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Abstract
The insectivorous Venus flytrap (Dionaea muscipula) is renowned from Darwin’s studies of

plant carnivory and the origins of species. To provide tools to analyze the evolution and

functional genomics of D.muscipula, we sequenced a normalized cDNA library synthesized

from mRNA isolated from D.muscipula flowers and traps. Using the Oases transcriptome

assembler 79,165,657 quality trimmed reads were assembled into 80,806 cDNA contigs,

with an average length of 679 bp and an N50 length of 1,051 bp. A total of 17,047 unique

proteins were identified, and assigned to Gene Ontology (GO) and classified into functional

categories. A total of 15,547 full-length cDNA sequences were identified, from which open

reading frames were detected in 10,941. Comparative GO analyses revealed that D.musci-
pula is highly represented in molecular functions related to catalytic, antioxidant, and

electron carrier activities. Also, using a single copy sequence PCR-based method, we esti-

mated that the genome size of D.muscipula is approx. 3 Gb. Our genome size estimate and

transcriptome analyses will contribute to future research on this fascinating, monotypic spe-

cies and its heterotrophic adaptations.

Introduction
Darwin was fascinated by the unusual adaptations of carnivorous plants during his often frus-
trating studies of the evolution of flowering plants, which he referred to as an ‘abominable mys-
tery’ [1,2]. Darwin’s treatise on insectivorous plants noted that the Venus flytrap (Dionaea
muscipula) was ‘one of the most wonderful of the world’ [3]. Studies of carnivorous plants have
continued since Darwin’s time. Attention has focused on the biogeography and phylogenetics
of the only two carnivorous species with snap traps, D.muscipula and the aquatic waterwheel
Aldrovanda vesiculosa [4–6]. The habitat of D.muscipula is damp pine savannas of southeast-
ern North America, and it is considered a relic species with a narrow, endangered distribution
of less than 300 km2 [4]. A. vesiculosa is also considered a relict, earlier widely distributed in

PLOSONE | DOI:10.1371/journal.pone.0123887 April 17, 2015 1 / 13

OPEN ACCESS

Citation: Jensen MK, Vogt JK, Bressendorff S,
Seguin-Orlando A, Petersen M, Sicheritz-Pontén T, et
al. (2015) Transcriptome and Genome Size Analysis
of the Venus Flytrap. PLoS ONE 10(4): e0123887.
doi:10.1371/journal.pone.0123887

Academic Editor: Lorenzo Zane, University of
Padova, ITALY

Received: November 21, 2014

Accepted: February 23, 2015

Published: April 17, 2015

Copyright: © 2015 Jensen et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: All sequenced reads
are uploaded to NCBI Short Read Archive (accession
SRX312294).

Funding: This work was supported by a grant to JM
from the Danish Research Council (#DFF-1323-
00267; http://ufm.dk/forskning-og-innovation/rad-og-
udvalg/det-frie-forskningsrad/radet/dff-natur-og-
univers). The funders had no role in study design,
data collection and analysis, decision to publish, or
preparation of the manuscript.

Competing Interests: The authors have declared
that no competing interests exist.

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0123887&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://ufm.dk/forskning-og-innovation/rad-og-udvalg/det-frie-forskningsrad/radet/dff-natur-og-univers
http://ufm.dk/forskning-og-innovation/rad-og-udvalg/det-frie-forskningsrad/radet/dff-natur-og-univers
http://ufm.dk/forskning-og-innovation/rad-og-udvalg/det-frie-forskningsrad/radet/dff-natur-og-univers


Europe, Africa, India, Japan, and Australia, yet now confined to fewer than 36 localities mostly
in Europe and Russia [7].

Earlier phylogenetic studies demonstrated that carnivory occurs in several flowering plant
lineages [8,9], and it was thought that the snap traps of A. vesiculosa and D.muscipula evolved
independently. However, Cameron et al. [4] showed that A. vesiculosa and D.muscipula
evolved as monotypic sister genera from a sundew-like ancestor. While the habitat of A. vesicu-
losa is similar to that of many aquatic carnivorous bladderworts (Utricularia spp.), the snap
traps of D.muscipula and A. vesiculosa are unique in having a single evolutionary origin and
narrow ecological distributions [1].

