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Abstract

Whole genome sequencing is helping generate robust phylogenetic hypotheses for a range of taxonomic groups that

were previously recalcitrant to classical molecular phylogenetic approaches. As a case study, we performed a shallow

shotgun sequencing of eight species in the tropical tree family Chrysobalanaceae to retrieve large fragments of high-

copy number DNA regions and test the potential of these regions for phylogeny reconstruction. We were able to

assemble the nuclear ribosomal cluster (nrDNA), the complete plastid genome (ptDNA) and a large fraction of the

mitochondrial genome (mtDNA) with approximately 10003, 4503 and 1203 sequencing depth respectively. The phy-

logenetic tree obtained with ptDNA resolved five of the seven internal nodes. In contrast, the tree obtained with

mtDNA and nrDNA data were largely unresolved. This study demonstrates that genome skimming is a cost-effective

approach and shows potential in plant molecular systematics within Chrysobalanaceae and other under-studied

groups.
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Introduction

Over the past two decades, plant systematics has under-

gone a major revolution, owing to the advent of methods

for inferring evolutionary relationships among species

based on DNA sequences (Chase et al. 1993; Soltis et al.

2007, 2011). These advances have been obtained through

DNA amplification by polymerase chain reaction (PCR)

followed by classical Sanger sequencing. Organellar gen-

ome material has the advantage to be clonally inherited;

hence technical issues related to heterozygosity and

recombination or polyploidy are circumvented. In addi-

tion, the large amount of DNA copies for organellar

genomes helps improve the efficiency of DNA extraction,

a crucial stage when using degraded DNA, e.g. in her-

barium samples.

In spite of this impressive progress, the phyloge-

netic tree of flowering plants is far from being fully

resolved (Soltis et al. 2011). This is mostly due to four

major issues. First, bursts of diversification may pre-

vent the resolution of phylogenetic trees if based on

too few phylogenetically informative sites (Magallon

et al. 1999; Davis et al. 2005; Whitfield & Lockhart

2007; Davis & Anderson 2010). Second, plant groups

have received an unequal consideration when it comes

to molecular systematics, and even today, some lin-

eages remain poorly investigated (e.g. Panadanaceae,

Buerki et al. 2012; or Sapotaceae, Swenson et al. 2008).

Third, a number of plants, especially those growing in

the tropics and subtropics, produces massive amounts

of secondary compounds used for defending their tis-

sues, and extracting high-quality DNA for molecular

analyses is challenging (for example, Feitosa et al.

2012). Moreover, PCR is notoriously fastidious on

DNA extracted from herbarium specimens and is
Correspondence: Pierre-Jean Mal�e, Fax: +33 (0) 5 61 55 73 27;

E-mail: pjg.male@gmail.com

© 2014 John Wiley & Sons Ltd

Molecular Ecology Resources (2014) 14, 966–975 doi: 10.1111/1755-0998.12246



usually only applicable for short segments of high-

copy number DNA regions (Varma et al. 2007).

The lack of resolution of phylogenetic trees can be

overcome by increasing drastically the amount of phylo-

genetically informative signal (Delsuc et al. 2005). For

plants, the first application of this idea has shed light on

the basal relationships among angiosperms (Goremykin

et al. 2004; Leebens-Mack et al. 2005; Moore et al. 2007).

A major advance in this direction has since been made

possible through the advent of high throughput DNA

sequencing (Atherton et al. 2010; Egan et al. 2012) and

the production of plastid genomes at an unprecedented

speed (Moore et al. 2006). In a few years, it was extended

to all major eudicot clades (Moore et al. 2010) and to

monocotyledons (Givnish et al. 2010). Most of these stud-

ies relied on the purification of plastid DNA prior to

sequencing, which is a challenging task that needs spe-

cific, expensive equipment. Moreover, they were limited

to the use of only plastid exons either because of the

need of designing conserved primers for PCR amplifica-

tion or because of errors generated in homopolymers by

454 sequencers which are more frequent in noncoding

regions.

