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Running title: Genetic resource development in Symphonia  

 

ABSTRACT  

Population genetic studies in tropical plants are often challenging because of limited 

information on taxonomy, phylogenetic relationships and distribution ranges, scarce genomic 

information and logistic challenges in sampling. We describe a strategy to develop robust and 

widely applicable genetic markers based on a modest development of genomic resources in the 

ancient tropical tree species Symphonia globulifera L. f. (Clusiaceae), a keystone species in 

African and Neotropical rainforests. We provide the first low-coverage (11X) fragmented draft 

genome sequenced on an individual from Cameroon, covering 1.027 Gbp or 67.5% of the 

estimated genome size. Annotation of 565 scaffolds (7.57 Mbp) resulted in the prediction of 

1,046 putative genes (231 of them containing a complete ORF) and 1523 exact simple sequence 

repeats (SSRs, microsatellites). Aligning a published transcriptome of a French Guiana 

population against this draft genome produced 923 high quality single nucleotide 

polymorphisms (SNPs). We also preselected genic SSRs in silico that were conserved and 

polymorphic across a wide geographical range, thus reducing marker development tests on rare 

DNA samples. Out of 23 SSRs tested, 19 amplified and 18 were successfully genotyped in four S. 

globulifera populations from South America (Brazil and French Guiana) and Africa (Cameroon 

and São Tomé island, FST=0.34). Most loci showed only population-specific deviations from 

mailto:sanna.olsson@helsinki.fi
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Hardy-Weinberg proportions, pointing to local population effects (e.g., null alleles). The 

described genomic resources are valuable for evolutionary studies in Symphonia and for 

comparative studies in plants. The methods are especially interesting for widespread tropical or 

endangered taxa with limited DNA availability.  

 

INTRODUCTION 

The study of evolutionary processes in tropical plants is often hampered by poor knowledge on 

distribution ranges of taxa, scarcity of known discriminant phenotypic characters, and lack of 

genetic information, as well as by logistical hurdles in the transfer of biological material from 

field to bench (Raven & Wilson 1992; Goodwin et al. 2015). Incomplete knowledge on taxonomy 

and distribution ranges represents challenges for sampling design and marker choice. For 

example, the presence of cryptic species can increase the expected phylogenetic depth of the 

study group (e.g., Turchetto-Zolet et al. 2013; Heuertz et al. 2014). If access to fresh plant 

material is difficult, herbarium vouchers can represent complementary sources of DNA, 

although low DNA concentration and sometimes heavy degradation restrain this option (Ribeiro 

& Lovato 2007; Särkinen et al. 2012). Such complications can be mitigated by a careful choice of 

materials for adapted marker design and validation. We here illustrate how the ad hoc choice of 

a few samples for transcriptomic and genomic sequencing in a tropical tree species resulted in 

the discovery of high-quality single nucleotide polymorphisms (SNPs) and the development of 

robust microsatellite markers, which are applicable across a wide range of sampling regions and 

heterogeneous sample qualities.  
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Genetic marker development can be greatly facilitated by the availability of a collection of 

genomic sequences or a draft genome (Primmer 2009; Ekblom & Wolf 2014). The sequencing of 

a low-coverage draft genome is now within reach even in relatively small projects, opening 

promising avenues in evolutionary research in non-model organisms (Ekblom & Wolf 2014). De 

novo assembly of large genomes from low-coverage data remains challenging, e.g., due to high 

heterozygosity or repetitive elements (Claros et al. 2012; Schatz et al. 2012), and functional 

characterization can be difficult (Tagu et al. 2014). Nevertheless, low coverage genome 

sequencing has repeatedly allowed the characterization of genome repeat content, the 

discovery and annotation of single- or low-copy genes and the development of organellar or 

nuclear genetic markers such as microsatellites or amplicons for population genetic or 

phylogenetic inference (Straub et al. 2011; Leese et al. 2012; Blischak et al. 2014; Gardner et al. 

2016). Draft genomes are especially useful when aligned with transcriptome sequences, making 

it possible to characterize intron-exon boundaries and thus accurately annotate genes of 

interest, for example candidates of gene expression studies, and to design hybridization baits for 

targeted enrichment sequencing studies (Weitemier et al. 2014). 

Microsatellite markers (simple sequence repeats, SSRs) continue being popular and robust tools 

for population genetic analyses in non-model organisms due to their abundance, high 

polymorphism, co-dominant inheritance, ease of use, moderate cost and modest requirements 

on DNA quality (Nybom 2014). Homoplasy and null alleles hamper their analysis but can be 

addressed by using specific tools (Chapuis & Estoup 2007; Van Oosterhout et al. 2006) and can 

even represent sources of phylogenetic information (e.g., Barthe et al. 2012). Transcriptome-

based SSRs are a popular alternative to anonymous genomic SSRs. They often retain 

phylogenetic signals better, making them especially suitable for the study of species complexes 

(Tabbasam et al. 2014).  Also, because they are based on expressed sequences, they may 
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contain signatures of natural selection, informing on adaptive processes (e.g., Bradbury et al. 

2013, Xia et al. 2014). 

In this paper, we describe the development of a low-coverage draft genome in the tropical tree 

Symphonia globulifera L. f. (Clusiaceae), a keystone tree in African and Neotropical rainforests 

and illustrate how it can be used in conjunction with a sequenced transcriptome to discover 

single nucleotide polymorphism markers (SNPs) and to develop robust polymorphic SSR 

markers. Alignment of a transcriptome with a draft genome makes it possible to identify intron-

exon boundaries and to detect ambiguously aligned transcripts, which is helpful for marker 

development. Choosing remote source populations for genome and transcriptome (Cameroon 

for the genome and French Guiana for the transcriptome in our case) makes it possible to 

screen for robust and polymorphic markers in silico, reducing the number of marker tests on 

rare DNA extracts. The targeting of short regions, multiplex genotyping and the use of whole 

genome amplification of test samples allowed us to reduce the amount of template DNA and to 

enhance genotyping success on heterogeneous DNA qualities. The approach we describe is 

especially interesting for researchers working with valuable population samples, such as those 

interested in population and conservation genetics of widespread tropical or endangered 

species. The S. globulifera genome draft presented here is an important resource for further 

genetic marker development in Symphonia, to elucidate the particular biogeographic and 

evolutionary history of the genus, which besides harbouring the widespread S. globulifera, has 

undergone a radiation in Madagascar (Perrier de la Bâthie 1951, Dick et al. 2003, Dick & Heuertz 

2008, Budde et al. 2013). Symphonia globulifera is used for its timber (trade name ‘manil’, 

‘manni’, ‘ossol’ (Gabon) or ‘boarwood’, Oyen 2005), thus the genome draft can be useful to 

explore the genetic basis of wood properties (Clair et al. 2003) and other adaptive traits (e.g., 

González-Martínez et al. 2007). Furthermore, S. globulifera, other Symphonia species and 



V
er

si
on

 p
os

tp
rin

t

Comment citer ce document :
Olsson, S., Seoane Zonjic, P., Bautista, R., Claros, M. G., Gonzalez-Martinez, S., Scotti, I.,
Scotti-Saintagne, C., Hardy, O. J., Heuertz, M. (2017). Development of genomic tools in a

widespread tropical tree, Symphonia globulifera L.f.: a new low-coverage draft genome, SNP and SSR
markers. Molecular Ecology Resources, 17 (4), 614-630.  DOI : 10.1111/1755-0998.12605

A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

related Clusiacae are commonly used in traditional medicine and represent thus a reservoir of 

bio-active molecules (e.g., Boiteau 1986, Boiteau et al. 1999, Fromentin et al. 2015) the 

investigation of which can greatly benefit from the availability of a draft genome.  

