict miRNA targets by psRNATarget, 

resulting in 29,842 miRNA-target pairs including 7,849 unique target-genes in total. Of 

these targets, 277 miRNA families targeted 7,322 genes and 778 genes were targeted 

by 108 novel miRNA. According to miRNA major function type, these miRNA targets 

were categorized into six function groups, including transcription factor (TF), 

development, hormone, metabolism, signal transduction and stress response (Table 

S12). It turned out that 4,606, 1,937 and 630 miRNA targets were associated with 

transcription factor, stress response and metabolism, respectively. A total of 359 miRNA 

and their 4,413 targets were categorized into 302 cellular components, 1,498 biological 

processes and 898 molecular functions. Further KEGG pathway analyses showed that 

1,101 miRNA-target pairs were enriched in 175 pathways. 

 

S.2.5. Functional annotation 

Gene-function information, protein motifs and domains were assigned by comparing 

with public databases, including Swiss protein (SwissProt) 

<http://www.expasy.ch/sprot> sequence database and its supplement TrEMBL (44), 

KEGG, InterPro (45) and GO (28). Target locations of homolog proteins were obtained 

http://plantgrn.noble.org/psRNATarget/
http://www.expasy.ch/sprot
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by aligning protein sequences of A. thaliana, S. indicum, S. tuberosum and V. vinifera 

to the O. europaea var. sylvestris genome, using TBLASTN with expect (E)-value 

parameter of 1 Ĭ 10ï5 (Table S13). Genes were divided into two classes for gene-family 

clustering: i) one is cluster, which is represented with CL prefix following with cluster 

identity (ID). In a single cluster, there are several unigenes showing high similarity 

(>70%); ii) The other one is singleton, which is represented as unigene. Assembled 

unigenes were aligned to protein databases, such as NCBI nr protein, Swiss-Prot protein, 

KEGG pathway and Clusters of Ortholog Groups (COG) 

<https://www.ncbi.nlm.nih.gov/COG> by translated BLAST alignment with expected 

E-value < 10ï5, searching protein databases using a translated nucleotide query 

(BLASTX). The best aligning results were used to decide sequence direction of 

unigenes. A priority order of nr, Swiss-Prot, KEGG and COG was considered to resolve 

any contradictory result between different databases. On the other hand, ESTScan 

program <http://www.ch.embnet.org/software/ESTScan.html> was used to predict 

coding sequences (CDS) and orientation of sequences that failed to be annotated to any 

database. Functional annotations of unigenes by GO were carried out using 

BLAST2GO software (46), followed by GO functional classifications using the WEGO 

software (47) (additional data file, see section S.6). That allowed to view the 

distribution of gene functions in O. europaea var. sylvestris at the macro level and to 

functionally compare annotations of oleaster with ten plant species (A. thaliana, S. 

indicum, S. tuberosum, V. vinifera, Populus trichocarpa (poplar), Prunus persica 

(peach), Oryza sativa (rice), Eucalyptus grandis (flooded gum), Mimulus guttatus 

(monkey flower) and Glycine max (soybean)) downloaded from Phytozome (48) v.9 

<https://phytozome.jgi.doe.gov/pz/portal.htmlҔ and Utricularia gibba (bladderwort) 

taken from <https://genomevolution.org/CoGe/OrganismView.pl?oid=36222> and 

http://www.ncbi.nlm.nih.gov/COG
http://www.ch.embnet.org/software/ESTScan.html
https://phytozome.jgi.doe.gov/pz/portal.html
https://genomevolution.org/CoGe/OrganismView.pl?oid=36222
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Fraxinus excelsior (ash tree) (49) was downloaded from 

<https://www.ncbi.nlm.nih.gov/genome/?term=fraxinus+excelsior>. Three GO 

ontologies (cellular component, biological process and molecular function) were 

analyzed at level 5 using Gypsy Database Professional (GPRO) 1.0 (50). All genes were 

mapped to terms in KEGG (51) database using default parameters. Gene Ontology (GO) 

analysis resulted in the successful annotation of 72.42% of all genes with 1,516 

enzyme-encoding mappings from 141 KEGG pathways. Binding (23,611) was the most 

represented molecular function, and 21,870 genes were annotated for metabolic 

processes in the oleaster genome. Functional comparison of GO-based annotations 

among oleaster and eight other sequenced genomes showed those two functions also as 

the most represented in G. max and P. trichocarpa. 

 

S.3. Evolutionary analyses 

S.3.1. Ortholog gene clusters 

Genes of 12 sequenced species (O. europaea var. sylvestris, A. thaliana, E. grandis, 

G. max, O. sativa, P. trichocarpa, S. indicum, S. tuberosum, V. vinifera, M. guttatus, 

F. excelsior and U. gibba) were used for gene family clustering analysis. Gene families 

of orthologous genes were determined with the OrthoMCL software (52) with default 

settings except for the inflation factor which was set at 3. The input for OrthoMCL was 

the result of an all-versus-all BLASTP analysis of the protein sequences of 11 selected 

plant species with the proteins of oleaster (O. europaea var. sylvestris, this study) added 

as the 12th species, resulting in 436,088 proteins in total. BLASTP was run with an E-

value cutoff of 1 ³ 10ï5 and with number of reported alignments set at 10,000. Protein 

clustering of the predicted olive genes with the 11 other species resulted in 17,208 

multi-species gene families for olive, with an additional 1,070 olive-specific gene 
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families. The number of gene families is largely consistent over the different species 

and 8,986 oleaster genes were not assigned to any gene family and remained 

unclustered (Fig. S11, Table S14a and S14b). 

 

S.3.2. Phylogenetic analyses 

A phylogenetic tree was constructed for evolutionary analyses, on the basis of a 

concatenated sequence-alignment of 231 single-copy genes shared by oleaster and 11 

other plant species (O. sativa, A. thaliana, P. trichocarpa, G. max, E. grandis, 

S. tuberosum, V. vinifera, S. indicum, F. excelsior, M. guttatus and U. gibba). Multiple 

alignments of protein sequences was carried out with MUSCLE (53) for each single-

copy gene family, further converting protein alignments into coding sequences using a 

Perl script. Phase-1 sites were extracted from each family and concatenated to one 

supergene for every species, and MrBayes 3.1.2 (54) was used to construct the 

phylogenetic tree based on the GTR+gamma evolutionary model (Fig. 2c). In the 

resulting phylogenetic tree, U. gibba diverged before S. indicum. This placement is 

inconsistent with the consensus APG IV phylogeny (55) in which Pedaliaceae 

(S. indicum) diverged first, followed by the divergence of Lentibulariaceae (U. gibba) 

and Phrymaceae (M. guttatus) (56, 57). A high substitution rate in U. gibba (58) might 

be the reason for this potentially erroneous placement, see also Sollars et al. (2017) (49) 

and He et al. (2016) (59). 

 

S.3.3. Estimation of divergence time 

The constructed phylogenetic tree was used to calculate divergence time among species. 

The calibration tree was generated using a fossil date for the split of A. thaliana and 

V. vinifera from TimeTree <http://timetree.org>, calibrating gene-evolution rate in 

http://timetree.org/
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dendrogram, using penalized likelihood method with truncated Newton-optimization, 

as implemented by r8s version 1.71 (60). Then, divergence time of each tree node was 

inferred using Bayesian Markov-chain Monte Carlo (MCMC) tree (MCMCTree) 

package in PAML (61) with the JC69 model. 

 

S.3.4. Whole genome duplications 

Duplications of oleaster, S. indicum and V. vinifera, and speciation events between 

oleaster and either sesame or grape vine, were analyzed via 4DTv approach. 

Concatenated nucleotide alignments were calculated with HKY85 substitution models 

(Fig. 2d). Synonymous substitutions per synonymous site (KS)-based age distributions 

of oleaster were also constructed to estimate duplication events in the oleaster genome, 

as previously described by Vanneste et al. (2013) (62). Briefly, the paranome (set of all 

duplicate genes belonging to gene families in a genome) was constructed by performing 

an all-against-all protein-sequence similarity search using BLASTP with an E-value 

cutoff of 1 ³ 10ī10. Then, gene families were built using the mclblastline pipeline 

version 10-201 <http://micans.org/mcl> (63). Gene families of size larger than 100 

were excluded. Each gene family was aligned using MUSCLE version 3.8.31. KS 

estimates for all pairwise comparisons within a gene family were obtained through 

maximum likelihood (ML) estimation, using CODEML (64) from the PAML package 

version 4.4c (65). Gene families were then subdivided into subfamilies for which KS 

estimates between members did not exceed a value of 5. To correct for the redundancy 

of KS values (a gene family of n members produces n(nï1)/2 pairwise KS estimates for 

nï1 retained duplication events), a phylogenetic tree was constructed for each 

subfamily using PhyML (66) under default settings. For each duplication node in the 

resulting phylogenetic tree, all m KS estimates between the two child clades were added 
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to the KS distribution with a weight of 1/m (where m is the number of KS estimates for 

a duplication event), so that the weights of all KS estimates for a single duplication event 

sum up to one. The resulting age distribution of the oleaster paranome is shown in Fig. 