Here, we implement a rapid and cost-effective strat-

egy for generating phylogenetically informative genomic

data. In a nutshell, the idea is to perform a ‘genome

skimming’ approach (see Cronn et al. 2008; Straub et al.

2012; McPherson et al. 2013) by a shallow (typically 19)

shotgun sequencing of the total genomic DNA. In addi-

tion to producing reliable and entire plastid genomes,

we explored whether we could also generate full

sequences of the nuclear ribosomal cluster and at least

partial sequences of the mitochondrial genome. As a

proof of concept, we applied this method to eight species

belonging to Chrysobalanaceae, an ecologically impor-

tant family in the Neotropics (Prance 1972; Prance &

White 1988; Hopkins 2007). This family has long been

overlooked in molecular phylogenetics (but see Yakan-

dawala et al. 2010), in part because it is rich in secondary

chemical compounds (Feitosa et al. 2012). We show that

even for this family with limited available molecular sys-

tematics information the entire plastid genome, the

nuclear ribosomal unit and at least a part of the mito-

chondrial genome can be obtained from the same

sequencing run. This new information yields better-

resolved phylogenetic trees than those based on tran-

scribed sequences only.

Materials and methods

Study species

Chrysobalanaceae is a pantropical woody plant family in

the order Malpighiales (Prance & White 1988; Davis et al.

2005; Apg III 2009). The most recent taxonomic treatment

of the family includes 531 species and 18 genera (Prance

& Sothers 2003). Over 80% of the species occur in the

Neotropics where they are often an important compo-

nent of the woody plant community, both in terms of

ecology and diversity (Prance 1972; Prance & White

1988; Hopkins 2007). We focused on eight species

belonging to seven of the 12 major monophyletic groups

described in Bardon et al. (2013). We included three Lica-

nia species: L. sprucei (Hook.f.) Fritsch (clade L3), L. heter-

omorpha Benth. (clade L4), and L. alba (Bernoulli)

Cuatrec. (clade L5). We also included Parinari campestris

Aubl., Chrysobalanus icaco L., Couepia guianensis Benth.,

and two species of the genus Hirtella (H. physophora

Mart. & Zucc. and H. racemosa Lam.).

Fresh leaf tissue samples were immediately frozen in

liquid nitrogen and stored at �80 °C. We also used sil-

ica-dried leaf tissue stored at ambient temperature for

one species (L. heteromorpha). All leaf tissues were col-

lected from well-defined populations near Kourou,

French Guiana (locations 5°040N; 52°420W and 5°230N;

52°540W).

DNA extraction and library preparation

Leaves were ground in a ZM 200 centrifugal mill (Retsch,

Hahn, Germany) through a 0.5 mm sieve, in liquid nitro-

gen and at full speed. We then used a TissueLyser II

(Qiagen, Courtaboeuf, France) to crush 10 mg of frozen

ground tissue with three glass beads (4 mm in diameter)

in a 2-mL microtube for two rounds of 1 min at 30 Hz

separated by a 45-s pause to prevent overheating of the

samples. Total DNA was then extracted using a DNeasy

Plant Mini Kit (Qiagen) following the manufacturer’s

protocol.

Five separate extractions were performed for each

plant, pooled and concentrated in a Speed Vac centrifuge

(Savant Instruments, Inc., Hicksville, NY, USA) to a total

volume of 100 lL. Quality and concentration of the DNA

samples were assessed on a 1% agarose gel and with a

Nanodrop ND-1000 (Thermo Fisher Scientific,

Delaware). We also applied the PicoGreen method

(Quant-iTTMPicoGreen�; Molecular Probes Inc., OR,

USA) to measure the concentration of double-stranded

DNA (Murakami & McCaman 1999).