An understanding of the molecular adaptations to plant carnivory has also been sought via
genome size estimates. Genome sizes vary more than 2,300-fold among angiosperms, from
that of Paris japonica (2n = 12, 1C = ~149 Gbp) [10] to that of carnivorous Genlisea margare-
tae (2n = ~40, 1C = ~63 Mbp) [11]. The biological significance of this massive variation is puz-
zling. Carnivorous plants are found in at least five, genetically poorly described orders [12].
The lack of molecular tools and genetic information, however, has not hampered phenotypic
and ecological studies of the orders with carnivorous members [1,13], and comparative geno-
mic analyses may clarify some of their traits. Within the Lentibulariaceae, Greilhuber et al.
identified ~24-fold variation in genome sizes among Genlisea and other family members [11].
Also, large variations in ploidy levels and chromosome sizes have been reported within the car-
nivorous Droseraceae [14]. Rogers et al. reported genome estimates for two carnivorous pitcher
plants, Sarracenia purpurea and Sarracenia psitticina, to be larger than 3.5 Gb [15]. Thus, the
genome contents of carnivorous plants seem to be extremely variable, and the larger genomes
tend to have many repetitive sequences and transposable elements [15].

An important complement to genome size analyses comes from transcriptome data. Both
transcriptome and genome sequence data are needed to understand the physiological and ge-
netic basis of the snap trap and to identify genes selected during its evolution [16]. To this end,
deep sequencing [17,18] is beginning to reveal certain aspects of the evolution of carnivory. To
date transcriptome data for the bladderwort Utricularia gibba has been published [19]. Fur-
thermore, Srivastava et al. have reported the deep-sequencing of two Sarracenia species [20],
thereby providing important information on the events of genome duplication and speciation
within the genus Sarracenia. Finally, Schulze et al. used transcriptome data to delineate the
protein composition of the digestive fluid of D.muscipula [21]. Altogether, such studies clarify
aspects of the molecular physiology associated with the carnivorous syndrome.

In the present study, we sequenced the transcriptome of D.muscipula, using a mixed-tissue
sample for cost-effective, next generation sequencing of a normalized cDNA library. Transcrip-
tome sequences were assembled into contigs and functional analyses performed. From this a
large number of transcripts related to catalytic activities were identified. This high-throughput
data set is the first available for a member of the largest family of carnivorous plants (Drosera-
ceae). Our data provide a public resource for unveiling mechanistic features of the carnivorous
syndrome such as attraction, trapping and digestion. Moreover, our D.muscipula genome size
estimate, based on quantitative PCR of a single copy sequence, is the first for a member of the
sundew family in the order Caryophyllales.

Materials and Methods

Plant material
For nuclear genome estimates, 1 g of freshly harvested flowers, petioles and traps were used
from D.muscipula and Arabidopsis thaliana (Col-0). D.muscipula plantlets were purchased
from Horticulture Lammehave A/S (Ringe, Denmark).

Venus Flytrap Transcriptome and Genome Size
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Genomic DNA extraction
DNA was extracted from D.muscipula and A. thaliana as described for Drosera rotundifolia by
Bekesiova et al. [23] with modifications for extraction from the more succulent and recalcitrant
D.muscipula. After tissue grinding, cells were lysed in 6 ml CTAB-buffered N-lauryl sarcosine
(5%) with 2 ul 2-mercaptoethanol and 0.3 g polyvinylpyrrolidone (PVPP), (MW = 360,000,
Sigma) per ml lysis buffer, and incubated 1 hr at 65°C in a water bath. The lysate became more
viscous as the solution was cooled at room temperature for 10 min before extraction with 1 x
volume of 24:1 chloroform:isoamoyl alchohol (IAA). The sample was centrifuged at 13,000
RPM for 10 min at 4°C. A 5-ml pipette was used to gently transfer the upper aqueous phase to
new tubes and DNA was precipitated over-night at -20°C using 0.1 volume of 3 M Na-acetate
(pH 5.2) and 2.5 volume ethanol. DNA was collected by centrifugation (20 min, 13,000 RPM,
4°C), the pellet washed in 70% ethanol and centrifugation repeated. The pellet was briefly air-
dried at room temperature before being gently dissolved in 1 ml TE (pH 7.5). Due to high ab-
sorbance at 230 nm, a second purification was done. 1st, resuspended DNA was treated for 1 hr
at 37°C with 50 ug/ml RNase A (Sigma) and 50 units/ml RNase T1 (Fermentas). Proteinase K
(150 μBg/ml) was then added for another hour at 37°C. Subsequently, 1 x volume of CTAB
buffer was added and the solution incubated 1 hr at 65°C. 1 ml of chloroform:IAA (24:1) was
then added and mixed. After centrifugation (10 min, 13,000 RPM, 4°C), the supernatant was
precipitated over-night at -20°C with 0.1 volumes of 3 M Na-acetate (pH 5.2) and 2.5 volumes
ethanol. DNA was collected by centrifugation as above, the pellet washed in 70% ethanol and
centrifugation repeated. The pellet was air-dried for 30 min at room-temperature and resus-
pended in TE (pH 7.5) or water. DNA purity and concentration were measured on a nanodrop
1000 (Thermo scientific).