 

MATERIAL AND METHODS  

Study species  

Symphonia globulifera L.f. (Clusiaceae) is a 25–40 m tall late successional tree in evergreen 

mixed humid forests with a geographic range from Guinea Bissau to Tanzania in continental 

Africa (but not Madagascar) and from Mexico to Brazil in America. It has a wide ecological 

amplitude and grows in forests from sea level to 2600 m (Oyen 2005). Symphonia is a very old 

genus with a probable origin in continental Africa or Madagascar (Dick et al. 2003). The oldest 

fossil pollen records were found in Nigeria and date to the mid-Eocene (ca. 45 Ma, Jan du Chêne 

& Salami 1978). The genus consists of a further 16–23 species, all endemic to Madagascar 

(Perrier de la Bâthie 1951, Abdul-Salim 2002).  

 

Tissue collection and DNA extraction  

For genome sequencing, cambium was sampled from a single individual from Nkong Mekak in 

Cameroon (sample ID MH2383, Lat 2.77°, Lon 10.54°, 433 m a.s.l.). The published transcriptome 

we used was obtained from leaves and stems of two seedlings from a French Guiana population 

(Brousseau et al. 2014). Plant material (cambium or leaves) for SSR genotyping was collected 

from 31-32 randomly sampled adult individuals in each of four populations (total N=125 
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individuals, Table 1) in South America (Paracou [Lat 5.30°, Lon -52.88°], French Guiana, and Ituberá 

[Lat -13.80°, Lon -39.18°], Brazil) and Africa (Nkong Mekak [Lat 2.80°, Lon 10.54°], Cameroon, and 

island of São Tomé [Lat 0.27°, Lon 6.55°], São Tomé and Principe) and dried in silica gel. The samples 

from Paracou represented two separate morphotypes (Baraloto et al. 2007). SSR testing prior to 

genotyping was performed on five individuals, one from each mentioned population, and one 

additional individual from Benin (Lat 6.39°, Lon 2.62°). For genome sequencing, DNA was 

extracted using the DNeasy Plant mini Kit (Qiagen, The Netherlands) separately in ten reactions 

and then combined. The extracted high-molecular weight DNA was directly used for Illumina 

sequencing (see below). Since DNA was of insufficient quantity for subsequent 454 

pyrosequencing, it was whole-genome amplified by multiple strand displacement (MDA, using 

REPLI-g mini kit, Qiagen) in ten separate reactions increasing concentration 10 to 100-fold prior 

to pooling for library construction. MDA has been chosen because it is a whole genome 

amplification technology commonly used in human genetics with a demonstrated low bias when 

using minute DNA quantities, e.g., a chimera rate as low as 2% on single cells (Murphy et al. 

2012; Huang et al. 2015). For SSR genotyping, samples were extracted using the DNeasy Plant 

mini Kit or the Invisorb DNA Plant HTS 96 kit (Stratec Molecular, Germany). Because DNA 

samples were of heterogeneous quantity and quality due to variable sources of plant material 

and because they were also used for other studies, they were whole-genome amplified (REPLI-g) 

prior to SSR-typing (except samples for initial SSR tests). 

Genome sequencing, de novo assembling and annotation  

Illumina HiSeq 2000 sequencing (2 x 100 bp) of one paired-end library (½ lane) with 300-500 bp 

insert size was performed at GATC Biotech, Konstanz, Germany. Paired-end Roche 454 Titanium 

FLX+ sequencing of two mate pair libraries of 3 kb (¼ lane, and subsequently, ½ lane because 

the initial ¼ lane data were of insufficient quality) and 7 kb inserts (¼ lane) was performed at the 
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Ultrasequencing Unit of the Supercomputing and Bioinnovation Center of the University of 

Málaga, Spain. 

Raw reads were pre-processed and filtered using SeqTrimNext (a next-generation sequencing-

evolved version of SeqTrim [Falgueras et al. 2010]). This included trimming of adapters, removal 

of PCR duplicates and filtering sequences with short insert size, low quality base calling, empty 

inserts or possible contaminants (including microorganisms, organelles and plasmids) (Figure 1). 

Three de novo assembling strategies were tried to select the best one. The first strategy (Figure 

1A) was based on a hybrid approach combining Illumina and 454 reads. Reads were 

independently assembled using Ray (Boiswert et al. 2012) with different k-mers, SOAP2 (Luo et 

al. 2012), MaSurCA (Zimin et al. 2013) or CABOG (Celera Assembler with Best Overlap Graph, 

version 7.1 by Miller 2008). SOAP2 assembling was considered the best since it produced a 

genome size closer to the expected (1522 Mbp, Ewédjè 2012), and most (>96%) original reads 

mapped to the seeding scaffolds (results not shown). Therefore, seeding scaffolds obtained 

from SOAP2 were used downstream, in the gap filling step (bottom of Figure 1). In the second 

strategy (Figure 1B), the 454 reads were assembled into seeding scaffolds with CABOG and 

Newbler (Margulies et al. 2005), which were then re-scaffolded using SOAP2 and the Illumina 

reads. This strategy was abandoned because the coverage of the 454 reads was too low to 

produce satisfactory results. In the third assembling strategy (Figure 1C), Illumina reads served 

to build seeding scaffolds using SOAP2 which were then split into pseudo-long reads with 

EMBOSS’ tool Splitter (Rice et al. 2000). The pseudo-reads were then assembled and scaffolded 

with the 454 reads using CABOG and Newbler. CABOG produced more extended scaffolds and 

was eventually chosen over Newbler. In the final step, the resulting scaffolds were subjected to 

gap-filling with GapCloser 1.12 (http://soap.genomics.org.cn/soapdenovo.html) using the 

Illumina reads to provide the final scaffolds conforming the draft genome. Gene prediction in 

http://soap.genomics.org.cn/soapdenovo.html


V
er

si
on

 p
os

tp
rin

t

Comment citer ce document :
Olsson, S., Seoane Zonjic, P., Bautista, R., Claros, M. G., Gonzalez-Martinez, S., Scotti, I.,
Scotti-Saintagne, C., Hardy, O. J., Heuertz, M. (2017). Development of genomic tools in a

widespread tropical tree, Symphonia globulifera L.f.: a new low-coverage draft genome, SNP and SSR
markers. Molecular Ecology Resources, 17 (4), 614-630.  DOI : 10.1111/1755-0998.12605

A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

final scaffolds was performed using MAKER v2.31.6 (Campbell et al. 2014) trained with the S. 

globulifera scaffolds, full-length plant proteins from UniProtKB and the transcriptome assembly 

described by Brousseau et al. (2014). MAKER annotations were saved in GFF3 format and 

imported into the genome browser Gbrowse 2.54 (Donlin et al. 2009) to allow visualization, 

browsing and querying. Genomic SSRs were predicted using MREPS (Kolpakov et al. 2003). 

Finally, raw reads and validated SSRs (see below) were mapped on scaffolds with Bowtie 

(Langmead et al. 2009). 

For a functional overview of the S. globulifera draft genome, predicted protein sequences were 

annotated with Full-LengtherNEXT (as described in Carmona et al. 2015) and Sma3 (Muñoz-

Mérida et al. 2014) to provide protein orthologs, putative gene names, descriptions, Gene 

Ontology terms (GO terms), enzyme codes (EC numbers) for putative enzymes, and the KEGG 

(Kyoto Encyclopedia of Genes and Genomes) pathway in which they can be involved.  