Library construction and sequencing was carried out

on a HiSeq 2000 Illumina sequencing system (Illumina,

San Diego, CA, USA). A separate library was constructed

for each species using the Illumina TruSeq DNA Sample

Prep v2 kit. Briefly, genomic DNA was sheared by soni-

cation and the fragments were end-repaired. Purified

fragments were A-tailed and ligated to sequencing

indexed adapters. Fragments with an insert size of

approximately 400 bp were gel-extracted and enriched
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with 10 cycles of PCR for blunting DNA molecules

before library quantification and validation. Each

library was then hybridized to the HiSeq 2000 flow cell

using the Illumina TruSeq PE Cluster Kit v3. Bridge

amplification was performed to generate clusters, and

paired reads of 101 nucleotides were collected on the

HiSeq 2000 sequencer, using the Illumina TruSeq SBS

Kit v3 (200 cycles). Hirtella physophora was sequenced

on 1/12th of a lane during a preliminary test. The

seven other libraries were multiplexed on one lane

of the HiSeq 2000 flow cell, with each library on 1/24th

of a lane.

Sequence assembly

Image analysis and base calling were automatically

performed using the Illumina software CASAVA 1.8.

Plastid genomes (ptDNA), mitochondrial genomes

(mtDNA) and nuclear ribosomal clusters (nrDNA)

were reconstructed using a script based on the UNIX

command awk (Aho et al. 1979) and Python scripts (OBI-

TOOLS, freely available at http://metabarcoding.org/

obitools). Bioinformatics analyses were conducted on a

computer cluster of the GENOTOUL bioinformatics plat-

form (http://bioinfo.genotoul.fr/, Toulouse, France).

Because the closest complete ptDNA, mtDNA and

nrDNA genomes available in public genomic databases

were from species belonging to distant clades [either

euphorbioids or salicoids according to Xi et al. (2012),

we performed de novo assemblies rather than read

mapping on a reference. First, we reconstructed short

sequences (the probes) unambiguously originating

either from ptDNA or from nrDNA. All reads were

BLAST-searched against the phylogenetically closest

genomes available on GenBank: Jatropha curcas L.,

Euphorbiaceae (GenBank accession no.: NC_012224) for

ptDNA and Linum usitatissimum L., Linaceae (GenBank

accession number: EU307117) for nrDNA. Reads with

a match of at least 90% were assembled into small

contigs using the Velvet assembler (Zerbino & Birney

2008). Second, we used these probes to initiate the

genome assembly process by in silico genome walking:

using the extractreads2 program (included in the OBI-

TOOLS package), we selected sequence reads including a

‘word’ of at least 80 bases shared with the probes, the

newly selected reads were subsequently used as

probes and this process was repeated until no new

read was identified (for an overview of classical gen-

ome walking in eukaryotes, see Leoni et al. 2011). This

approach is similar in spirit to the strategy imple-

mented for mitochondrial genomes in the MITObim

(Hahn et al. 2013). Finally, the selected reads were

joined using COPE when overlapping (Liu et al. 2012)

and assembled using the Velvet assembler (Zerbino &

Birney 2008). A script example is avaialble from Dryad

(doi: 10.5061/dryad.78p90). The few resulting contigs

were manually assembled using GENEIOUS V6.0.5 (Kearse

et al. 2012). For each accession, we assembled a com-

plete plastid genome and a nuclear ribosomal unit

comprising the complete sequence of 26S, 18S and 5.8S

genes and internal transcribed spacers (ITS1 and ITS2).

For the nuclear ribosomal DNA, we did not assemble

the internal gene spacer (IGS) because of the complex-

ity of this region which is rich in duplications and

inversions.

We also assembled large contigs of the mitochondrial

genome (mtDNA). Short repeated sequence elements can

represent up to 10% of the mtDNA in plants (Kubo et al.

2000), which impedes the assembly of the complete mito-

chondrial genome based on short fragments. Moreover,

ptDNA and mtDNA may share very similar sequences,

sometimes as long as several kilobases (Stern & Lonsdale

1982). We discovered that since mtDNA is underrepre-

sented in leaf cells compared to ptDNA, shared

sequences were an issue only for mtDNA assembly. We

thus focused on the assembly of mitochondrial genes

and their flanking regions. Reads that showed a match

higher than 90% with ptDNA when BLAST-searched

against ptDNA were filtered out. The remaining reads

were assembled into long contigs as previously

described, using as a reference the mitochondrial gen-

ome of Ricinus communis L., Euphorbiaceae (GenBank

accession number: NC_015141). Only those contigs that

unambiguously contained mtDNA genes were used for

subsequent analyses.