mRNA Isolation
Total RNA was extracted from 1.5 g fresh weight each of D.muscipula flowers and traps using
an optimized urea-based protocol. For a single extraction, 0.1 g (approx. equivalent to 1
medium-sized trap) tissue was flash-frozen in liquid nitrogen and ground with 0.03 g of PVPP.
This powder was transferred to a pre-warmed (65°C) microcentrifuge tube containing 700 ul
of RNA extraction buffer (2% CTAB (w/v), 2% PVP K25 (w/v), 100 mM Tris-HCl (pH 8.0), 25
mM sodium-EDTA (pH 8.0), 2.0 M NaCl, 2% (w/v) β-mercaptoethanol and vigorously shaken.
The suspension was then centrifuged for 2 min at 13,000 RPM to pellet debris, and the super-
natant transferred to a new tube. Subsequent steps were at 4°C. The suspension was extracted
with 600 ul chloroform: IAA (24:1), and phases separated by centrifugation (10,000 RPM, 10
min.). The aqueous phase was then re-extracted with 500 μl phenol: chloroform: AA (25:24:1)
and centrifuged. RNA in the aqueous phase was precipitated overnight with 0.25 volumes (125
ul to 500 ul) 10 M LiCl added with gentle mixing, then pelleted by centrifugation (10,000 RPM,
20 min). RNA was resuspended in 100 ul of DEPC-treated water, then re-precipitated with
250 μl 20% 1M sodium acetate (pH 5.2) and 80% EtOH and incubated 1 hr at -70°C. Following
centrifugation, the pellet was gently washed in 70% RNase-free EtOH, centrifuged, and resus-
pended in 30 ul DEPC-treated water. Total RNA was RQ1 DNase treated (Promega), and
mRNA isolated from 2–3 mg of trap and flower total RNA using PolyATtract (Promega) ac-
cording to the manufacturer’s description.

cDNA library construction, sequencing and assembly
The MINT kit (Evrogen) was used for 1st-strand cDNA synthesis with 400 ng mRNA from
each sample. Following evaluative PCR, a full-sized pre-saturation synthesis of ds-cDNA was
prepared for both tissues using Encyclo PCR (Evrogen). cDNA was purified using QIAquick
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(Qiagen) and concentration measured using Qubit (Invitrogen). Samples were then pooled in a
1:4 ratio of trap:flower cDNA to a total of 1 ug cDNA for normalization using duplex-specific
nuclease [33]. Normalization was evaluated by PCR using Evrogen PCR adaptor-specific prim-
er M1, and full-size cDNA amplification performed. A total of 4 ug cDNA was subsequently
fragmented using a Bioruptor (Diagenode) and MinElute (Qiagen) purified prior to library
building. The NEBNext Quick DNA library kit (New England Bioloabs) was used for library
building with 0.5 ug fragmented cDNA and 1 ul of 15 uM InPE adaptor (Illumina). Following
another MinElute step, we indexed (6-bases) and amplified the library 10x with Illumina stan-
dard primers (InPE1.0 and InPE2.0). Finally, the library was evaluated by gel electrophoresis
and a gel piece containing 270–320 bp fragments was isolated and QIAquick purified (Qiagen).