S12a. Paralogous gene pairs located in duplicated segments (anchors), assumed to be 

corresponding to the most recent WGD(s), were detected using i-ADHoRe version 3.0 

(67, 68). The distribution of KS values between such anchor-pair genes is shown in Fig. 

S12b. Identified anchor pairs confirmed the presence of two WGD peaks around a KS 

of 0.25 and 0.75, respectively (the long tail and additional small humps in the anchor-

pair distribution are most likely due to small saturation effects (62) and the remnants of 

older WGDs in the eudicot lineage, such as the shared pan-eudicot gamma triplication 

event). 

 Absolute dating of the two identified WGD events in oleaster was performed as 

previously described by Vanneste et al. (2014) (69). Briefly, two kinds of duplicated 

gene pairs were collected for phylogenetic dating: i) paralogs from duplicated segments 

(anchor pairs, as identified by i-ADHoRe); and ii) non-anchor paralogs, lying under the 

WGD peaks identified in the KS distributions (peak-based duplicates). The two WGDs 

were dated separately: anchor pairs and peak-based duplicates with KS values between 

either 0.15 and 0.45 (most recent WGD) or 0.55 and 0.95 (older WGD) were selected 

for absolute dating (dashed lines in Figs. S12a and S12b). For each WGD paralog pair, 

an orthogroup was created including both paralogs plus several orthologs from other 

plant species, as identified by InParanoid (v4.1) (70). A broad taxonomic sampling was 

used: a single representative ortholog from the orders Cucurbitales, Malvales and 

Solanales, and two representative orthologs from the orders Rosales, Fabales, 

Malpighiales, Brassicales and Poales. A total of 90 and 360 orthogroups based on 

anchor pairs and peak-based duplicates, respectively, were collected for the older WGD. 
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On the other hand, a total of 1,000 orthogroups based on anchor pairs were collected 

for the younger WGD. The node joining any two O. europaea var. sylvestris WGD 

paralogs was then dated using Bayesian Evolutionary Analysis Sampling Trees 

(BEAST version 1.7 package) (71) under an uncorrelated relaxed clock model and a 

LG+G (four-rate categories) evolutionary model. A starting tree with branch lengths 

satisfying all fossil prior constraints was created according to the consensus APG IV 

phylogeny (55). The same fossil calibrations were used as for dating the asterid WGDs 

in Vanneste et al. 2014 (69). A run without data was performed to ensure proper 

placement of the marginal calibration prior (72). The Markov chain Monte Carlo 

(MCMC) for each orthogroup was run for 10 million generations, sampling every 1,000 

generations, resulting in a sample size of 10,000. The resulting trace files of all 

orthogroups were evaluated automatically using LogAnalyser (part of the BEAST 

package (71)) with a burn-in of 1,000 samples to ensure proper convergence (minimum 

ESS for all statistics at least 200). A total of 943 orthogroups were accepted for the most 

recent WGD and the absolute age-distribution of the estimates for the node uniting the 

WGD anchor pairs is shown in Fig. 2a. On the other hand, too few anchor pairs were 

available to evaluate them separately from the peak-based duplicates for the older WGD. 

Thus, absolute age-estimates from the orthogroups based on both anchor pairs and 

peak-based duplicates were grouped into one absolute age distribution (Fig. 2b); in total, 

426 orthogroups were accepted. Kernel-density estimation (KDE) and a bootstrapping 

procedure were used to find peak WGD age-estimates and their 90% confidence-

interval boundaries, respectively. More detailed methods are available in Vanneste et al. 

(2014) (69). 

 To test whether the older WGD is either an independent event specific to the 

Oleaceae lineage or represents a shared event in the common ancestor of oleaster and 
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S. indicum we built and examined gene trees containing paralogous genes duplicated in 

this event. We used OrthoFinder version 0.7.1 (73) to identify orthologous groups with 

proteins from oleaster, S. indicum, S. lycopersicum, S. tuberosum and V. vinifera. 

Multiple sequence alignment for each gene family were built using MUSCLE version 

3.8.31, based on amino acid sequences, trimmed with a heuristic mode (-automated1), 

and backtranslated into a nucleotide sequence alignment with trimAl version 1.4 (74). 

Maximum likelihood (ML) gene trees were then inferred by RAxML version 8.2 (75) 

using the GTR+GAMMA+I model with 100 rapid bootstrap analysis. From these gene 

trees, we selected the ones that contained paralogous gene pairs from duplicated, 

collinear regions (anchor pairs) with KS values in the range of 0.55 to 0.95 

(i.e., duplicates from the older WGD peak in the KS distribution, Fig. S12b). Gene trees 

were further required to include genes from oleaster, S. indicum, V. vinifera and at least 

one gene from S. lycopersicum or S. tuberosum. In total, we obtained 593 such gene 

trees containing 751 anchor pairs. We used V. vinifera genes to root the gene trees if 

they formed a monophyletic group, otherwise, gene trees were rooted by its mid-point. 

Each gene tree was then searched for (sub)topologies with duplication events that were 

supported by oleaster anchor pair(s) and where the sister lineage(s) according to the 

species phylogeny (based on Fig. 2c) were consistent with either one of the two WGD 

scenarios. For example, a duplication before the divergence of oleaster and S. indicum 

but after the split of Solanaceae that is supported by oleaster anchor pair(s) would be 

considered as a topology in support of a WGD shared by oleaster and S. indicum (Figs. 

S13b and S13c). Bootstrap values of the identified duplication event(s) and the 

oleasterïS. indicum speciation event(s) were used to evaluate confidence in a particular 

duplication event. For instance, in the topology 

(((Oeur1,Oeur2)bootstrap1,(Sind1,Sind2)bootstrap2)bootstrap3), bootstrap1 is the 
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bootstrap value supporting the oleaster duplication and bootstrap3 is the bootstrap 

value supporting the oleasterïS. indicum speciation. Such a topology would be 

considered as providing support for an independent WGD in the Oleaceae lineage if 

bootstrap1 and bootstrap3 are greater than or equal to 50%. Similarly, in the topology 

(((Oeur1,Sind1)bootstrap1,(Oeur2,Sind2)bootstrap2)bootstrap3), bootstrap3 is the 

bootstrap value supporting a duplication event shared by oleaster and S. indicum, and 

bootstrap1 and bootstrap2 are the bootstrap values supporting the subsequent 

speciation event. If bootstrap3 and at least one of bootstrap1 and bootstrap2 were 

greater than or equal to 50%, the topology would be considered as providing support 

for a shared WGD between oleaster and S. indicum. 

 The two scenarios for the older WGD were supported by very similar numbers 

of gene trees (Table S15, rows 1 and 2). Therefore, we used two additional approaches 

to check the set of gene trees from each scenario for consistency. First, we evaluated 

the identified (sub)topologies under both scenarios for additional support from 

S. indicum anchor pair(s) (as detected by i-ADHoRe version 3.0 (67, 68)). 

Sub(topologies) in which both S. indicum anchor pair(s) correspond to an independent 

duplication event specific to S. indicum and oleaster anchor pair(s) correspond to an 

independent duplication event specific to the Oleaceae lineage were considered 

consistent (e.g., ML gene tree in Fig. S13a). Sub(topologies) in which oleaster anchor 

pair(s) correspond to a WGD shared by oleaster and S. indicum but S. indicum anchor 

pair(s) correspond to an independent duplication event specific to S. indicum (e.g., ML 

gene tree in Fig. S13b) were considered inconsistent as there is no evidence for two 

WGDs in the S. indicum lineage. Interestingly, most of the S. indicum anchor pair(s) 

indicated duplications specific to S. indicum in trees for both scenarios, and based on 

this 95 of the 185 (sub)topologies supporting a shared WGD were considered 
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inconsistent (Table S15, row 3). Second, we used the Approximately Unbiased (AU) 

test (76) to further assess the confidence of the gene trees. The ML topologies were 

simplified into testable trees that contained only an anchor pair from oleaster, a single 

ortholog each from S. indicum and V. vinifera, and a single ortholog from either 

S. lycopersicum or S. tuberosum. Alternative trees of these simplified topologies were 

generated based on the rival WGD scenario. For a simplified ML topology that supports 

an independent Oleaceae WGD, two alternative trees exist in which the sesame gene 

clusters with either one of the anchor pair genes of oleaster (Fig. S13a). Only one 

alternative tree exists for a simplified ML topology that supports a shared WGD in the 

common ancestor of oleaster and S. indicum (Figs. S13b and c). All sets of simplified 

and alternative trees were then tested using the AU test as implemented in CONSEL 

version 0.20 (77). Site-wise log-likelihoods for the trees were calculated using RAxML 

under the GTR+GAMMA+I model. A ML topology was considered exclusive (i.e., it 

has high confidence) if all the alternative trees were significantly rejected by the AU 

test (i.e., all have P-values < 0.05, see for example Figs. S13a and b). 