Reads were finally mapped to the obtained sequences

and annotation of the consensus sequences was per-

formed in GENEIOUS V6.0.5. The newly generated

sequences are available on GenBank (see Table 1 for

accession numbers).

Phylogenetic reconstructions

For each cellular compartment, sequences were aligned

along with outgroup sequences using MAUVE (Darling

et al. 2004) and MAFFT (Katoh et al. 2002) as provided

through the GENEIOUS V6.0.5 platform. Genome align-

ments were subsequently manually refined and the

GBLOCKS program was used to avoid spurious informative

characters caused by issues in automatic genome align-

ment due to indels and inversions (Castresana 2000;

Talavera & Castresana 2007). Conserved and flanking

positions were defined as shared by at least half the

sequences with a maximum of eight contiguous noncon-

served positions in at least 10-nucleotides long blocks.

All gap positions were discarded. We also discarded

the second inverted repeat region from the ptDNA

alignment to avoid considering twice the same

© 2014 John Wiley & Sons Ltd
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information. Alignments are available from Dryad (doi:

10.5061/dryad.78p90). The ptDNA-based tree was

rooted with complete plastid Malpighiales genomes

available on GenBank: Jatropha curcas, Manihot esculenta,

Populus alba and Ricinus communis (GenBank accession

numbers: NC_012224, NC_010433, NC_008235 and

NC_016736). The mtDNA-based tree was rooted using

the complete mitochondrial genome of Ricinus communis

(NC_015141), the only complete mitochondrial genome

in the Malpighiales currently available on Genbank. The

nrDNA-based tree was rooted with the only complete

nuclear ribosomal region in the Malpighiales available

on GenBank, that of Linum usitatissimum (EU307117). The

number of variable sites and of parsimony informative

characters (PICs) was calculated using MEGA v5.05 (Tam-

ura et al. 2011).

The alignments were partitioned according to the

best-fit nucleotide substitution model determined using

the PARTITIONFINDER software (Lanfear et al. 2012). Input

files corresponded to the most finely partitioned scheme

possible i.e. individual partitions for each codon position

of each protein-coding gene, for each rRNA, for each

tRNA and for each noncoding region. In PARTITIONFINDER,

we used the “greedy” algorithm (heuristic search) with

branch lengths estimated as “unlinked” and tested the

two models implemented in RAXML v7.2.8 (Stamatakis

2006): GTR+Γ and GTR+I+Γ. The optimal partitioning

schemes and substitution models (see Tables S2 and S3,

Supporting information) were used in subsequent phylo-

genetic reconstructions.

Phylogenetic reconstruction was performed by maxi-

mum likelihood inference (ML) using the RAXML soft-

ware. Branch support for the topology was assessed by

bootstrapping the original data set 1000 times. We also

used the Bayesian approach as implemented in MRBAYES

v3.2.1 (Ronquist & Huelsenbeck 2003). In these analyses,

MCMCMC were run for 100 million generations, sam-

pling parameters and trees every 1000 generations. Two

independent runs each with four chains were executed

simultaneously. The convergence of the chains was

assessed by the Average Standard Deviation (ASD) in

split frequencies across generations between the two

runs. For all analyses, ASD was lower than 0.001 after

excluding 25% of the samples as the burnin. Fifty per

cent majority-rule consensus trees and their associated

Bayesian posterior probabilities were generated with the

sumt command in MRBAYES after discarding the first 25%

of the samples as the burnin of the chains. The same

analyses were conducted with alignments comprising

only nonintronic transcribed sequences and with a con-

catenated data set comprising ptDNA, mtDNA and

nrDNA using Ricinus communis as an outgroup (Gen-

Bank accession numbers: NC_016736 and NC_015141).
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Results

Genome sequencing

The total DNA samples contained at least 1.5 lg of

DNA, according to both Nanodrop and PicoGreen

instruments with 260/230 and 260/280 purity ratios

superior to 1.78 and 1.61, respectively. For each Illumina

library, between 10.6 and 17.8 million reads were

obtained per 24th of a lane (see Table S1, Supporting

information).