The library was sequenced using Illumina HiSeq2000 technology with 100 bp single-end
reads at the National High-throughput DNA Sequencing Centre, University of Copenhagen.
All sequenced reads are uploaded to National Center of Biotechnology Information Sequence
Read Archive (NCBI SRA) and can be accessed with the accession number SRX312294. Prior
to de novo assembly using Oases [34], adaptor sequences were trimmed and low quality reads
removed (Phred quality score< 20) by genobox (https://github.com/srcbs/GenoBox) includ-
ing the FASTX-Toolkit (http://hannonlab.cshl.edu/fastx_toolkit/). The Oases transcriptome
assembly can be found in S1 Table. To quality assess the transcriptome assembly, contigs were
aligned to putative low- and high-abundant transcript genes (sequence gis in S2 Table) by
BLASTn (E-value< = 1E-5), and 10 contigs of varying size were selected for confirmation.
Primers were designed using Primer3 [35]. Sequences for primers and contigs are in S3 Table.

Functional annotation
Assembled transcriptome contigs were aligned to NCBI non-redundant protein databases (nr,
May 2013) using BLASTx (E-value< = 1E-05, bit score> = 50). Gene names and annotation
were assigned to the corresponding contig based on the best BLASTx hit. The BLAST results
for the best hits can be found in S2 Table. Transcripts for each locus were scanned with Inter-
ProScan (http://www.ebi.ac.uk/Tools/pfa/iprscan/) and integrated protein databases with de-
fault parameters. The GO terms associated to the transcriptome contigs were retrieved to
describe genes in the categories of cellular components, molecular function and biological pro-
cess. The functional gene annotation for Arabidopsis was retrieved from The Arabidopsis In-
formation Resource, version TAIR10 [36].

Assembly assessment and full-length cDNA identification
Assembled contigs were aligned to non-redundant protein databases with a cut-off E-value of
1E-5, and putative full-length cDNA sequences and ORFs were identified by TargetIdentifier
[22]. cDNA sequences are classified as full-length if the following criteria were fulfilled (1) the
sequence has a start codon with a downstream stop codon or (2) the sequence has a stop codon
and an in-frame start codon is detected prior to the 10th codon of the aligned subject sequence.
For comparison of the D.muscipula open reading frames to other plant proteins, contigs were
aligned (standard parameters, E-value< 1E-5) to 8 RefSeq and Ensembl proteins, including
Arabidopsis thaliana, Brachypodium distachyon, Oryza sativa, Physcomitrella patens, Ricinus
communis, Vitis vinifera, Solanum lycopersicum and Zea mays.

qPCR estimate of genome size
Sequencing of the transcriptome of traps and flowers of D.muscipula gave 80,806 contigs. A
long unique sequence with good coverage was chosen for primer design as shown in S4 Table.
The sequence had 86% identity to the Arabidopsis ACT7 gene (AT5G09810). Primers were
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fromMWG Biotech (Ebersberg), and the qPCR-based analysis of genome size was performed
according to Wilhelm et al. [24] using a Bio-Rad iCycler (Bio-Rad). The genome size, described
as gametic nuclear DNA contents (‘C-values’), either in units of mass (picograms, where 1
pg = 10-12 g) or in number of base pairs (where 1 pg DNA = 0.978 × 109 bp;[37]) was calculated
by dividing the mass of sample DNA by the copy number determined for single copy genes.

Results and Discussion

Transcriptome Sequencing and Assembly of D.muscipula
To analyze the transcriptome of D.muscipula, a normalized library of mixed mRNAs from
traps and flowers was sequenced using Illumina HiSeq2000 technology. A total of 81,329,943
single-end 100-bp reads were generated. After removal of ambiguous nucleotides and low-
quality sequences (Phred quality score< 20), a total of 79,165,657 cleaned reads (97.3%) were
obtained. These raw transcriptome sequences were deposited in the NCBI SRA database (ac-
cession SRX312294), and quality controlled reads assembled. As shown in Table 1, the assem-
bly combined the 79,165,657 reads into 80,806 contigs, with an average length of 679 bp and
an N50 length of 1,051 bp.