 

S.3.5. Syntenic analyses and whole-genome alignment 

A BLASTP search (with an E-value cutoff of 1 Ĭ 10ī5) was performed to identify 

paralogous genes. Syntenic blocks (with at least five genes per block) were identified 

by MCscan (78) with parameters of ñ-a -e 1e-5 -u 1 -s 5ò. For the alignment results 

between these, each aligned block represented the ortholog pair derived from the 

common ancestor. Sequences that contained genes were used to show intergenomic 

relationships with their length information. Fourfold-degenerate values of blocks were 

calculated as revised by HKY85 model. Whole-genome alignment was carried out by 

LASTZ (see URL <http://www.bx.psu.edu/~rsharris/lastz>) between S. indicum and 
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O. europaea var. sylvestris, after repeat regions were masked. SyMAP (79, 80) was 

used to compute the synteny blocks between the wild olive genome and the genomes 

of other species (i.e., S. indicum, V. vinifera, P. trichocarpa and S. tuberosum). 

Sequences of each genome were aligned and the raw anchors are computed using 

MuMmer (81). MuMmer was used with the PROmer operation mode. Raw hits arisen 

from the large number of repetitive sequences were reduced by clustering the resulting 

anchors into gene anchors, further applying the reciprocal-top-2 filtering method. 

Circos v0.68 (82) was used to produce circular visualization of the oleaster genome 

features. Custom Perl scripts were used to convert the assembly outputs into the Circos 

format. A total of 37,789 and 36,677 anchors (orthologous hits) were identified 

comparing the sesame and the grape genomes to oleaster, respectively. These anchors 

spanned 5% and 3% of the oleaster genome. A total of 917 and 543 syntenic blocks 

were detected between oleaster and poplar and potato, respectively (Figs. S14 and S15, 

and Table S16). 

 

S.3.6. LTR -insertion date estimations 

S.3.6.1. Identification of full -length LTR retrotransposons 

Assembled contigs were searched de novo for identification of full-length long-

terminal-repeat retrotransposons. For this purpose, oleaster sequences were analyzed 

using the LTR_FINDER software (83). Alignment boundaries of ends of LTR-pair 

candidates were adjusted using the SmithïWaterman algorithm. Boundaries were 

readjusted based on occurrence of the following criteria: i) being flanked by TG and 

CA dinucleotides at 5ô- and 3ô-end, respectively; ii) presence of target-site duplication 

(TSD) of 4 to 6 nt; iii) putative 15- to 18-nt primer binding-site (PBS), complementary 

to tRNA at the end of putative 5ô-LTR; and iv) 20- to 25-nt polypurine tract (PPT) just 
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upstream of 5ô-end of 3ô-LTR by CAP3 software (84) under relaxed settings (-o 30, -p 

80, -s 500), in order to reduce redundancy. Identified sequences were searched against 

public non-redundant databases at NCBI and Repbase (85) using BLASTN and 

BLASTX with E-value thresholds of <10ï5 and <10ï10, respectively. 

 

S.3.6.2. Estimation of insertion time of full-length LTR retrotransposons 

Since both LTR sequences bordering LTR-retrotransposons are identical at the time of 

insertion, the 5ô- and 3ô-LTRs of each putative retrotransposon can be compared to 

estimate the insertion time of full-length LTR retrotransposons. The synonymous 

substitution-rate was calculated by comparing single-copy genes of S. indicum to 

oleaster ortholog genes. As the estimated separation between O. europaea var. sylvestris 

and S. indicum was dated to 80.8 (70.5ï91.2) mya (Fig. 2c), it was used to estimate the 

synonymous nucleotide-substitution rate applying the ñT = K/2rò formula where r is 

the number of nucleotide substitutions per site, per year; K is the number of 

substitutions per site between two homologous sequences; and T is the time of 

divergence between two sequences. Given the divergence-time estimation between 

oleaster and sesame, T = 80.8 Mya, and K = 0.188; thus, r = 1.32 Ĭ 10ï3. The two LTRs 

of each full-length retrotransposable element (RE) were aligned and indels were 

eliminated. Nucleotide-substitution rates were calculated using MEGA6 software (86). 

Insertion time for each full-length retrotransposon was estimated as proposed by Ma 

and Bennetzen (2004) (87) using twice the mean number of synonymous substitutions 

(per site, per year) as nucleotide-substitution rate between LTRs (Fig. S16). 

 

S.3.7. Ortholog and in-paralog genes between oleaster and sesame 

InParanoid program 4.1 (88) was used to identify common groups of ortholog and in-
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paralog genes involved in oil biosynthesis pathways, between oleaster and sesame. First, 

a list of oleaster oil-biosynthesis genes was created. Thus, lists of gene names related 

to lipid (oil/fat) biosynthesis were obtained from scientific literature and protein 

databases available at NCBI. Such sequences were used as query via BLASTX (89) 

against Reference Sequence (RefSeq) Database (release 77) 

<ftp://ftp.ncbi.nlm.nih.gov/refseq/release> (90). The BLAST pipeline implemented in 

GPRO 1.0 (91) was used in order to obtain comprehensive information about presence 

of encoding genes in oleaster, as well as number of functional loci. An E-value threshold 

of 10ï10 was used to filter false positives. Then, interologs were determined using the 

InParanoid ortholog-predicting algorithm, by means of pairwise similarity scores. They 

were calculated with BLAST between oil-biosynthesis gene dataset of O. europaea var. 

sylvestris and S. indicum proteome (92) datasets. Results were generated in Fast 

Alignment Sequence Tools (FAST)-All (FASTA) format for constructing orthology 

groups. Such predicting algorithm separated orthologs from out-paralogs (homologs 

resulting from a duplication event predating speciation between two species). Ortholog 

groups were built with InParanoid, setting the two seed-orthologs first, by two-way best 

hits between two datasets. Then, sequences that were closer to corresponding seed-

orthologs than to any other sequence in other dataset were added. The program provides 

a confidence value for each in-paralog, showing how closely related it is to its seed 

ortholog. In addition to confidence values for in-paralogs, reliability of each ortholog 

group was estimated. Thus, the bootstrapping technique was used with the following 

parameters: score cut-off as 40 bits, in-paralogs with confidence less than 0.05 not 

shown, sequence overlap cut-off as 0.5, group merging cut-off as 0.5 and BLOSUM62 

matrix. The gene dataset was functionally annotated, using BLAST combined to 

protein-domain approaches (93), allowing to validate results in the absence of any 
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functional information about the S. indicum proteome, as well as to analyze the shared 

and unique genes involved in fatty-acid biosynthesis. 

 Protein sequences from the O. europaea var. sylvestris oil-biosynthesis dataset 

were compared to those in the proteome of S. indicum in a pairwise fashion, using 

reciprocal BLAST to separate in-paralogs from orthologs and out-paralogs. A total of 

2,025 genes, out of 2,328 oleaster oil biosynthesis genes had homologs in the sesame 

genome. A total of 911 ortholog groups were built (after excluding out-paralogs), 

including 1,232 in-paralogs, with multiple possible-orthologs and strict one-to-one 

orthology from O. europaea var. sylvestris, as well as 1,171 in-paralogs from S. 

indicum. The 563 oil-biosynthesis genes conserved in a strict one-to-one orthology 

between oleaster and sesame did not undergo any additional duplication events. The 

rest of in-paralogs (669 and 608, respectively) were the result of duplication events, 

following speciation. Such results support the suggested genomic evolution and 

duplication events in such species (Figs. 2a-d). 

 Olive oil is mainly composed of triacylglycerols (TAG), which contain fatty-

acid residues after esterification with glycerol (94)Φ Monounsaturated oleic acid (C18:1) 

represents ~75% in olive oil, followed by saturated palmitic acid (C16) (~13.5%), 

polyunsaturated linoleic acid (c18:2 ɤ-6) (~5.5%) and Ŭ-linolenic acid (c18:3 ɤ-3) 

(~0.75%) (94). Oil biosynthesis consists of three major steps; fatty-acid biosynthesis, 

acyl editing and triacylglycerol (TAG) synthesis (95). Fatty acids are synthesized 

starting from a photosynthate long-chain, further modified and degraded by enzymes 

encoded by a large number of genes, including fatty acid synthases, elongases, 

desaturases and carboxylases (96). A number of genes involved in lipid metabolism in 

plants have been reported, including oils and fats (liquid or solid at room temperature, 

respectively) (96). Fatty-acid biosynthesis is one of the main steps of the complex 
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lipid/oil metabolism (95), including elongation, degradation, biosynthesis of 

unsaturated fatty acids and linoleic-acid metabolism. 

 Since one of the main steps of the complex TAG-generation in oleaster is fatty-

acid biosynthesis, genes involved in the latter (including unsaturated fatty acids and 

linoleic-acid), elongation and degradation were annotated in both O. europaea var. 

sylvestris and S. indicum genomes. KEGG metabolic-annotation based on oil 

biosynthesis genes of oleaster (2,328) and sesame (1,161) resulted in 1,267 and 273 

matching fatty-acid biosynthesis-related pathways, respectively. Sequence hits of 

dehydrogenases, monooxygenases and oxidases were highly represented in sesame. 