We were able to reconstruct a complete ptDNA genome

for all eight sampled species. The ptDNA genomes were

around 162 kb in size (average GC content: 36.2%), and

ptDNA sequencing depth was over 2259 for 1/24th of a

HiSeq 2000 lane (mean: 4889; Table 1). The fraction of

chloroplast reads varied among species between 2.4%

and 7.9% of the total reads (Table 1). The gene order was

conserved among the eight species and was the same as

the other available ptDNA genomes of Malpighiales [as

an example, see Fig. S1 (Supporting information) for the

physical map of the plastid genome of Licania alba].

We also assembled around 250 kb of the mtDNA gen-

ome for all species. These partial genomes included all

genes but rps1, rps7, rps13, rps19, rpl10 and rpl16 (average

GC content: 44.5%). Reads unambiguously assigned to

mtDNA genomes ranged between 1.4% and 3.2% of the

total reads, and the sequencing depth was superior to

819 for mtDNA (mean: 1329; Table 1).

Finally, a nrDNA contig including the complete

sequence of 18S, ITS1, 5.8S, ITS2 and 26S was assembled

for each species (mean size: 6485 bp; average GC con-

tent: 56%). The sequencing depth was greater than 7459

for nrDNA (mean: 14329; Table 1). Between 0.32% and

1.13% of the reads matched nrDNA sequences.

Phylogenetic results

After discarding the second inverted repeat region and

ambiguously aligned sites, the ptDNA genome align-

ment comprised 109 474 nucleotide sites of which 1900

(1.7%) were variable and only 376 were parsimony infor-

mative within Chrysobalanaceae (Table 2). Half of the

variable sites were found in noncoding regions. The ML

tree and the Bayesian consensus tree had almost exactly

the same topology, and only differed in the placement of

C. icaco. All nodes but two received bootstrap values

≥85% and all but the same two had Bayesian posterior

probabilities equal to 1 (Fig. 1a). The trees obtained with

the data set including only plastid nonintronic tran-

scribed sequences had the same topology but the nodes

were less strongly supported: only three nodes received

bootstrap values ≥85% and four nodes had posterior

probabilities equal to 1. T
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The mtDNA sequence alignment comprised 155 509

nucleotide sites, of which 1009 (0.6%) were variable and

of these, 224 were parsimony informative (Table 2). Most

of the variable sites (92%) were located in noncoding

regions. The ML and Bayesian trees obtained with the

data set comprising nontranscribed sequences were both

poorly supported, but the few supported nodes were

consistent with those supported in the ptDNA phylog-

eny. The trees obtained with only mitochondrial nonin-

tronic transcribed sequences were even more poorly

resolved (Fig 1b).

The alignment of the nuclear ribosomal region

comprised 5609 nucleotide sites. Of these, 220 were

variable and 85 parsimony informative (Table 2). With

3.9% of polymorphic sites, this nuclear region was

found to be more variable than the other two genomic

compartments. However, phylogenetic reconstructions,

be they based on datasets including nontranscribed

regions or not, produced poorly resolved trees and

they only strongly supported the placement of the two

closely related Hirtella species within the same clade

(Fig. 1c).

Finally, the concatenated data set resulted in almost

the same phylogenetic hypothesis as the one obtained

with ptDNA alone, excepted for the placement of L. alba

and with a generally lower node support (Fig. 1d).