 

In silico SNP discovery using a published transcriptome and the new draft genome  

We conducted in silico discovery of high-quality SNPs using the 454 pyrosequencing reads from 

a published transcriptome (Brousseau et al. 2014) from a French Guiana population mapped 

against new genome assembly (from strategy 3) from a Cameroonian individual. Transcriptomic 

sequence reads were mapped against intron masked genomic scaffolds longer than 4000 bp 

using the software BWA-MEM (parameters -t 24 -B 2 -O 1, Li & Durbin 2009). Variant calling was 

performed using samtools and bcftools (Li et al. 2009). GATK (McKenna et al. 2010) was used to 

filter for dense SNP clusters (--clusterSize 3 --clusterWindowSize 20). Variants were 

subsequently filtered to exclude indels and multiallelic SNPs. Minimum quality threshold was set 

to 30. Only SNPs that had a minimum coverage of eight reads were considered. We validated 
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heterozygous SNPs with at least three reads for the alternative allele, and homozygous SNPs for 

the alternative allele if they had fewer than three reads of the reference allele, to avoid 

paralogs. 

 

In silico preselection of polymorphic SSRs  

The software MsatCommander v. 1.0.8 (Faircloth 2008) was used to screen for di-, tri-, tetra-, 

penta- and hexanucleotide repeats in the transcriptome from Brousseau et al. (2014) with the 

minimum repeat number set to four. Primer3 (Rozen & Skaletsky 2000) implemented in 

MsatCommander was used for automatic design of untagged primers with default settings, i.e., 

for putative amplified regions from 80 to 470 bp, retaining only SSRs with successful primer 

design.  Transcripts that contained SSRs were annotated via BLASTx searches (with a cut-off E-

value of ≤10−3), combining information from Genbank’s non-redundant protein database (nr) 

and the UniProtKB protein database using the methods and scripts by de Wit et al. (2012). We 

discarded transcripts of organellar origin and those containing nucleotide mismatches, based on 

information reported in Brousseau et al. (2014). Likely coding sequences were extracted using 

the Transdecoder script from the Trinity package (Grabherr et al. 2011), which predicts partial 

and complete open reading frames (ORFs). The location of SSRs was recorded as within or 

outside the predicted ORF. If no ORF was defined for a contig, it was interpreted as a probable 

untranscribed region (UTR). The software Exonerate (Slater & Birney 2005) was then used to 

align the transcriptome against the draft genome assemblies from strategies 1 and 3 using the 

est2genome option. Alignments with candidate SSRs that fulfilled the listed selection criteria 

were visually checked for alignment quality using PhyDE® v1.0 (Müller et al. 2006) and SSRs 

were kept only if they were polymorphic between transcriptome and genome. SSRs were 
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discarded if the two genomic assemblies were incongruent. SSRs for which primers were located 

in intron-exon junctions had their primers redesigned based on the genome sequence using 

Primer3. Transcripts were sorted according to motif complexity, presence of UTR and predicted 

amplicon length. Since UTRs are more variable than coding regions, SSRs located in the UTRs 

were selected preferentially. Interrupted and compound repeat motifs were avoided and SSRs 

with tri-nucleotide or longer repeat motives were preferred for ease of scoring. A total of 23 

putatively polymorphic SSRs were selected to be tested in the laboratory.  

 

SSR testing and genotyping  

For genotyping, we used the three-primer labelling technique described by Micheneau et al. 

(2011), where the 5’ end of each forward primer is extended with an 18-19 bp unique sequence 

called Q-tag (Q1, Q2, Q3 or Q4) and a third primer corresponding to the specific Q-tag with a 5’ 

fluorescent label (PET, FAM, VIC, or NED) is added in PCR. Costs are reduced by using the same 

Q-tag for several SSRs and through PCR multiplexing. OligoAnalyzer 3.1 (Integrated DNA 

Techonologies) was used to select a suitable Q-tag for each locus, ensuring absence of self- or 

heterodimers with a strong ∆G (≤-9 kcal/mol) and secondary structures with melting 

temperatures (Tm) higher than the annealing temperature. Since Q1 did not pass these criteria 

for any SSR, only Q2-Q4 were used.  

The 23 selected SSRs were first amplified individually on five test samples using the Q-tagged 

forward and corresponding reverse primers, with the following PCR conditions: 1 μl buffer (10 

×), 0.4 μl MgCl 2 (25 mM), 0.3 μl dNTPs (10 mM each), 0.2 μl of each primer (0.01 mM), 0.05 μl 

Taq polymerase (BioTaq DNA Polymerase, 5 U/μl, Bioline), 1 μl of diluted template DNA (of ca. 

10 ng/μl), and ddH2O to make a final volume of 10 μl. Amplifications were performed as follows: 
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94 °C (4 min), 40 cycles of 94 °C (30 s), 56 °C (45 s), 72 ° C (1 min), and a final extension at 72 °C 

for 10 min. PCR products were run on a 1% agarose gel and stained with ethidium bromide. To 

verify the amplification of the target region, PCR products from several samples were Sanger-

sequenced prior to genotyping. 

Successfully amplifying loci were then amplified individually, now including 0.15 μl (0.002 mM) 

labelled Q-tag primer with the following program: 94 °C (4 min), 30 cycles of 94 °C (30 s), 56 °C 

(45 s), 72 °C (1 min), then 10 cycles of 94 °C (30 s), 53 °C (45 s), 72 °C (45 s) and a final extension 

at 72 °C for 10 min. The 19 SSRs that amplified in most of the test samples were sorted into 

three multiplexes (Table 2) and amplified in the four populations using the Qiagen Multiplex PCR 

Kit (Qiagen) following the protocol described by Micheneau et al. (2011). The multiplex PCR 

conditions were: 1.5 μl Master Mix, 1.5 μl of primer mix (consisting of 0.7 μM of each F-primer 

and 2 μM of each R-primer), 0.15 μl of each Q-tag primer (10 μM), 1.5 μl of template DNA, and 

ddH2O to make a final volume of 15 μl. Amplified fragments were separated using an ABI 3730 

DNA Analyzer (Applied Biosystems, Carlsbad, CA, USA) and allele sizes were determined with 

reference to the Gene-Scan –500 LIZ® Size Standard (Applied Biosystems) using Peak Scanner 2 

software (Applied Biosystems). 

 

SSR population genetic analysis 

We estimated allelic richness (AR), Nei’s expected heterozygosity (HE), and fixation index (FI) for 

each locus and population using SPAGeDi version 1.4 (Hardy & Vekemans 2002). Differences 

between populations for AR and HE were assessed with paired Wilcoxon signed rank tests with 

Holm multiple test correction as implemented in the stats package in R (R Development Core 

team 2014). Genetic differentiation between populations and for each population pair was 
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estimated as FST and RST and tested using permutation tests in SPAGeDi. The effect of allele size 

mutations on differentiation was tested by permuting allele sizes among alleles (Hardy et al. 

2003). The frequency of null alleles was estimated for each locus per population using FreeNA 

(Chapuis & Estoup 2007). As genotyping errors can bias SSR analysis (e.g. Bonin et al. 2004; 

Hoffman & Amos 2005), we estimated the genotyping error rate in our data by replicating the 

genotyping on five randomly chosen samples from each population (16.7 %).  