The major differences in gene-count derived from sequences encoding dehydrogenases 

(727 in sesame and 11 in oleaster) for fatty-acid degradation, as well as the ones 

encoding monooxygenases (96 in sesame and four in oleaster) for linoleic-acid 

metabolism. Additionally, InParanoid allowed identifying unique and shared genes 

involved in these pathways. For example, 14 of 26 genes were found to be unique to 

oleaster for biosynthesis of unsaturated fatty acids. On the other hand, O. europaea var. 

sylvestris had more key genes involved in oil biosynthesis than S. indicum, except for 

dehydrogenases and isomerases (Fig. S17). 

 

S.3.8. Phylogenetic analyses based on oil biosynthesis genes 

The evolutionary scenario of the oil biosynthesis system was evaluated with eight 

proteins of oleaster (Oeu000237.1; lipid transfer protein, Oeu042806.1; lipid transfer 

protein, Oeu014317.1; squalene biosynthesis, Oeu016163.1; oleosin biosynthesis, 

Oeu004694.1; Oleate desaturase, Oeu058547.1; Oleate desaturase, Oeu015599.1; 

Oleate desaturase and Oeu013924.1; Oleate desaturase) and their orthologous in 9 other 

plant species (S. indicum, A. thaliana, E. grandis, G. max, O. sativa, P. persica, 
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P. trichocarpa, S. tuberosum and V. vinifera) retrieved from Phytozome (48) v9.1. and 

15 other species (Camelina sativa, Elaeis guineensis, Sorghum bicolor, Phoenix 

dactylifera, Cucumis melo, Ricinus communis, Malus domestica, Theobroma cacao, 

Medicago truncatula, Coffea canephora, Gossypium arboreum, Zea mays, Brassica 

rapa, Brassica napus and Arachis hypogaea) obtained from NCBI GenBank in order 

to cover the commercial vegetable oil producing species as well as non oil-producing 

species (total number of species 25). Genes (proteins) used were from four different 

functional groups: i) oleate desaturase; ii) squalene biosynthesis; iii) oleosin 

biosynthesis; and iv) lipid transfer. Phylogenetic trees were constructed using the 

maximum-likelihood method with PhyML software (66). The best evolutionary model 

for the sequences was determined according to jModelTest (97) and considering 

Akaikeôs information criterion (AIC) (98). The selected model for both analyses was 

length of gaps (LG) with gamma (+G) distribution (99). Support for the nodes derived 

in these reconstructions was evaluated by bootstrapping, using 1,000 replicates (100). 

Eight oil-biosynthesis genes of oleaster and 24 other plant species were used for 

evolutionary analyses. As expected, the maximum-likelihood tree (derived from 

concatenated amino-acid sequences of selected oil-biosynthesis proteins) validated the 

evolutionary similarity between oleaster and sesame (Fig. S18). 

 

S.4. Evaluation of oleaster genome 

S.4.1. Oil biosynthesis genes and metabolic annotations unique to oleaster 

Oil biosynthesis genes of O. europaea var. sylvestris were first clustered into 176 sub-

classes, according to their functional annotations. Sub-groups having more than 10 

members were listed as major clusters, in which cytochrome P450 monooxygenase 

(353) and AAA+ ATPase (199) were represented most. Expression patterns of 
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important genes involved in oil biosynthesis, including fatty-acid synthases, elongases, 

desaturases, acetyl-CoA carboxylase, acyl dehydrogenase and ɓ-ketoacyl-(acyl-carrier-

protein) synthase (KAS) I to KAS III (total of 1,285 genes clustered into 37 groups) 

were comparatively analyzed. Four tissues (stem, leaf, pedicel and fruit) sampled at oil 

biosynthesis start (July) and end (November) seasons were analyzed. RPKM values of 

selected key genes related to oil biosynthesis were extracted from all RNA-seq datasets 

(four tissues in both July and November) (additional data file, see section S.6). A custom 

script was written to calculate log2 of RPKM averaged-value for all loci with the same 

gene functional-annotation or enzyme name. The resulting file was subsequently used 

as input for the heatmap construction by using an R <https://www.r-project.org> script 

available at <http://biotechvana.uv.es/nutritools/public/heatmaps_iterations>, applying 

three quartiles (0.3, 0.6 and 0.9) to differentially color expression patterns, 

reconstructing dendrograms for both rows and columns using the complete-linkage 

method with Euclidean-distance measure (101). 

 Oleaster genome functional annotation files were used to characterize oil 

biosynthesis-related genes, comparing them to eleven other plant genomes (A. thaliana, 

E. grandis, G. max, O. sativa, P. persica, P. trichocarpa, S. tuberosum, V. vinifera, M. 

guttatus, U. gibba and S. indicum), based on KEGG orthology (102) (additional data 

file, see section S.6, Dataset S.5-8). Lists of oil/lipid biosynthesis terms were used as 

searching criteria, in order to retrieve all matching oleaster gene IDs. Then, KEGG 

orthologs searches between oleaster and eleven other plant species were performed. 

That was related to oil biosynthesis genes extracted from KEGG orthology-annotation 

outputs of oleaster genome (additional data file, see section S.6, Dataset S.7). The list 

of genes related to the aforementioned processes was used. KEGG annotations of other 

species were downloaded from Phytozome. For simplicityôs sake, only those with 

http://biotechvana.uv.es/nutritools/public/heatmaps_iterations
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detectable orthologs in the oleaster genome were considered in each species. In other 

words, orthologs annotated via KEGG in the genomes of other species but not detected 

in oleaster were dismissed. 

 Interspecies KEGG data were processed using an ad hoc script to summarize 

information in two ñper rowò ways for ñper KEGG IDò and ñper pathwayò. Functional 

annotations and gene-expansion analyses for genes related to oil biosynthesis revealed 

that oleaster had the highest number of such annotated genes among all compared 

species. Moreover, most of them were expressed in at least one oleaster tissue. 

Comparing shared and unique KEGG annotations among oleaster and six other plant 

species (A. thaliana, S. indicum, U. gibba, M. guttatus, G. max and P. trichocarpa) 

showed 56 unique pathway hits in the former, such as K06130 lysophospholipase II. 

 

S.4.2. Contribution of WGD to the expansion of FabG, EAR, ACPTE and KASII  

gene families 

FabG (Beta-ketoacyl-ACP reductase), EAR (Enoyl ACP reductase), KASII (beta-

ketoacyl-ACP synthase II) and ACPTE (acyl carrier protein (ACP)-

hydrolase/thioesterase) are the major gene families that encode for enzymes playing a 

role in the oil biosynthesis pathway. In addition, they are important players to determine 

the oil composition, which changes from plant to plant. Preliminary studies showed that 

genetic manipulation on some of those members (silencing or over-expression) can 

change the plant oil composition (103, 104). During its evolution the oleaster genome 

has experienced two WGD events. After genome duplication, the vast majority of 

duplicated genes are eliminated due to the accumulation of deleterious mutations (105, 

106), known as non-functionalization or pseudogenization. In opposite, the duplication 

event may extend the copy number of the gene, which either share the same function 
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with its ancestral origin (subfunctionalization) or may gain a novel function 

(neofunctionalization) (106, 107). Either gene loss or retention after WGD can result in 

speciation and differentiation of a plant from its ancestral origin. Here, we revealed the 

impact of WGD to gene expansion of FabG, EAR and KASII families, which have 34, 

52 and 7 members in the oleaster genome, respectively. Comparative phylogenetic 

analysis with different species (A. thaliana and S. indicum) was carried out and the 

contribution of WGD to gene expansion was evaluated between high oil producing 

plants (oleaster and sesame) and the other species (Table S17 and Fig. S29a-c). Acyl-

ACP thioesterases (ACPTE) are divided into two groups, namely FatA and FatB, in 

which FatA is preferentially responsible for the hydrolysis of C18:1-ACP to C18:1 

(oleic acid); and FatB catalyzes C16:0-ACP to C16:0 (palmitic acid) reactions (108). In 

the downstream process of the PUFA pathway, the FatA enzyme was observed as 

critical for the conversion of Oleoyl-ACP (C18:1-ACP) to oleic acid (C18:1), where it 

is represented by only two genes (FatA-1 and FatA-2) in oleaster and one in sesame 

(Fig. S29d). Expression analysis revealed that FatA-1 and FatA-2 genes seem to be 

active in oleaster which concludes that two copies of FatA genes in oleaster and one in 

sesame control Oleoyl-ACP (C18:1-ACP) to oleic acid (C18:1) hydrolysis, thus it 

makes the FatA genes a target for biotechnological purposes. 

 

S.4.3. MADS-box gene analyses 

Minichromosome maintenance 1 (MCM1)-AGAMOUS (AG)-DEFICIENS (DEFA)-

serum response-factor (SRF) (MADS)-box family proteins are transcription factors that 

play major roles in plant development, especially for floral organ and fruit development 

(see below). Identification, gene annotation, expansion and expression analyses were 

performed for MADS-box family proteins, potentially involved in both ripening and oil 
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biosynthesis in the oleaster genome. A total of 109 Arabidopsis MADS-box proteins 

were used as a query for the identification of oleaster MADS box genes. In addition, 

candidate MADS-box members were checked for a transcription factor (TF)-specific 

domain, namely PF00319 SRF-type transcription factor (SRF-TF) (109). Some family 

members involve PF01486 K-box domain. Pfam database <http://pfam.xfam.org> 

v29.0 (110) was used to filter domains with E-value score Ò10ï10. Oleaster MADS-box 

protein orthologs in eight other plant species (A. thaliana, E. grandis, G. max, O. sativa, 

P. persica, P. trichocarpa, S. tuberosum and V. vinifera) were retrieved 

from Phytozome. In addition, high-oil crop sesame MADS-box family protein were 

obtained from the S. indicum genome database (Sinbase) <http://www.ocri-

genomics.org/Sinbase/index.html> (111, 112). 