 Hirtella physophora

 Hirtella racemosa

 Licania heteromorpha

 Licania alba

 Licania sprucei

 Couepia guianensis

 Chrysobalanus icaco

 Parinari campestris

 Outgroup

86/1

97/1

100/1

00/1

100/1

/

0.001

(a)
 Hirtella physophora

 Hirtella racemosa

 Licania heteromorpha

 Couepia guianensis

 Licania sprucei

 Licania alba

 Parinari campestris

 Chrysobalanus icaco

 Ricinus communis

100/1

100/1

/

0.001

(b)

 Couepia guianensis

 Licania alba

 Chrysobalanus icaco

 Hirtella physophora

 Hirtella racemosa

 Licania heteromorpha

 Parinari campestris

 Licania sprucei

 Linum usitatissimum

73/0.86

74/1

/

0.005

(c)
 Hirtella physophora

 Hirtella racemosa

 Licania heteromorpha

 Licania sprucei

 Couepia guianensis

 Licania alba

 Chrysobalanus icaco

 Parinari campestris

 Ricinus communis

96/1

98/1

100/1

/

0.001

(d)

Fig. 1 Maximum likelihood phylogenetic trees for eight Chrysobalanaceae species obtained with complete plastid genome (ptDNA;

panel a), partial mitochondrial genome (mtDNA; panel b), nuclear ribosomal region (nrDNA; panel c) and the concatenation of ptDNA,

mtDNA and nrDNA (panel d). Branch lengths are drawn proportional to number of nucleotide substitutions per site, excepted for the

branch leading to the outgroup that has been cut for scaling purposes. Bootstrap support values (using RAXML) and Bayesian posterior

probabilities (from 50% majority-rule consensus trees obtained using MRBAYES) are reported when bootstrap values are superior to 70%.

Bootstrap values higher than 85% are highlighted in bold. The part of the trees shaded in grey represents outgroups included in these

analyses.
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Discussion

The value of shotgun sequencing for plant phylogenetics

We showed that shallow shotgun sequencing helps gener-

ate full organelle genomes for plant phylogenetic recon-

struction and may be implemented for virtually all

angiosperm species. This method is not based on PCR, so

it alleviates much of the hurdles encountered in ampli-

con-based approaches. In addition, the method does not

require a purification of ptDNA prior to sequencing, so

laboratory work is greatly simplified. As a result, we

obtained entire ptDNA genomes for eight species in a

family for which little previous genomic study had been

carried out (Yakandawala et al. 2010; Bardon et al. 2013).

Unlike recent phylogenomic studies (Xi et al. 2012), we

reconstructed full genomes, including noncoding regions.

The sequencing depth of the ptDNA genomes was such

that base-calling errors are very unlikely. This method

represents about a ten-fold reduction in the assembled

per-nucleotide sequencing cost compared with capillary

sequencing. Such costs are likely to further drop in the

future, especially if more species can be multiplexed in

one run.

The Illumina library production was a critical techni-

cal step, and although 1–5 lg DNA is required as per the

manufacturer’s protocol, we found that much lower

DNA quantities would suffice to generate good data (see

also Straub et al. 2012; Besnard et al. 2013). In our study,

it was relatively straightforward to obtain enough good

quality DNA, and this limitation should be the focus of

forthcoming technological improvements.