 

RESULTS 

De novo assembling and characterization of genomic sequences 

The genome assembly was based on a total of ca. 190 million reads, which reduced to ca. 175 

million useful reads after pre-processing to remove reads with indeterminations, contamination, 

without insert, etc. (Table 3). Table 4 summarizes some statistics on the assemblies obtained 

from strategies 1 and 3 using the useful single and paired-end reads. The assembly from 

strategy 1 provided the best set of seeding scaffolds (with fewer gaps and Ns than strategy 3) 

but was improved less at the gap-filling stage, resulting in more scaffolds, more Ns, smaller N50 

(length N for which 50% of all bases in the sequences are in a scaffold of length L < N) and 

smaller scaffold length on average. Therefore, even if more reads were mapped on final 

scaffolds of strategy 1 (final rows of Table 4), the final scaffolds from strategy 3 (Figure 1C) were 

chosen as the best S. globulifera genome draft and were uploaded to the Dryad Digital 

Repository with link http://dx.doi.org/10.5061/dryad.78ng1. The length of the genome draft 

was 1.027 Gbp, which covers an expected 67.5% of the genome size estimated from flow 

cytometry data (Ewédjè 2012), and N50 was 500. It must be highlighted that the genomic 

coverage of the reads in Table 3 was low, 11x for Illumina reads and 0.1x for 454 reads, which 
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explains the high number of scaffolds and the low N50 value (Table 4).  

Since genome annotators normally perform better with long sequences, we only annotated the 

543 scaffolds longer than 10 kb and 22 additional scaffolds onto which one of the 19 validated 

SSRs mapped (mapping of loci 5489, 1582 and 14623 was partial and matched with two 

different scaffolds, Table 5). These 565 scaffolds accounted for 7,568,702 bp (0.74% of the 

genome draft size). A total of 1523 exact SSRs were predicted on them, including 367 di-, 483 

tri-, 296 tetra- and 377 larger-than-tetra-nucleotide repeats. The most abundant repeat motif 

was AT. The 565 scaffolds were also searched for gene models with higher than 45% homology. 

This revealed 1,046 putative genes (Supplementary File S1), or gene fragments, most of them 

(782, 74.8%) producing transcripts longer than 500 and up to 6,050 bp (sequences of the 1,046 

putative transcripts are provided in Supplementary File S2). The sequences of annotated 

scaffolds, gene and SSR predictions and positions of validated SSRs have been integrated in 

Gbrowse, a genomic browser tool, and can be accessed and downloaded at SymphoniaDB 

(http://www.scbi.uma.es/symphoniaDB/). Functional annotation (description, best ortholog, GO 

terms, EC codes, pathways and gene names) was obtained using FullLengtherNext for 676 of the 

1,046 putative genes (complete annotations in Supplementary File S3, Full-LengtherNEXT 

Summary in Supplementary File S4). The main species that served to annotate the S. globulifera 

genes belonged to the order Malpighiales which includes the Clusiaceae: Ricinus communis 

(Euphorbiaceae, 81 annotations), Populus trichocarpa (Salicaceae, 55 annotations), and Jatropha 

curcas (Euphorbiaceae, 38 annotations). In the annotated genome fraction (i) the most 

abundant molecular functions are ATP Binding, metal ion binding and DNA binding; (ii) the main 

biological processes are transcription, regulation of transcription, protein transport and protein 

ubiquitination; and (iii) the gene products are mainly located in nucleus, membrane, and plastid 

(Figure 2). 

http://www.scbi.uma.es/symphoniaDB/


V
er

si
on

 p
os

tp
rin

t

Comment citer ce document :
Olsson, S., Seoane Zonjic, P., Bautista, R., Claros, M. G., Gonzalez-Martinez, S., Scotti, I.,
Scotti-Saintagne, C., Hardy, O. J., Heuertz, M. (2017). Development of genomic tools in a

widespread tropical tree, Symphonia globulifera L.f.: a new low-coverage draft genome, SNP and SSR
markers. Molecular Ecology Resources, 17 (4), 614-630.  DOI : 10.1111/1755-0998.12605

A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

The 676 predicted genes with an identified orthologue represented 641 different orthologue 

IDs. Moreover 231 genes (Supplementary File S4) were predicted to produce a complete 

protein, coding for a total of 221 different proteins. The size of the coding region of complete 

proteins ranged from 177 bp (a member of the ribosomal protein L33 family) to 13,721 bp 

(calpain-type cysteine protease) as determined by Sma3, with a mean size of 1,423 bp and a 

median size of 2,345 bp. The nine smallest gene predictions did not contain any intron 

(Supplementary File S5). 

 

In silico discovery of high-quality genic SNPs  

We mapped the transcriptomic reads against the 7041 genome scaffolds longer than 4000bp, 

called SNPs and applied strict quality filters. This led to the description of 923 non-clustered 

high-quality SNPs, 411 of them heterozygotes, thus variable within French Guiana, and 512 of 

them homozygotes for the alternative allele, thus susceptible to differentiate S. globulifera 

populations from the two continents. The resulting variant call file is available as Supplementary 

File S6. 

Development and validation of SSR markers 

SSR screening on the transcriptome identified 84 di-, 449 tri-, 38 tetra-, 12 penta- and 11 hexa-

nucleotide repeats. Out of the 594 SSR-harbouring transcripts, a third (195) did not get any 

significant BLAST hits. A total of 257 transcripts included ORFs, 264 did not contain any probable 

ORFs and in 73 transcripts the SSR was located outside the predicted ORFs. At least one 

nucleotide mismatch (Brousseau et al. 2014) was found in 83 transcripts, which were discarded 

along with four putative organellar transcripts. The remaining 507 transcripts were aligned to 
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the draft genome (strategies 1 and 3), which revealed that 141 SSRs were not polymorphic, 53 

had several variable motifs within the same amplification region, three were located in the end 

of the alignment and nine could not be used because they did not align with the genomic 

sequences. Twenty-three loci were selected for validation in the laboratory, nineteen of which 

were retained for population-level genotyping. The loci were arranged into three multiplexes 

which successfully amplified ten, five and four loci (Table 2). All loci were polymorphic but one 

locus (number 2978) displayed low polymorphism and was therefore discarded in the 

population genetic analysis (see below).  

The location of the nineteen validated SSRs (Genbank accession numbers KR363109 – 

KR363127) on the scaffolds of the retained genome draft (strategy 3) is shown in Table 5. Some 

SSRs mapped on very small scaffolds (≤300nt, loci 5489, 14623, 15834 for example) and 

sometimes they matched with two such scaffolds, others mapped on longer scaffolds that 

contained a near gene but none mapped on the >10kb scaffolds retained a priori for genome 

annotation. Unsurprisingly, the annotations for SSRs were consistent between transcriptomic 

(Table 2) and genomic (Table 5) sequences for both known (7694, 9990, 10829, 15979 and 

16615) and predicted (6387, 10904) genes. Some functional predictions from the transcriptome 

were not confirmed on the genome (1582, 5489, 14623) because the SSRs lay on small genome 

contigs for which no annotations were obtained.  