 An ad hoc Python script was used to characterize sequences according to their 

length and sequence identities avoiding redundant matches and annotations. MAFFT 

(113) multiple-alignment tool was used to categorize sequences, by means of another 

ad hoc script. Evolutionary phylogeny analyses were conducted from 120 identified 

oleaster MADS-box sequences, using neighbor joining (NJ) method (114) in MEGA6 

(86) and FigTree (version 1.4.2) <http://tree.bio.ed.ac.uk/software/Figtree>. 

Evolutionary distances were computed using the number-of-differences method (115) 

being the number of amino-acid differences per sequence. Parameters were set as: 

substitution, Poissonôs model; data subset to use, complete deletion; and replication, for 

bootstrap analysis with 1,000 replicates. A heatmap analysis was conducted in order to 

differentiate expression patterns of MADS-box genes in eight tissues. RPKM value was 

mined from eight RNA-seq libraries and converted to log2. RStudio (v. 0.99.903) 

program with an R-script was used to draw the heatmap. 

 

http://pfam.xfam.org/
http://www.ocri-genomics.org/Sinbase/index.html
http://www.ocri-genomics.org/Sinbase/index.html
http://tree.bio.ed.ac.uk/software/Figtree/
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 In total, 120 MADS-box genes/proteins were identified in the oleaster genome. 

These proteins segregated into two major groups as Type I and Type II. The first group 

included MŬ, Mɓ and Mɔ clades, involving 22, 34 and 15 MADS-box proteins, 

respectively; The second group involved 49 proteins, corresponding to 41 ñMADS-

intervening keratin-like and C-terminalò (MIKC)-type sequences and eight Mŭ sub-

group sequences (Table S19 and Fig. S30). All oleaster MADS-box proteins included 

at least one SRF-TF (PF00319) domain. In addition, K-box domain (PF01486) was 

found in 11 MADS sequences, belonging to MIKC group (Fig. S30a). Cluster analyses 

showed that at least 37 oleaster MADS-box proteins shared consensus sequences with 

selected species. Notably, 11 clusters belonged to high-oil producing plants (oleaster 

and sesame). Black branches and clusters in dendrogram were specific of oleaster. 

Cluster sequences are shown in color gradation from dark red (nine species) to deep 

pink (two species) (Fig. S30b). On the other hand, most of oleaster MADS-boxes 

among selected species were species-specific or had unique function. These results can 

help to understand functions of MADS members in oleaster, especially in fruit 

development/ripening and oil biosynthesis mechanisms. 

 In recent years, many MADS-box genes were functionally verified as being 

involved in fruit ripening of several plants like tomato (116, 117), strawberry (118), 

apple (119), banana (120) etc. In general, over-expression of ripening-associated 

MADS-box family members cause delayed fruit ripening, except Solanum 

lycopersicum MADS-box 1 (SlMADS1) (120, 121). Genome analyses and 

identification of MADS-box genes in oleaster exhibited valuable data, revealing critical 

information in relation to oil biosynthesis and fruit-ripening bioprocesses. Thus, some 

MADS-box transcripts were highly expressed in July to November fruits (Fig. S30a). 

For instance, November-fruit Oeu012464.1 transcribed six times more (log2) than July 
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one. Also, Oeu002302.1 and Oeu046544.1 were abundantly expressed (at least three 

times, log2) in November fruit. Interestingly, oil production takes place during the fruit-

maturation stage, especially in the ripening period, which is November for oil-bearing 

plants like oleaster. Highlighted MADS-box TFs can be potential genes/proteins 

involved in oleaster oil biosynthesis and fruit ripening progression. Also, protein 

annotation and cluster analyses revealed that Oeu012464.1 was grouped in Cluster 2 

with five other species and Oeu002302.1 was in Cluster 12 with three other species. 

Oeu046544.1 has only one ortholog member (SIN_1025213 or SiMADS52), which 

belongs to high oil producing crop sesame (Fig. S30b). Thus, these three MADS-box 

genes are potential regulators of oil production and fruit-ripening process in oleaster 

(further experiments are required to evaluate such a hypothesis). 

 

S.4.4. Ripening genes of oleaster 

S.4.4.1. Genes involved in ripening 

Lists of gene names related to ripening were retrieved from scientific literature and 

gene/protein databases available at NCBI. Oleaster genes involved in ripening were 

listed (additional data file, see section S.6, Dataset S.9). A total number of 10,976 genes 

were found to be involved in such a process. Some of them were highly represented, 

including gene families such as protein serine/threonine kinases, zinc finger 

transcription factors (CCHC-type), oxidoreductases and hydrolases. 

 

S.4.4.2. Ripening genes and metabolic annotations unique to oleaster 

Fruit ripening is a complex phenomenon, summing various metabolic, structural and 

physiological processes, including hormonal regulation, metabolite synthesis, 

accumulation of volatiles, sugar and other carbohydrate metabolism, and nutrient 



40 
 

content changes (122). Different developmental stages of oleaster ripening may 

modulate the content and yield of oil, antioxidants like phenolics, and fruit (table olive) 

organoleptic properties. KEGG ortholog search, metabolic annotation, histogram, 

heatmap and Venn diagram analyses were performed as indicated in section S.4.1.  

 Ripening-related gene annotations were performed, resulting in 10,976 gene 

annotations in oleaster (additional data file, see section S.6, Dataset S.9). Transcription 

factors such as MADS-box, zinc finger and basic leucine-zipper (bZIP) were identified 

as involved gene families. This supports the importance of transcriptional regulation. 

To further analyze ripening-related pathway summarization, KEGG ortholog 

search (102) and metabolic annotation for ripening-related genes were performed in 10 

plant species including oleaster. The latter showed the highest gene numbers for 

corresponding metabolic annotations, such as folding, sorting and degradation (1,763), 

carbohydrate metabolism (917) and signal transduction (717) (Fig. S19). Interestingly, 

genome-wide comparisons of metabolic annotations corresponding to ripening-related 

genes with five other plant species (A. thaliana, S. indicum, E. grandis, O. sativa and P. 

trichocarpa) revealed that 283 of 1,283 KEGG annotations were unique to oleaster (Fig. 

S19). Additionally, comparison in expression pattern of selected ripening-genes showed 

some genes with similar expression patterns, like zeaxanthin epoxidase and E3 protein 

ligase RFWD2 (Fig. S20a). Interestingly, fruit samples exhibited similar expression 

patterns as pedicel tissues at different development and maturation stages (Fig. S20b). 

It is well defined that MADS-box family proteins are involved in transcriptional 

regulation of ripening processes (122). Indeed, a tight link was found between oil 

biosynthesis and ripening when MADS-box family proteins were taken into 

consideration for such processes. This involves common genes and metabolic pathways, 

such as lipid metabolism and secondary-metabolite biosynthesis. 
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S.4.5. Carbohydrate and lipid-metabolism genes 

Carbohydrates represent important forms of stored energy. As such, they are 

metabolized for a number of biological processes, including oil biosynthesis in plants. 

Long-chain polysaccharides are formed from glucose by a number of metabolic 

processes, including breakdown and interconversion. Ortholog comparison for 

carbohydrate and lipid metabolism level with eight other plant species (A. thaliana, 

E. grandis, G. max, O. sativa, P. persica, P. trichocarpa, S. tuberosum and V. vinifera) 

were performed using KEGG orthology-annotation outputs of the oleaster genome. 

Analyses were carried out as described in section S.4.1 showing KEGG ID and pathway. 

 A total of 2,996 genes involved in carbohydrate metabolism encoded by oleaster 

genome were metabolically annotated. Compared to other plant species, such genome 

had the highest number of genes related with pathways of carbohydrate metabolism, 

such as inositol phosphate (138) and galactose (93) (Fig. S21a). On the other hand, 

interestingly, 34 of 207 KEGG annotations related with carbohydrate metabolism were 

unique for oleaster, in comparison with four other plant species (A. thaliana, E. grandis, 

O. sativa and P. trichocarpa) (Fig. S21b). A number of lipid types are also produced, 

modified and stored by plants for many purposes, such as deposition and storage of 

energy sources, signaling molecules and hormonal homeostasis, and construction of 

cellular structures. Oleaster also synthesizes several lipids other than fatty-acids, such 

as arachidonic acid and sphingolipids. Indeed, pathway annotations based on KEGG 

orthology identified 1,266 genes for lipid metabolism in such species. Being an oil-crop, 

oleaster had higher numbers of annotated genes for lipid metabolism, compared to other 

plant species like G. max (822) (Fig. S22a). Interestingly, out of 147 KEGG annotations 

related with lipid metabolism, 45 unique oleaster pathways were found (Fig. S22b). 
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S.4.6. Secondary metabolite biosynthesis gene analyses 

Biosynthesis of active compounds in olive fruit and leaves includes antioxidant 

phenolics (oleuropein, hydroxytyrosol, alpha-tocopherol or vitamin E, carotenes, etc). 