Towards a refined phylogeny of Chrysobalanaceae

The phylogenetic hypothesis obtained with complete

ptDNA is consistent with the one published by Yakan-

dawala et al. (2010) and Bardon et al. (2013). However, in

previous analyses, almost none of the deep nodes were

supported. As a result, while the monophyly of genera

such as Hirtella and Parinari were suggested, the para-

phyly of Licania could only be postulated. In the present

analysis, five of the seven nodes are strongly supported

in both ML and Bayesian analyses, but since Chrysoba-

lanaceae comprise 18 genera, only five of which are

included in the present study, we cannot draw definitive

conclusions about the monophyly of genera in this fam-

ily. However, our analysis is consistent with the exis-

tence of a Neotropical clade comprising the Hirtella,

Licania and Couepia genera, and the basal position of

Paleotropical members of the family. Through our analy-

sis, the paraphyly of genus Licania is now strongly sup-

ported, and this has serious implications for the

systematics of the family. A systematic revision of this

large genus is now in need, and work in this direction is

underway (C. A. Sothers, G. T. Prance & M. W. Chase,

unpublished results). Parinari might be the basal-most

lineage in our sampling and Chrysobalanus, a species-

poor genus present in the coastal vegetation of both the

Neotropics and Africa, might be more closely related to

the Neotropical clade than to Parinari. At this point, our

results do not allow us to discuss further the molecular

systematics of this family, a question which we postpone

to a forthcoming study including a more comprehensive

taxon sampling.

On the relative merits and limits of mtDNA and
nrDNA in plant phylogenomics

Unlike ptDNA, we were unable to fully reconstruct the

complete mtDNA genome, due to its complex structure in

plants, with many repeated regions. The few studies that

included complete mtDNA genomes of plants (e.g. Riva-

rola et al. 2011) reported a genome size of about 500 kb.

Here, we were able to assemble c. 250 kb of the mtDNA

genome, including almost all the mitochondrial genes.

The total length of mtDNA exons of our assembled

regions is less than 30 kb (Table 2), a low figure compared

with the ptDNA genome. Plant mtDNA genomes are

highly dynamic (Galtier 2011), but they evolve mainly by

intragenomic recombination through repeated sequences

(Lonsdale et al. 1988), and appear to have a slower substi-

tution rate than ptDNA (Wolfe et al. 1987; Palmer & Her-

bon 1988). Our results are in line with these observations

with twice less variable sites in mtDNA vs. ptDNA

(Table 2). Thus, the value of assembling large regions of

mtDNA for phylogenetic reconstructions appears debat-

able, at least in Chrysobalanaceae.

The nuclear ribosomal region contained a proportion

of variable characters twice higher than ptDNA. These

results are in agreement with studies comparing evolu-

tionary rates among plant cell genomes (Hamby & Zim-

mer 1992; Doyle 1993). In spite of this variability, the

nrDNA phylogenetic tree was poorly resolved. One pos-

sible interpretation is the fast evolutionary rate of

nrDNA (e.g., Grimm & Denk 2008), compared to ptDNA

and mtDNA (Wolfe et al. 1987). This could lead to a high

level of homoplasy, thus decreasing the phylogenetic

information in this DNA region. The many nuclear cop-

ies of the ribosomal unit also evolve under concerted

evolution, which is known to increase homoplasy (Hillis

et al. 1991), probably because of GC-biased gene conver-

sion (Galtier 2003; Escobar et al. 2011). Other phenomena

such as the presence of paralogous copies and/or pseud-

ogenes interfering with the sequencing of nrDNA

(�Alvarez & Wendel 2003) may further contribute to
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explain the poor resolution of nrDNA-based phyloge-

netic hypotheses in plants.

Our study confirms the importance of ptDNA geno-

mic information to reconstruct deep nodes in the phylog-

eny of Chrysobalanaceae, and possibly of other plant

lineages. On the other hand, mtDNA and nrDNA pro-

vided only marginally more information than ptDNA.

An obvious next step would be to sequence nuclear ex-

ons through RNA sequencing (Zimmer & Wen 2012), but

this is a far more technical step and one that critically

depends on the question being addressed.

Implications for DNA barcoding

The present study also brings novel insight to plant

DNA barcoding. Much emphasis has been placed in dis-

covering DNA-based techniques to identify tissue sam-

ples based on sequencing small DNA fragments, an

approach that has shown some promise in ecology (Vo-

gler & Monaghan 2007; Gonzalez et al. 2009; Hibert et al.