 

Population genetic analysis 

Genotypes of 125 S. globulifera individuals from four populations were obtained at 18 SSRs 

(Table 1, Table 6). The total number of alleles observed at the eighteen loci was 129. The lowest 

polymorphism was observed at locus 5489 with 2 alleles and a total heterozygosity of HE = 
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0.383, the highest polymorphism occurred at 7189 with 13 alleles and HE = 0.833. Tests for 

Hardy-Weinberg genotypic proportions at the within-population level (Table 1) revealed 10 

significant tests after Bonferroni correction (P < 0.05) out of 61 relationships tested (18 loci in 4 

populations excluding 11 locally monomorphic loci). In Paracou, all loci were in Hardy Weinberg 

equilibrium (HWE). Deviation from HWE was population-specific for most loci. For example, loci 

4464 and 7694 had a significant heterozygote deficit only in São Tomé, indicating local 

occurrence of null alleles (with estimated frequencies of 0.172 and 0.186). On the other hand, 

some loci had a locally negative FIS (e.g., 3984 and 9990) indicating an excess of heterozygosity. 

This could be due to local co-amplification of paralogous gene copies (see discussion), however, 

excess of heterozygosity was only found in Ituberá and Nkong Mekak. Allelic richness was lowest 

in Ituberá (AR = 2.32) and highest in Paracou (AR = 3.67, values significantly different, P<0.05, 

Table 1). Expected heterozygosity did not show significant differences between populations. 

Among population differentiation varied from FST=0.086 between morphotypes in Paracou to 

FST=0.522 between Paracou and São Tomé, for an overall FST=0.317 among the four populations 

(all values P<0.001, Supplementary File S7). 

Replication of the genotyping in 20 individuals produced mismatches (allelic dropout or size 

differences) in 14 out of 200 genotypes in Mix 1 (7%), in two out of 100 genotypes in Mix2 (2%) 

and in 0 out of 80 genotypes in Mix3, resulting in an overall genotyping error rate (i.e., the 

number of mismatches divided by the total number of replicated genotypes) of 4.2%. The 

highest error rate was detected in locus 15979 (0.15, 3 conflicting genotypes) followed by 3984, 

6636, 6783 and 7189 with an error rate of 0.10 (Table 6).  
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DISCUSSION 

A first genome draft for Symphonia globulifera  

De novo assembling of plant genomes remains a challenging step in genetic marker 

development, especially for large repetitive plant genomes that can be highly heterozygous 

(Nielsen et al. 2011, Claros et al. 2012). The assembly of highly similar gene family members and 

genes with multiple domains is particularly difficult, especially when sequence coverage is low 

as in our case (Schatz et al. 2012). Since data quality as well as genome size, GC content, library 

size, level of polymorphism and repeat content all affect the outcome of genome assemblers 

and no tool consistently gives best results (Ekblom & Wolf 2014), it is important to test different 

assembling strategies given the available data (Card et al. 2014). Methods using de Brujin graphs 

generally perform well on large genomes (Zhang et al. 2014). SOAP2, which has been specifically 

designed for assemblies based on short reads, was found to be the best strategy for our data. In 

our case, assembling strategy 2 failed because a sufficient coverage of the genome was not 

reached with 454 reads, given the low sequencing effort and relatively large estimated genome 

size of S. globulifera (1522 Mbp, Ewédjè 2012). Our study, with a sequencing effort of 11x 

genome coverage and final genome draft covering 67.5% of the estimated genome size in S. 

globulifera, represents a sequencing effort about an order of magnitude lower and a much 

simpler library construction strategy than genome projects in commercially important plants 

(coverage ca. 60 – 300x), e.g., Varshney et al. (2013) for chickpea, Xu et al. (2013) for sweet 

orange or Bombarely et al. (2012) for tobacco.    

A conservative annotation of only the longest (> 10 kb) scaffolds in our study provided 1,046 

gene predictions in as few as 7.57 Mb, suggesting that long scaffolds are clearly enriched in 

genes (one gene per 7,2 kb). Moreover, even if the assembling of the 55.9% of the estimated 
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genome is quite fragmented (Table 4) and we only analyzed a 0.74% of the genome draft, 231 

gene predictions seem to contain the complete intron-exon pattern that code for a complete 

protein, that is, one complete protein per 32.8 kb. These results are in agreement with other 

studies, demonstrating that a fragmented low-coverage draft genome without complete 

annotation is very helpful for marker development (Straub et al. 2011; Leese et al. 2012; 

Blischak et al. 2014). Therefore, this resource would allow for the development of sequence 

capture or re-sequencing markers giving access to full haplotypic information including intron 

information, a considerable improvement over SNP markers in random genomic regions (e.g., 

Remington 2015). It is noteworthy that gene annotations were mostly obtained from 

phylogenetically distant organisms of the Euphorbiaceae or Salicaceae families, highlighting the 

low prior availability of genomic resources for the Malpighiales order of flowering plants (e.g., 

Vanneste et al. 2014). 

The Symphonia globulifera draft genome developed here will be useful for marker development 

to elucidate the particular evolutionary history of the Symphonia genus. In addition, the new 

genomic resources will greatly benefit the research on bio-active molecules. Symphonia 

globulifera and related taxa have been widely used in traditional medicine (see Introduction and 

Fromentin et al. 2015 for a review). Several antimicrobial compounds have been identified from 

S. globulifera, most of them unique to this species (Fromentin et al. 2015). The potential use of 

these chemical compounds range from HIV-inhibitory (Gustafson et al. 1992) to antiplasmodial 

activities, useful against malaria (Ngouela et al. 2006; Marti et al. 2010). The discovery of the 

genes involved in their biosynthesis and any genetic variation within them could guide the 

discovery of new related compounds (e.g., Burgarella et al. 2012).  
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Discovery and development of genic markers 

Marker development in tropical non-model species is often hampered by lacking genomic 

resources and limited tissue material. In this study, we showed that choosing individuals from 

different populations for high throughput sequencing and aligning transcriptomic sequences to 

a draft genome makes it possible to detect intron-exon junctions and to discover and preselect 

loci in silico that are conserved and polymorphic over a wide range. This approach led to the 

discovery of 923 high-quality genic SNPs for the tropical tree S. globulifera which are useful for 

the future design of a SNP genotyping chip. We also developed and tested 19 novel 

microsatellite markers. In silico selection of polymorphic markers saves DNA in laboratory 

testing, which is often crucial for research in tropical or endangered species. In the case of SSR 

development, filtering steps and visual screening of alignment quality enabled us to eliminate 

misaligned regions resulting in a high success rate of well-amplifying polymorphic loci. In our 

case, SSR testing and genotyping on valuable samples with low-quantity DNA extracts relied on 

prior whole genome amplification with a method based on multiple chain displacement, a low-

bias technology (Murphy et al. 2012; Huang et al. 2015) that has previously proven efficient in 

SSR development with minute DNA quantities (Dracatos et al. 2006). Genic markers such as the 

SNPs and SSRs characterized in this paper are transcribed and thus subjected to natural 

selection. They are therefore potentially interesting for investigating genetic signals of selection 

and for genotype-phenotype or genotype-environment association studies (e.g., González-

Martínez et al. 2007, Jaramillo-Correa et al. 2015). 
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Evaluation of microsatellite markers 

Our SSR genotyping error rate was higher than the rate obtained in other studies, 4.2% per 

replicated genotype, vs. 0.13-0.74% (Hoffman & Amos 2005) or 0.26% (Frantz et al. 2006), 

perhaps reflecting that we report here newly developed markers among which the most reliable 

ones can be selected. Testing and reporting genotyping error rates is not established practice 

and only few studies were available for comparison. Hoffman & Amos (2005) found common 

misinterpretation of allele banding patterns with confusion between homozygote and adjacent 

allele heterozygote genotypes, and they detected a positive correlation of error rate with locus 

polymorphism and product size. Such trends were not observed in our data. Conversely, we 

observed cases of allele drop-out (e.g., Frantz et al. 2006), where, due to competition in the 