They have key relevance in medicine and cosmetics, being main micronutrients of the 

healthy Mediterranean diet (123). Oleuropein, a secoiridoid-type metabolite with 

pharmacological effects (including anticancer, antiinflammatory and hypoglycemic 

activities), is an Oleaceae-specific compound, found in the fruit mesocarp and leaves 

as a phenylethanoid-pathway product (124). Therefore, the oleaster genome was mined 

for brassinosteroid- (BR) signaling, shikimate and carotenoid pathways, as major 

secondary metabolite biosynthesis processes, as well as phenylethanoids (PE) 

biosynthesis metabolism producing oleuropein (Fig. S23a-d). Interestingly, oleaster had 

the highest observed number of coumarate 3-hydroxylase C3H (n = 89), involved in PE 

pathway (total n = 259 genes), compared to other sequenced plants. 

 Different secondary metabolite pathway genes, including terpene synthesis 

(TPS), brassinosteroid (BR) signaling, shikimate, carotenoid, phenylethanoids (PE) and 

N-methyltransferases (NMT), were identified in oleaster genome. Genomic datasets 

from 10 plant species (A. thaliana, E. grandis, G. max, O. sativa, P. trichocarpa, P. 

persica, S. indicum, S. tuberosum, T. cacao and V. vinifera) were used for secondary-

metabolite pathway-related protein mining. Two different approaches were applied to 

identify gene families of selected pathway proteins in 10 different plant genomes. 

Firstly, BLASTP searches were performed against the Phytozome database using 

default parameters. Secondly, Hidden Markov Model (HMM) profiles of related 

domains were selected from the Pfam database. Obtained query sequences were then 

searched against the oleaster proteome using BLASTP. Hits with E-value score above 
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1 ³ 10ï10 were retained as candidate genes responsible for secondary-metabolite 

biosynthesis. The presence of Pfam-identifier numbers was checked again, according 

to conserved protein-domains. Comprehensive phylogenetic analyses were performed 

to reveal relationships between secondary-metabolite gene families of oleaster and 

other plant species. All amino-acid sequences were imported into MEGA7 (125). 

Multiple-sequence alignments were conducted using MUSCLE. Maximum-likelihood 

trees were built with Jones-Taylor-Thornton (JTT) model (126) and 1,000 bootstrap 

replicates. Then, dendrogram was displayed using interactive Tree of Life (iTOL) 

version 3 <http://itol.embl.de> (127). 

 RNA-seq libraries from different oleaster tissues and time points were used for 

determination of gene-expression levels of all secondary metabolites gene families. 

Firstly, RPKM values of oleaster genes were calculated from these libraries and 

converted to log2. Then, two-way hierarchical clustering heatmaps were generated. 

Finally, all data were transferred into PermutMatrix software <http://www.atgc-

montpellier.fr/permutmatrix> (128) visualized and further analyzed with heatmaps. 

Secondary-metabolite-synthesis gene and transcript analyses were performed. TPS, 

NMT, BR and PE pathway-related genes, carotenoid-biosynthesis and shikimate-

pathway genes were annotated. A total of 51 and 15 genes were identified for TPS and 

NMT, respectively. Brassinosteroids play a crucial role regulating physiological and 

developmental processes during the whole life of plants. They are plant steroid-

hormones which interact with other signaling networks to regulate diverse 

physiological-processes and stress responses (129). A high number of brassinosteroid 

genes, including brassinosteroid hydroxylase/oxidases [cytochrome P450 (CYP); 316 

genes], brassinosteroid 23-O-glycosidase (UGT73C5; 154 genes) and steroid 5-alpha-

reductase (DET2; four genes) were annotated in the oleaster genome. In addition, a total 

http://itol.embl.de/
http://www.atgc-montpellier.fr/permutmatrix/
http://www.atgc-montpellier.fr/permutmatrix/
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of 316 oleaster CYP genes were also phylogenetically clustered into 16 different groups. 

Their expression levels also showed different expression patterns, based on different 

tissue and sampling time (Fig. S23a). 

 Shikimate or shikimic-acid pathway is responsible for biosynthesis of aromatic 

amino acids (AAA; phenylalanine, tyrosine and tryptophan) in bacteria, fungi, algae 

and plants. It also provides different precursors for production of natural products, such 

as pigments, alkaloids, hormones and cell-wall components (130). Such AAA are 

essential components of animal diets, including humans. A total of 69 shikimate-

pathway genes were discovered in oleaster genome. Prephenate aminotransferase (PAT; 

23 genes) and arogenate dehydratase (ADT; 26 genes) had the highest copy numbers in 

the oleaster genome. In contrast to them, chorismate mutase (CM) and 3-

dehydroquinate synthase (DHS) genes were single copy. Transcriptome analyses 

showed that CM and DHS had tissue-specific expression patterns. For example, DHS 

gene-expression level increased in fruit and leaf samples of July and November time 

points, whereas expression of the CM gene rose in petiole and stem samples of both 

time points (Fig. S23b). 

 Carotenoids are a group of isoprenoid molecules, generally regarded as 

pigments, which participate in light harvesting and photoprotection against excess light 

in plants. They are also responsible for biosynthesis of precursors for the production of 

apocarotenoid hormones (abscisic acid and strigolactones) (131). Among 2,243 

carotenoid-pathway genes from 10 plant species, a total of 193 oleaster specific genes, 

which catalyze carotenoid metabolism, were identified in the oleaster genome. Through 

this pathway, zeta-carotene desaturase (ZDS; 10 genes), lycopene epsilon-cyclase 

(LUT2; three genes), lycopene beta-cyclase (LYC; two genes), carotene epsilon-

monooxygenase (LUT1; 61 genes) and beta-hydroxylase (BH; 23 genes) catalyze 
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reactions, which result in the production of lycopene, Ŭ- and ɓ-carotene, lutein and 

zeaxanthin, respectively. Their gene expression exhibited various patterns in different 

tissues and sampling times (Fig. S23c). 

 PE is a complex pathway composed of a combination of different pathways. It 

starts with shikimate acid, continues with the production of tyrosine and phenylalanine, 

and finally ends with accumulation of cyclohexylethanol derivatives and 

phenylethanoid glycosides. They are then converted into salidroside and oleuropein 

through complex and unidentified steps. In total, 259 genes active in the phenylethanoid 

pathway were identified in the oleaster genome. Among them, the largest gene families 

were uridine-diphosphate glucose (UDP)-glycosyltransferases (UGT; 37 genes) and 

coumarate 3-hydroxylase (89 genes) (Fig. S23d). Gene expression measurements of all 

secondary-metabolite pathways are shown in Fig. S23a-d. 

 

S.4.7. Alternate bearing related genes analyses 

Alternate bearing (AB; periodicity) is a curious phenomenon by which some trees 

produce abundant flowers and fruits one year, yet low or none in the next harvesting 

season, known as on/off years, respectively. It is a hormonal process triggered by the 

amount of carbohydrate reserves, as we have described in the wild olive tree (132, 37, 

133, 134, 132). Genes involved in the AB mechanism were identified from oleaster and 

eleven other plant species, by following the procedure indicated in section S.4.5. A total 

of 275 genes related to the AB process were annotated and analyzed in oleaster (Table 

S18). 

 

S.4.8. Identification  of transcription factors in the oleaster genome 

In order to determine oleaster transcription-factors, we started by retrieving TF protein-
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sequences from the proteomes of A. thaliana, S. indicum, S. tuberosum and V. vinifera. 

Plant Transcription-Factor database (PlntTFDB) v3.0 <http://planttfdb.cbi.pku.edu.cn> 

(135) and Phytozome were used to obtain query sequences for each species. They were 

aligned to the oleaster protein sequences with BLASTP. Only hits with an E-value score 

<10ï10 were selected as TF candidates. Characteristic conserved-domains for each TF 

family were searched according their Pfam identifier numbers, which were determined 

according to transcription-associated proteins (TAP) rules. E-value score <10ï10 was set 

as the selection criteria for complete domains. The presence of complete TF-specific 

domains and characteristic residues was also checked by using the Clustal Omega 

multiple-sequence alignment program for proteins 

<http://www.ebi.ac.uk/Tools/msa/clustalo>. Oleaster TFs were compared to ten 

sequenced plant species, which comprised model dicots (A. thaliana and V. vinifera), 

model monocot (O. sativa) and oil-bearing plants (S. indicum, G. max and T. cacao). In 

total, 44 TF families were scanned and listed in Table S19. 

 In general, a large number of oleaster TFs were found to be expanded in 

comparison to the model oil-bearing plants S. indicum and T. cacao. Interestingly, they 

were relatively low in other species like soybean, rice and poplar. The number of TF 

family-members was quite constant between databases used and other publications. 