2013; Qu�em�er�e et al. 2013), in the traceability of products

of the food industry (Di Pinto et al. 2013; P�erez-Jim�enez

et al. 2013), in enforcing international regulations

regarding biodiversity and biological resources (Arm-

strong & Ball 2005; Ardura et al. 2010), and in forensics

(Dawnay et al. 2007). For plants, the consortium for the

barcoding of Life has reached an agreement after much

debate only in 2010, and fragments of two fragments of

ptDNA exons have been chosen (rbcL and matK) to

become the official barcoding markers (CBOL Plant

Working Group 2009). Developing large DNA banks for

these two markers is invaluable for many areas of

research, but since we are now able to produce a full

ptDNA genome, it is worthwhile asking if developing

full ptDNA genome libraries would be advantageous

over classic DNA barcode libraries (Kane et al. 2012).

The technology described here produces ptDNA

genomes at a tenth of the cost per base compared with

the typical DNA barcode (c. 1.3 kb when concatenated).

Hence, the cost of producing a full ptDNA genome cur-

rently is only about an order of magnitude larger than

that of producing just the rbcL and matK barcodes. This

cost gap is likely to reduce in the near future. Indeed,

novel multiplexing approaches are expected, while San-

ger sequencing costs are unlikely to go down now.

Since they rely on small DNA fragment sequencing,

Illumina-based approaches are particularly suited to

sequence heavily degraded genomes, thus facilitating a

sound molecular characterization of rare or extinct spe-

cies and increasing the potential use of species collec-

tions conserved in herbariums and museums

(Guschanski et al. 2013). In addition, full ptDNA

sequencing offers far more opportunities for detecting

informative regions useful both in plant systematics and

DNA barcoding, following the strategy of Shaw et al.

(2007). Also, base-calling error is low for Illumina plat-

forms, especially when the sequencing depth is 1009 or

higher. Finally, full ptDNA sequencing does not conflict

with the currently established DNA barcoding strategy,

since rbcL and matK would also be sequenced.

Conclusion

This study reports on a rapid and reliable method to gen-

erate plant organellar genomic data using a new-genera-

tion sequencing technology. We have demonstrated that

this method is easy to implement even in tropical plant

families, and that it yields robust data for organellar

genomes. The evolutionary histories based on ptDNA

and mtDNA sequences published here should not be

misconstrued as definitive because they ignore several

lineages in the family and the bulk of the nuclear DNA

information, but they set the stage of future studies. For

Chrysobalanaceae, and probably for other tropical plant

families, this approach should help generate much more

robust phylogenetic trees than in any previous study.
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Fig. S1 Physical map of the plastid genome (ptDNA) of Licania

alba, drawn with the OGDRAW software (Lohse et al. 2007).

Fig. S2 Maximum likelihood phylogenetic trees for eight Chry-

sobalanaceae species obtained with nonintronic transcribed

sequences of plastid genome (panel a), mitochondrial genome

(panel b) and nuclear ribosomal region (panel c). Branch lengths

are drawn proportional to number of nucleotide substitutions

per site, excepted for the branch leading to the outgroup that

has been cut for scaling purposes. Bootstrap support values

(using RAXML) and Bayesian posterior probabilities (from 50%

majority-rule consensus trees obtained using MRBAYES) are

reported when bootstrap values are superior to 70%. Bootstrap

values higher than 85% are highlighted in bold. The part of the

trees shaded in grey represents outgroups included in these

analyses.

Table S1 Quantity and quality of total DNA used for eight

Chrysobalanaceae species and number of reads obtained after

sequencing. H. physophora was sequenced on a 12th of a HiSeq

2000 lane whereas the other species were sequenced on a 24th of

a HiSeq 2000 lane.

Table S2 Optimal partitioning scheme and best-fit models iden-

tified by the PARTITIONFINDER software with model choice

restricted to models available in RAXML for alignments compris-

ing nontranscribed regions (hereafter labelled “nc”). Alpha and

the proportion of invariant sites have been estimated using

RAXML.

Table S3 Optimal partitioning scheme and best-fit models iden-

tified by the PARTITIONFINDER software with model choice

restricted to models available in RAXML for alignments compris-

ing only nonintronic transcribed regions. Alpha and the propor-

tion of invariant sites have been estimated using RAXML.
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