PCR, one of the allelic copies in a heterozygous sample amplifies weakly and remains 

undetected in the scoring. Another reason for inconsistent genotypes in our study was 

unambiguous size variation between replicated genotypes, in the absence of stutter bands, 

secondary peaks or other misleading noise. This incongruence could be due to early PCR errors 

and/or amplification of paralogous gene copies (Sharma et al. 2009). If the microsatellite locus is 

located in a duplicated genetic region or a member of a gene family, sometimes one of the 

regions and sometimes another could amplify. If paralogous copies amplified at the same time, 

this would lead to an apparent excess of heterozygosity and thus a negative FIS, as observed for 

some loci in Ituberá and Nkong Mekak. Interestingly though, the loci with the highest error rate 

did not deviate from Hardy-Weinberg proportions more frequently than others. The risk of 

unspecific PCR can be high in plants where large gene families and abundant pseudogenes with 

nearly identical sequences occur due to recent genome duplication events and transposon 

activity (Schnable et al. 2009). Also, the genome content varies across individuals, with a set of 

stable core genes and accessory shell or cloud genomic elements, together constituting the 
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pangenome (Marroni et al. 2014). In an ancient species like S. globulifera, there could thus be 

substantial genomic variation across populations and individuals, perhaps contributing to local 

variation in the specificity of PCR. Our results highlight that special attention should be paid to 

target single-copy regions in marker design and that error rates should be reported to facilitate 

selecting the most reliable loci for follow-up studies. 

The new transcriptomic SSRs with 2-13 alleles/locus across 4 African and American populations 

seemed to be much less polymorphic than the genomic markers used in previous studies on S. 

globulifera: using five genomic SSRs Budde et al. (2013) identified a total of 111 alleles (9-43 

alleles/locus) and an average heterozygosity of HE = 0.860 in African populations and Dick & 

Heuertz (2008) reported a total of 132 alleles (19-41 alleles/locus) and HE = 0.860 in American 

populations. Since the flanking regions of genic markers are less variable than those of 

anonymous genomic markers, they are better transferable between closely related species (e.g. 

Huang et al. 2014; Dufresnes et al. 2014). Therefore the SSRs developed here will likely be useful 

in studies involving other Symphonia species. 

 

Population genetic analysis 

We demonstrated a good amplification and genotyping success across the novel SSR markers in 

four S. globulifera populations from Africa and America. The global genetic differentiation in our 

data set, FST=0.317, was larger than FST=0.135 in Africa (Budde et al. 2013) or FST=0.138 in 

America (Dick & Heuertz 2008), which can largely be explained by the lower SSR polymorphism 

in our study (Jost 2008). Genetic differentiation was of the same order of magnitude between 

African or American populations than between continents, which reflects disjunct sampling 

ranges within continents: the volcanic São Tomé island vs. the African mainland (see also Budde 
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et al. 2003) and the Guiana shield vs. the Brazilian Atlantic Forest. All populations had private 

alleles, but a substantial proportion of alleles were shared among populations, which could be 

due either to common ancestry or to homoplasious mutations (Ellegren 2004). Homoplasious 

mutations are expected to erase the phylogeographic signal at moderately polymorphic markers 

in an ancient species like S. globulifera, but a phylogeographic signal was nevertheless detected 

for some population pairs (RST values, Supplemental File S7). The two different morphotypes in 

Paracou (French Guiana) displayed low but significant genetic differentiation, although fixation 

indices did not suggest deviation from random mating. Morphotypes might thus represent 

incipient diverging lineages (e.g., Feder et al. 2012). The high genetic diversity in Paracou could 

additionally be explained by a complex biogeographic history of this Guiana shield population 

(Scotti-Saintagne et al. 2013), which shows cpDNA and SSR similarity with Amazonian 

populations (Dick & Heuertz 2008). The low diversity of Ituberá in the Brazilian Atlantic Forest 

was unexpected given that this area has been identified as a climatically stable genetic diversity 

hotspot (Carnaval et al. 2009). Phylogeographic studies did however highlight that evolutionary 

relationships between the disjunct Amazon and Atlantic forest ranges can be highly taxon 

specific (e.g., Costa 2003).  
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TABLES AND FIGURES 

Figure 1: Assembling strategies to obtain the Symphonia globulifera draft genome. After the 
pre-processing step, strategy 1 (A) follows a hybrid approach where all reads were assembled 
together using several assemblers, strategy 2 (B) produced seeding scaffolds from 454 reads 
that were extended using Illumina reads, and strategy 3 (C) produced the seeding scaffolds from 
Illumina paired-end reads that were then extended using 454 paired-end reads (see details in 
the main text). The final step consisted in filling gaps in scaffolds based on all Illumina reads only 
for strategies 1 and 3 (which proved best). 
 

Figure 2:  Overview of GO-terms annotation of the 565 selected Symphonia globulifera 
scaffolds. GO-terms correspond to annotation of 676 predicted genes.  
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Table 1.  Population genetics statistics for polymorphic microsatellite loci described in this 
paper, tested for 125 Symphonia globulifera samples from four populations. N, number of 
successfully amplified samples; A, total number of alleles in the population; P, number of alleles 
private to the population; AR, Allelic richness (for a standard sample of 18 individuals); HE, 
expected heterozygosity; FIS, fixation index (* indicates a FIS significantly different from zero 
after Bonferroni adjustment with P-val < 0.05, ** p-val < 0.01); null, expected null allele 
frequency; NA, not available; avg = average.  
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Locus  N A P AR HE FIS Null   N A P AR HE FIS null 

 Ituberá, Brazil  Nkong Mekak, Cameroon  

1582 31 2 0 2 0.495 -0.31 < 0.001  20 4 0 3.15 0.583 -0.656* < 0.001 

3131 31 2 0 2 0.500 -0.497 < 0.001  10 4 0 3.99 0.647 -0.086 0.037 

3984 31 2 0 2 0.503 -0.818** < 0.001  31 2 0 2 0.508 -0.935** < 0.001 

4464 31 3 1 2.29 0.413 -0.095 < 0.001  31 3 2 2.48 0.236 -0.093 < 0.001 

5489 31 2 0 1.99 0.337 -0.054 < 0.001  31 1 0 1 0.000 NA 0.001 

6387 19 2 0 2 0.209 -0.067 < 0.001  21 4 0 3.79 0.645 0.161 0.092 

6636  30 3 0 2.3 0.508 -0.659* < 0.001  9 5 2 5 0.791 -0.133 < 0.001 

6783 31 1 0 1 0.000 NA 0.001  25 3 1 2.34 0.189 0.154 < 0.001 

7189 25 4 0 3.11 0.577 -0.542* < 0.001  22 6 0 4.38 0.654 -0.475* < 0.001 

7694 29 4 2 3.47 0.635 -0.144 < 0.001  30 7 0 4.75 0.720 0.169 0.048 

9610 31 3 0 1.94 0.124 0.485 0.099  31 3 1 2.5 0.539 -0.201 < 0.001 

9990 25 3 0 2.36 0.530 -0.923** < 0.001  28 3 0 2.32 0.527 -0.931** < 0.001 

10829 31 5 1 3.07 0.399 -0.218 < 0.001  31 3 1 1.94 0.124 -0.039 < 0.001 

10904 29 4 1 2.77 0.254 0.186 < 0.001  31 1 0 1 0.000 NA 0.001 

14623 28 1 0 1 0.000 NA 0.001  31 6 2 4.19 0.562 0.256 0.106 

15834 30 3 0 2.3 0.371 0.104 0.028  31 4 1 2.65 0.212 0.242 0.081 

15979 30 3 0 2.2 0.213 -0.097 < 0.001  25 5 0 4.1 0.578 -0.11 < 0.001 

16615 31 6 0 3.91 0.599 0.194 0.088  31 5 0 4.25 0.713 0.234 0.101 
Multilocus 
average 29.11 2.94 0.28 2.317

a 
0.370

c 
-0.291 0.012  26.06 3.83 0.556 3.102

ab 
0.457

c 
-0.167 0.026 

                