However, some genomes exhibited variable number of TF members, in which case the 

latest updated studies were used. TFs are known to be regulating gene expression in 

eukaryotes. They are involved in different pathways, including lipid biosynthesis. For 

instance, basic helix-loop-helix (bHLH) TF in sesame (136); basic leucine zipper (bZIP) 

(137) and DNA-binding with one zinc finger (DOF) TF in soybean (138) play key roles 

in regulation of lipid biosynthesis. Thus, overexpression of microalgae bHLH TF 

increases lipid production by enhancing growth and nutrient uptake (139). Also, 

http://planttfdb.cbi.pku.edu.cn/
http://www.ebi.ac.uk/Tools/msa/clustalo/
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overproduction of a DOF-type TF increased lipid content of Chlamydomonas 

reinhardtii and Chlorella ellipsoidea (140, 141). In this context, oleaster TF genes can 

be candidate targets for engineering valuable metabolites and lipids. 

 

S.4.9. Genome-wide protein-family analyses 

Oleaster proteins together with proteins of eight other plant species (A. thaliana, 

E. grandis, G. max, O. sativa, P. persica, P. trichocarpa, S. tuberosum and V. vinifera) 

were retrieved from Phytozome. In short, all sequences were merged into a single file 

and processed for cluster analyses using Prototype-Simulate-Interact Cluster Database 

at High Identity with Tolerance PSI-CD-HIT (142) with a similarity threshold of 30%. 

Clustering results were integrated into a single CSV file, together with ID and definition 

information from InterPro (143) system of classification using GPRO. They were 

summarized in two different per-row ways: per Cluster ID and per InterPro definition. 

Zinc finger, the really interesting new gene (RING)-type (344), myeloblastosis (Myb) 

domain, DNA-binding (333) and APETALA2/ethylene-responsive element (ERE) 

binding factor (AP2/ERF) domain (283) were the most represented protein families in 

the oleaster genome. Comparing to eight other plant genomes, ñnucleotide-binding 

adapter shared by apoptotic protease-activating factor 1 (APAF-1), disease resistance 

(R) gene products and cell-death activator (CED-4)ò (NB-ARC) domain (IPR002182)-

encoding genes were highly represented (290) in the oleaster genome. Moreover, 

terpene-synthase domain (IPR005630 and IPR001906)-encoding genes involved in 

secondary metabolite biosynthesis (40 genes), peptidase C48 [small ubiquitin-like 

modifier (SUMO)/sentrin/ubiquitin-like protein 1 (UBL1)] (IPR003653) involved in 

ripening (151 genes) and conserved-sequence motif ñaspartic acid-histidine-histidine-

cysteineò (DHHC)-type palmitoyltransferase zinc-finger-domain-encoding genes (153) 
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involved in oil biosynthesis pathways were also found in higher number in the oleaster 

genome compared to other plant species (Fig. S24). 

 

S.4.10. Disease resistance gene analyses 

Main disease-resistance family members of ñnucleotide binding-site leucine-rich 

repeatò (NBS-LRR) oleaster genes were also annotated with their expression and 

expansion analyses, by following the method explained in section S.4.5. Pfam disease-

resistance protein-domains of nucleotide-binding site (NBS; PF00931), N-terminal 

toll/interleukin-1 receptor (TIR; PF01582) and leucine-rich repeat (LRR; PF00560, 

PF07723, PF07725, PF12799, PF13306, PF13516, PF13855 and PF14580) were used. 

HMM-Pfam search was carried out by using a hidden Markov-model-based sequence 

(mer) alignment tool HMMER v3 <http://hmmer.org> (144). Candidate oleaster NBS-

LRR proteins were sorted into six groups: TIR-NBS and TIR-NBS-LRR (TIR type); 

NBS, coiled-coil (CC)-NBS, NBS-LRR and CC-NBS-LRR (non-TIR type). N-terminal 

CC motifs cannot be identified by using Pfam analyses. A hidden Markov-model-based 

program to identify putative coiled-coil domains in protein sequences (MARCOIL) 

(145) with threshold score of 90 was used. Additionally, results were validated with 

Paircoil2 (146) program, with a P-score cut-off of 0.03 (147). Such application predicts 

parallel coiled-coil-fold in peptide sequences using pairwise-residue probabilities. 

 A total of 290 NBS-LRR R-genes were identified in oleaster genome. NBS-

LRR proteins generally separated into two distinct groups; namely, TIR and non-TIR 

types. Most woody and herbaceous plants contain both of them. Interestingly, the 

oleaster genome does not encode any TIR-type member, as also found in the other oil-

crop genome (S. indicum) (92). Although genome-wide scale (PCR-based) studies have 

reported the absence of R-genes in sugar beet (148) and some monocots (149), the lack 
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of TIR-type R-genes in other plant species has not been previously published, as far as 

we know. It would be interesting to further ascertain the absence or reduction of such 

genes in genome-wide analyses of other oil crops (Table S20 and Fig. S25). 

 

S.4.11. sRNA mapping on FAD2 genes 

To map small RNA sequences we used the sRNA libraries generated by our group (37) 

including from ripe fruit collected from the November season tissue. Before mapping 

we took the 10 kb regions of corresponding FAD2 genes as follows FAD2-1 gene, 

Oeu013924.1, location; chr4 starting from 15,922,000, FAD2-2 gene, Oeu058547.1, 

location; chr22 starting from 3,265,002, FAD2-3 gene, Oeu033739.1, location; chr17 

starting from 707,001, FAD2-4 gene, Oeu007766.1, location chr9 starting from 

12,560,000 and FAD2-5 gene, Oeu061755.1, location chr3 starting from 23,360,987 

(Fig. S26). Here, we showed that the up and down-stream regions of FAD2-1, FAD2-2, 

FAD2-4 and FAD2-5 genes are rich in TEs but the TE density is relatively low in the 10 

kbp region of the FAD2-3 gene. Then, the sRNA reads were mapped to those 10 kb 

regions via CLC Genomics Workbench (v7) with default parameters. The sRNAs 

mostly mapped on the 5ô-UTR regions of the FAD2 genes. The possible siRNA binding 

sites were marked on the UTR regions (Fig. S27a-e). On the other hand, nearly no 

sRNA mapping peaks were detected on the 5ô-UTR region of the FAD2-3 gene (Fig. 

S27c). Then, we searched the siRNA consensus sequence using the siRNA peaks on the 

FAD2 5ô-UTR regions. We concluded that a siRNA consensus sequence (5ô-CTT NAA 

TCA ANN ACA ACC CNA) binds to the FAD2-1, FAD2-2, FAD2-4 and FAD2-5 

transcripts but cannot bind to FAD2-3 due to the presence of 12 additional nucleotides 

at the binding site (Fig. S27f). 
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S.5. Genome browser development 

The ñOlive Genome Browserò was built <http://h3abionet.fso.ump.ma/cgi-

bin/gb2/gbrowse/olea_europea> using the MySQL 5.1.73 relational database 

<http://www.mysql.com> and the Perl scripting language on CentOS 

<https://www.centos.org>. The Apache web server <https://www.apache.org> was used 

to handle requests from userôs web browsers. It validates users and sends requests to a 

combination of database and interactive web pages for manipulating and displaying 

annotations on genomes (GBrowse) <http://gmod.org/wiki/GBrowse>. Perl modules in 

the latter analyze and validate queries, sending them to the MySQL database, which 

responds to them. Requested data are then transferred to the Apache web server and 

translated into graphical representations, where users can visually explore results via 

the intuitive interface of web browsers. The required user id is: ñbadadò and password 

is: ñ&Rabat%2b!ò to reach the database. 

 

S.6. Dataset information  

The genome assembly was uploaded to NCBI WGS (accession number: 

MSRW00000000).. The RNA-seq transcriptome datasets were uploaded into NCBI 

Sequence Read Archive with submission number SUB2036285 (SRR4473639, 

SRR4473641, SRR44742, SRR4473643, SRR4473644, SRR4473645, SRR4473646 

and SRR4473647). 

 Additionally, the full dataset and all additional data files and tables can be 

downloaded from <http://olivegenome.org/downloads>. The required password is: 

ñibgò to reach the datasets. The Phytozome link can also be used to reach the datasets 

<http://portal.nersc.gov/dna/plant/annotation/wild_olive/>. As well as from ORCAE < 

http://bioinformatics.psb.ugent.be/orcae/> 

http://h3abionet.fso.ump.ma/cgi-bin/gb2/gbrowse/olea_europea/
http://h3abionet.fso.ump.ma/cgi-bin/gb2/gbrowse/olea_europea/
http://olivegenome.org/downloads/
http://portal.nersc.gov/dna/plant/annotation/wild_olive/
http://bioinformatics.psb.ugent.be/orcae/
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Downloadable Files 

GeneOnthology_Olive.xlsx; Gene ontology results of oleaster genome, including, 

annotation descriptions, GO terms, KEGG pathways and map IDs (Dataset S.5). 

IPRscan_Olive.xlsx; InterProScan outputs of oleaster genome annotations (Dataset S.6). 