 Paracou, French Guiana  São Tomé, São Tomé and Principe   

1582 32 1 2 1 0.000 NA 0.001  31 2 0 1.29 0.032 0 < 0.001 

3131 32 4 1 3.27 0.603 0.225 0.063  22 5 2 4.77 0.779 0.187 0.061 

3984 32 1 0 1 0.000 NA 0.001  29 3 1 2.78 0.550 -0.131 < 0.001 

4464 32 5 2 3.59 0.619 -0.267 < 0.001  31 2 0 1.92 0.204 0.844* 0.186 
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5489 32 2 0 1.99 0.329 0.147 0.041  31 1 0 1 0.000 NA 0.001 

6636  32 3 1 2.27 0.335 0.162 0.047  30 4 0 3.49 0.648 0.023 0.035 

6387 32 8 4 5.44 0.698 0.242 0.103  19 4 2 3.47 0.677 0.227 0.069 

6783 32 2 0 1.88 0.173 -0.088 < 0.001  30 2 0 1.3 0.033 0 < 0.001 

7189 32 9 0 7.33 0.872 0.250 0.117  22 11 3 8.64 0.880 0.176 0.083 

7694 31 6 1 4.83 0.756 0.062 0.062  30 6 1 4.63 0.538 0.447* 0.172 

9610 30 4 1 3.11 0.349 -0.053 < 0.001  31 NA 1 NA NA NA NA 

9990 30 7 4 5.47 0.770 0.048 < 0.001  30 3 0 2.66 0.493 -0.43 < 0.001 

10829 32 5 1 3.58 0.439 0.076 < 0.001  30 1 0 1 0.000 NA 0.001 

10904 32 7 4 5.81 0.825 0.093 0.024  31 1 0 1 0.000 NA 0.001 

14623 30 4 0 2.6 0.460 -0.015 < 0.001  30 2 2 1.99 0.305 0.237 0.067 

15834 32 5 1 2.83 0.233 0.198 0.068  30 4 2 2.48 0.189 -0.058 < 0.001 

15979 32 8 1 4.28 0.613 0.238 0.088  30 3 0 2.3 0.437 -0.07 < 0.001 

16615 31 7 1 5.51 0.767 0.118 0.046  31 1 0 1 0.000 NA 0.001 
Multilocus 
average 31.56 4.89 1.333 3.655

b
 0.491

c 
0.102 0.037  28.78 3.24 0.778 2.689

ab 
0.339

c 
0.112 0.040 

a,b,c, comparison of AR and HE between populations: values with different letters are significantly different for the tested statistic as by a Wilcoxon 
signed rank test with Holm multiple test correction. 

 

Table 2. Details on the nineteen polymorphic SSR markers developed for Symphonia globulifera including primer sequences and GenBank accession 
numbers. Locus 2978 was omitted from population genetics analyses due to low level of polymorphism. Repeat: Number of repeats found in the 
clone that corresponds to the accession number. UTR: inclusion of the SSR region in UTRs. Flurochrome in 5' was 6-FAM for Q2 
(TAGGAGTGCAGCAAGCAT), VIC for Q3 (CACTGCTTAGAGCGATGC) and NED for Q4 (CTAGTTATTGCTCAGCGGT).  
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Locus Repeat  Q-tail Mix Primer sequence (5′ – 3 ′) Putative function UTR GenBank Acc. no.  

1582 (ATC)4 Q3 1 F: Q3-GTGGTGGGATTGCTGCTATT Aquaporin TIP1,6 yes  KR363116 

    R: TGGCAAGGAACAAGTGAAGA    

2978 (GGT)4 Q4 1 F: Q4-GGTGGAGGAGAAGGAGCAG No match probably  KR363117 

    R: CACCGTAACCACCACCTTG    

3131 (ACC)5 Q3 1 F: Q3-TCGAAGAAGAAAGCATTTACGTG No match probably  KR363118 

    R: ATGAGTACGTTCCAGGGCG    

3984 (ACC)4 Q2 1 F: Q2-TTACGTGCAAGAAGATTCACG No match probably  KR363119 

    R: ACCACAACCCGCTCATACAC    

4464 (CTT)9 Q3 3 F: Q3-CCGCTTGAATCTTCAATTTCTC No match probably  KR363120 

    R: AACGAACTTGGTGGTCTTGG    

5489 (GGATT)4 Q2 3 F: Q2-AGAAGGACTTGACGGTGCC SKP1 yes  KR363109 

    R: GGAGCGGAAAGTGGACTCG    

6387 (AAT)5 Q2 1 F: Q2-ACGGGGATCAGATCGAGTTT Predicted protein probably  KR363121 

    R: TCACACATAACAGAATTTGCAATC    

6636 (GGTTT)5 Q2 1 F: Q2-CAGTGGGATGAAACCGAAAT NAC domain-containing protein yes  KR363110 

    R: CCCGTAACTTTGACCCAACA    

6783 (GCT)^4 Q2 1 F: Q2-AATACGCAGAGATGGGCAC No match probably KR363111 

    R: GAATGCTCGGGTTCAAATGC    

7189 (AAG)4 Q3 1 F: Q3-CCGACTTCACATCCCTAAACC No match yes  KR363112 

    R: GACCGAGATGCTTGATTCCC    

7694 (GTT)7 Q3 2 F: Q3-GGCACTAATCCGGAAACCAG Cyclin p3 yes  KR363122 

    R: TCTCCACGAAAGCTCAGGTC    

9610 (ATC)6 Q2 2 F: Q2-GGGAGCAAGAAGCACTGTC No match probably  KR363123 

    
R: TGATGAGGCTTGATTGGCG 
    

9990 (GCT)7 Q3 2 F: Q3-TCGTTGCTTTACCGAACTCC Pseudouridine-5'-monophosphatase probably  KR363124 

    R: CCATCCATATCGAAGATGACG    

10829 (AGC)7 Q2 3 F: Q2-ACTATGGTTTGGGTCCCGTC Transcription factor MYC2 yes  KR363113 

    R: ACTCCCTGGCAAAGAACCC    
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10904 (AGC)6 Q2 1 F: Q2-ATCTCTCCTCCCAGTGCAG Predicted protein yes  KR363114 

    R: GGCTCAAGGCAACTTGGTC    

14623 (CTT)5 Q2 2 F: Q2-TAGGTGGGGAGAAGGATGC Predicted protein probably  KR363125 

    R: TAAGGGAAGGAGGTGAACGA    

15834 (AGCG)7 Q2 3 F: Q2-GGGTTGGTGGATCGAGTACC No match probably  KR363126 

    R: AAGAGCATAGCGCTTGACG    

15979 (GGT)7 Q4 1 F: Q4-GCTTTTGTCTCGGCACTTGT Cation exchanger  probably  KR363115 

    R: CTCCAAACCGACTAGGACCA    

16615 (AAC)7 Q4 2 F: Q4-GCCGAAAACCACCAAACC ATP-dependent RNA helicase probably  KR363127 

    R: CGGAAGCTATAGGAAGGGATT    
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Table 3. Number of sequence reads considered for the de novo assembly of the Symphonia 
globulifera draft genome. 

Number of reads /  
Sequencing method 

Illumina 454 3kb (¼) 454 3kb (½) 454 7kb (¼) 

Raw reads 180,957,764 358,890 765,233 394,629 

Rejected reads  6,832,186 40,063 69,780 165,922 

     Repeated read -- 13,850 43,466 27,039 

     Short insert 1,885,321 24,138 24,275 42,097 

     Indeterminations 383,164 232 211 78 

     Unexpected vector 6 286 680 7,061 

     Empty insert 328,078 284 137 19,588 

     Contamination 4,235,617
a
 1,273

b
 1,011

b
 70,059

a
 

Pre-processed paired reads   170,831,276 99,429 277,440 63,297 

Pre-processed single reads 3,294,302 119,969 146,663 102,113 

Pre-processed read mean size 
(bp) 

91 140 170 158 

 

a The main source of contamination is the genomic DNA of E. coli DH10B, causing the rejection 
of 648,034 Illumina reads and 69,553 Roche/454 reads 

b The main source of contamination is plastid DNA, most likely from the S. globulifera plastid. 
The sequences bear strong similarity to plastid DNA from other Malphighiales, e.g., the Manihot 
esculenta plastome. 

 

Table 4. Assembly statistics on the de novo assembly of the Symphonia globulifera draft genome 
following the nomenclature of Figure 1. 

Assembling characteristic Strategy 1 Strategy 3 

Seeding scaffolds 9,107,943 8,632,000 

     Internal gaps in seeding scaffolds 608,183 1,052,592 

     #Ns in internal gaps 11,172,420 27,774,946 

Final scaffolds 9,107,943 2,653,526 

     Internal gaps in final scaffolds 300,901 738,935 

     #Ns in internal gaps 1,501,653 104,746 

N50 (nt) 221 500 

N90 (nt) 117 192 

Average length (nt) 218 387 

Longest scaffold (nt) 53554 67855 

Total assembly size (nt) 1,979,465.250 1,027,372,851 

Mapping rate (Illumina) 96% 90% 

Mapping rate (454) 29% 2% 
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Table 5. Position of the nineteen microsatellite loci described in Table 2 on the Symphonia 
globulifera genome draft.  

Locus 
name Scaffold name 

Scaffold 
Length 
(nt) Type

a 
Start  End 

Putative 
ortholog AC#

 
Putative ortholog 
description

b 

1582 deg7180003511049 500 Partial  500 317   

1582 deg7180004106732 100 Partial 70 100   

2978 deg7180003296107 851 Full  647 743   

3131 scf7180005380020 2807 Full  1543 1731   

3984 scf7180005408043 1267 Full  720 953   

4464 scf7180005327514 2278 Full  533 765   

5489 deg7180004279264 157 Partial  76 157   

5489 deg7180003785113 236 Partial  236 135   

6387 deg7180003307943 900 Full  227 597 F6HZ58 
Putative uncharacterized 
protein of Vitis vinifera 

6636 scf7180005337707 1800 Full  324 525 Q9SK55 

Transcription factor 
JUNGBRUNNEN 1 of 
Arabidopsis thaliana 

6783 scf7180005319115 2860 Full  1016 1188   

7189 scf7180005428261 1696 Full  168 327   

7694 scf7180005340183 1700 Full  1210 1566 Q9SHD3 
Cyclin-U2-1 of Arabidopsis 
thaliana  

9610 scf7180005308769 6300 Partial  6195 6300   

9990 scf7180005314014 3497 Full  174 287 F4JTE7 
(DL)-glycerol-3-phosphatase 
1 of Arabidopsis thaliana  

10829 scf7180005312076 4168 Full  2773 3150 Q39204 
Transcription factor MYC2 of 
Arabidopsis thaliana 

10904 scf7180005307787 8400 Full  2916 3186 A0A067LD58 
Uncharacterized protein of 
Jatropha curcas 

14623 deg7180005250159 300 Partial  1 243   

14623 deg7180003594156 371 Partial 1 43   

15834 deg7180003616557 386 Full  223 381   

15979 scf7180005338180 1600 Full  289 637 O04034 
Cation/calcium exchanger 5 
of Arabidopsis thaliana 

16615 deg7180003119103 1048 Full  129 218 Q38953 

Probable pre-mRNA-splicing 
factor ATP-dependent RNA 
helicase of Arabidopsis 
thaliana 

        
 

a Full: the complete sequence of the microsatellite is found identical on the scaffold. Partial: 95-
99% of the microsatellite sequence is found on the scaffold. Shorter matches are not shown. 
b Orthologs are specified only if the predicted coding sequence is >45% identical to the 
orthologous protein.  
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Table 6. Characterization of the eighteen microsatellite loci genotyped in four Symphonia globulifera populations. HE: expected heterozygosity or 
gene diversity; FIS = fixation index (* indicates a FIS significantly different from zero after Bonferroni adjustment with P < 0.05; **, P < 0.01; ***, P < 
0.001). 

Locus  Alleles  HE Allele range (bp) FIS Variance of allele size (bp) Error-rate 

1582 4 0.531 364-379 0.319** 3.2 0.05 

3131 7 0.770 187-208 0.187* 36.7 0.05 

3984 4 0.492 244-253 -0.267* 9.1 0.1 

4464 8 0.579 221-251 0.334*** 20.8 0 

5489 2 0.383 217-222 0.583*** 4.8 0 

6387 10 0.693 373-405 0.292*** 21.8 0.05 

6636 7 0.636 200-225 0.015 51.3 0.1 

6783 3 0.110 182-194 0.048 3.1 0.1 

7189 13 0.833 170-204 0.049 42.7 0.1 

7694 11 0.749 324-384 0.221*** 51 0.05 

9610 8 0.681 157-186 0.354** 6.1 0 

9990 7 0.632 122-152 -0.327*** 112.5 0.05 

10829 7 0.677 374-398 0.614*** 12.9 0 

10904 8 0.401 279-300 0.392*** 19.7 0 

14623 8 0.684 329-362 0.584*** 62.7 0 

15834 9 0.260 156-186 0.157 10.5 0 

15979 8 0.515 365-386 0.106 11.3 0.15 

16615 8 0.805 210-231 0.468*** 43.6 0 
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SUPPLEMENTARY FILES 

S1. Maker gene prediction and annotation results of the 565 Symphonia globulifera scaffolds 
selected for annotation. 
 
S2. Nucleotide sequences in fasta format of transcripts of the 1,046 predicted genes in 
Symphonia globulifera. 
 
S3. Gene annotation by Full-LengtherNEXT of predicted Symphonia globulifera genes. 
 
S4. Summary of Full-LengtherNEXT annotation results of predicted Symphonia globulifera genes. 
 
S5. Detailed description obtained with Sma3 of the genes predicted to code for a complete 
protein in Symphonia globulifera.  
 
S6. Variant call file containing describing high-quality genic SNPs in Symphonia globulifera with the 
new genome draft used as reference.  
 
S7. Genetic differentiation among Symphonia globulifera populations at 18 SSR loci. 
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