KEGG_Orthology_Olive; KEGG orthology annotation outputs of oleaster genome 

(Dataset S.7). 

GeneOnthology_Sindicum.xlsx; Gene onthology results of S. indicum genome (Dataset 

S.8). 

Oil_Biosynthesis_Genes_Olive.txt; Genes involved in oil biosynthesis of oleaster 

(Dataset S.2). 

Oil_Biosynthesis_Genes_Sindicum.txt; Genes involved in oil biosynthesis of S. 

indicum (Dataset S.3). 

Ripening_genes_olive.txt; Genes involved in ripening process of oleaster (Dataset S.9). 
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Figures 

 

 

 

Figure S1. Oleaster genome size estimation. Histogram of relative nuclear-DNA 

content using CyStain PI Absolute P. Chickpea (Cicer arietinum) was used as internal 

standard. The G1 peak of chickpea was detected on channel 132 (740 Mbp for 2C); 

hence, the 2C DNA amount of oleaster is 2.91 Gb. X-axis represents the relative content 

and Y-axis corresponds to the number of events in the graph. 
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Figure S2. Genome size estimation (17-mer). A) The 17-mer frequency distribution 

derived from the sequencing reads was plotted. A total of 68.92 Gbp were used for k-

mer analysis. Abscissa corresponds to depth (X) and ordinate is the percentage, which 

represents the frequency at that depth divided by the total frequency of all depths, 

multiplied by 100. The 17-mer distribution should obey the Poisson theoretical 

distribution, without considering sequence error, heterozygosis and repeat rates of the 

genome. In practice, the low depth of k-mer frequency should take up a large proportion 

in the actual data, due to sequence error. Likewise, heterozygosis may generate a 

subpeak associated to the main peak. Additionally, repeats can cause repeat peaks at 

multiple integers of the main peak. B) The heterozygous rate was estimated by 

simulating the k-mer distribution of the heterozygous sequence.  
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Figure S3. GC-content distribution of O. europaea var. sylvestris and S. indicum 

genomes. Abscissa represents GC content and ordinate corresponds to the proportion 

of the bins number divided by the total windows, multiplied by 100. Graph was 

obtained using a 500 bp sliding window (with 250 bp overlaps) along the genome. 
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Figure S4. GC content and sequencing-depth analyses. Abscissa represents GC 

content and ordinate shows average depth. Plot was obtained with 50 kbp non-

overlapping sliding windows, calculating GC content and average depth among 

windows. 
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Figure S5. Sequence-depth distributions. Abscissa shows depth and ordinate 

corresponds to proportion of base number divided by total bases, multiplied by 100. 

Filtered reads were aligned onto the assembly genome sequence using SOAP. Then the 

percentage of bases with different depth in the genome was calculated. 
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Figure S6. Linkage groups of the oleaster genome. Physical map (middle bar) was 

anchored to genetic maps. Left and right bars correspond to molecular-marker positions 

in genetic maps, generated by Genotyping-by-Sequencing (GBS). 

  



58 
 

 

 

 

Figure S7. Differential expression levels of genes in RNA-seq libraries. Expression 

levels of genes were compared between libraries, based on RPKM values. Each library 

had at least 81% of genome map with 41,559 genes (see Table S9). J: July, N: November, 

F: Fruit, L: Leaf, P: Pedicel and S: Stem. 
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Figure S8. Nucleotide composition of oleaster. Drawing shows conserved miRNA of 

18 to 26 bases. Nucleotide distributions of 18 to 26 b reads were similar in the six 

libraries. J: July, N: November, F: Fruit, L: Leaf. 
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Figure S9. Heatmap of conserved miRNA expression in six oleaster samples. A total 

of 334 (67.8%) conserved miRNA families were differentially expressed in the six 

oleaster libraries (p-value Ů0.01). J: July, N: November, F: Fruit, L: Leaf. 
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Figure S10. miRNA-family distribution in eudicotyledons and monocotyledons. A 

total of 10 species were analyzed (O. europaea var. sylvestris, B. distachyon, O. sativa, 

S. bicolor, Z. mays, A. thaliana, G. max, S. tuberosum, V. vinifera and T. aestivum). Red: 

present; white: absent. 

  



62 
 

 

 

Figure S11. Comparison of gene families. Venn diagram showing gene family 

numbers among genomes of S. indicum, U. gibba, M. guttatus, F. excelsior and 

O. europaea var. sylvestris. (singleton genes not included). 
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Figure S12. Oleaster KS-based age distributions. A) Distribution of synonymous 

substitutions per synonymous site (KS) for the whole oleaster paranome. B) Likewise 

but for duplicated anchors found in collinear regions only, as identified by i-ADHoRe. 

Two WGD events were identified in both distributions, with peaks centered around KS 

of 0.25 and 0.75, respectively. Dashed lines indicate KS boundaries used to extract 

duplicate pairs for absolute phylogenomic dating of such WGD events.  
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Figure S13. Examples of gene trees supporting two hypothetical scenarios for the 

older oleaster WGD. A) Gene tree supporting an independent WGD in the Oleaceae 

lineage. B and C) Gene trees supporting a WGD shared between oleaster and S. indicum. 

Genes in blue are duplicate genes from oleaster retained in collinear regions (anchor 

pairs) with KS values ranging from 0.55 to 0.95. Genes in red are duplicate genes from 

S. indicum retained in collinear regions. The numbers on nodes in the gene trees are 

bootstrap values. Simplified ML topologies and their constructed alternative tree(s) 

supporting the rival WGD scenario are shown next to the original gene tree. P-values 

are from the Approximately Unbiased (AU) tests. In A) and B), the simplified ML 

topology is exclusively supported (the alternative tree(s) are rejected with significance, 

P-values < 0.05), but in C) neither the simplified ML topology nor the alternative tree 

are significantly rejected by the AU tests (P-values < 0.05). 
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Figure S14. Microsynteny between oleaster chromosomes. A) Color representation 

showing homologous genomic-blocks. B) Inter- and intra-chromosomal syntenic 

relationships. C) Dot-plot representation of syntenic blocks among oleaster 

chromosomes. 
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Figure S15. Synteny analyses among oleaster, sesame and grapevine. Large 

numbers of syntenic block were identified when comparing either the oleaster genome 

to the grapevine or sesame genome. 
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Figure S16. Oleaster full-length LTR-retrotransposon time of insertion predictions. 

Substitution rates between LTR were calculated as twice the mean number of 

synonymous substitutions per site, per year. 
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Figure S17. Key genes involved in oil biosynthesis pathway. Bar chart of genes 

involved in oil biosynthesis in sesame and oleaster. 
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Figure S18. Phylogeny based on oil biosynthesis genes. Eight oil biosynthesis genes 

of selected 26 plant species were aligned to show evolutionary similarities. 
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Figure S19. KEGG annotation of ripening genes. Bar chart of genes involved in 

ripening biosynthesis in 10 plant species: A. thaliana, O. sativa, P. trichocarpa, S. 

indicum, E. grandis, V. vinifera, S. tuberosum, P. persica, G. max and O. europaea var. 

sylvestris. 
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Figure S20. Expression analyses of ripening genes. A) Genes involved in ripening 

are shown in heatmap (log2 RPKM counts using eight RNA-seq libraries). B) Principal-

component analysis (PCA) of gene expression, showing percentage of variations 

explained by two principal components.  
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Figure S21. Carbohydrate metabolism genes of five species. A) Genes involved in 

carbohydrate metabolism are shown in heatmap indicating the numbers of genes 

present in each species. B) Venn diagram for genes involved in ripening with shared 

and unique KEGG-annotation numbers. 
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Figure S22. Lipid metabolism genes of five species. A) Genes involved in lipid 

metabolism are shown in heatmap indicating the numbers of genes present in each 

species B) Venn diagram for such genes, with shared and unique KEGG-annotation 

numbers. 
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Figure S23. Secondary metabolite biosynthesis pathways in oleaster. Genes involved in A) Brassinosteroid and B) Shikimate pathways. C) 

Carotenoid pathways are represented with arrows, and their expression quantifications are exhibited by heatmaps. D) Oleuropein biosynthesis 

pathway. Phenylethanoid (PE) pathway for oleuropein biosynthesis is depicted and the genes involved with their expression patterns are represented. 

The pathway starts with shikimate acid and continues with the production of two main amino acids, tyrosine and phenylalanine. Through enzymatic 

reactions from these amino acids, oleuropein is produced. Gene name abbreviations are as follows: AA: Aspartate aminotransferase, CM: 

Chorismate mutase, COMT: Caffeic acid O-methyltransferase, C4H: Cinnamate-4-hydroxylase, CCR: Cinnamoyl-CoA reductase, CAD: cinnamyl 

alcohol dehydrogenase, 4CL: Coenzyme A ligase, C3H: coumarate 3-hydroxylase, MAO: Monoamine oxidase, PAL: Phenylalanine ammonia 

lyase, TAL: Tyrosine ammonia lyase, PD: Prephenate dehydratase, TyrDC: Tyrosine decarboxylase, UGT: UDP glycosyltransferase, J: July, N: 

November, L: Leaf, S: Stem, P: Pedicel, F: Fruit. 
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