To quality assess contig assemblies and validate our normalization procedure, we selected
10 contigs for PCR-based validation. These contigs were selected based on alignment annota-
tion to putative low- and high-abundant transcript genes. Actin and ubiquitin sequences were
included as high-abundant mRNA transcripts, while transcription factor sequences were in-
cluded as putative low-abundant mRNA transcripts. Also, primers for validation of assembly
were designed to target a range of contig sizes. Using an independent biological replicate
cDNA template of D.muscipula traps and flowers, we then validated transcript assemblies of
putative low- and high- abundant transcripts ranging from 247–1,366 bp (Fig 1 and S3 Table),
including both. Expected amplicon sizes were obtained from all ten contigs, although no
genomic amplicon was obtained for DmUCH-like (S3 Table). This confirmed that assembly
using Oases was reliable, and that our normalization procedure identified transcripts with
varying abundances.

Functional Annotation
Assembled contigs were aligned to the NCBI non-redundant (nr, May 2013) protein database
for functional annotation by BLASTx with an E-value cut-off of 1e-5. A total of 42,656 contigs
had significant hits, corresponding to 17,047 unique protein accessions in the nr protein data-
base (Table 2).

Functional analysis was conducted on these 17,047 unique proteins using InterProScan
(http://www.ebi.ac.uk/Tools/pfa/iprscan/) and integrated protein databases with default pa-
rameters. A total of 9,909 unique proteins were assigned to at least one gene ontology (GO)

Table 1. Statistics of transcriptome sequencing and assembly of D.muscipula.

Sequencing # Reads (93-bp single-end) 81,329,943

Total bases 7.56 Gb

# Cleaned reads 79,165,657

Assembly Numbers of contigs 80,806

Max contig length 7,545 bp

Min contig length 100 bp

N50 length 679 bp

Mean contig length 1051 bp

doi:10.1371/journal.pone.0123887.t001
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term for describing biological processes, molecular functions and cellular components. GO an-
notations were plotted with WEGO (http://wego.genomics.org.cn) (Fig 2). Briefly, in the cellu-
lar component division, genes related to cell parts and macromolecular complexes (2,588
(26.3%) GO:0044464 and 746 (7.6%), GO: 0032991, respectively) are highly represented. Inter-
estingly, in contrast to other plants, D.muscipula also has genes related to a virion part (3
(0.1%), GO:0044423). For the molecular function division, a large abundance of genes are

Fig 1. PCR assembly validation. Contigs assembled from 93 bp single-end reads were validated using
standard PCR. A: genomic DNA, B: First-strand cDNA synthesis with reverse transcriptase, C: First-strand
cDNA synthesis without reverse transcriptase. M: 100 bp O’GeneRuler. For primer and contig sequences,
see S1 Table.

doi:10.1371/journal.pone.0123887.g001

Table 2. Summary of BLASTx search results of D.muscipula transcriptome.

Database D. muscipula hits Unique protein hits % of total unique proteins

nr 42,656 17,047

Refseq/Ensembl

Arabidopsis thaliana 41,422 (51.3%) 13,469 38.1% (13,469/35,378)

Brachypodium distachyon 39,962 (49.4%) 11,795 48.8% (11,795/24,689)

Oryza sativa 39,353 (48.7%) 11,506 40.1% (11,506/28,705)

Physcomitrella patens 34,084 (42.2%) 9,390 26.1% (9,390/35,936)

Ricinus communis 41,839 (51.7%) 12,279 39.1% (12,279/31,344)

Vitis vinifera 43,634 (53.9%) 12,837 53.8% (12,837/23,877)

Zea mays 35,229 (43.6%) 10,194 45.1% (10,194/22,588)

Solanum lycopersicum 42,489 (52.6%) 13,152 59.8% (13,152/26,408)

From a total of 80,816 contigs, 42,656 have a RefSeq hit, corresponding to 17,047 unique protein entries. Total number and unique hits from a BLASTx

against RefSeq entries for 8 other plant species is also presented. The percent of total unique proteins is based on the current number of RefSeq entries

for the individual species.

doi:10.1371/journal.pone.0123887.t002
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related to binding and catalytic activity (5348 (54.4%) GO:0005488 and 4847 (49.3%)
GO:0003824, respectively). Also, antioxidant (56 (0.6%) GO:0016209) and electron carrier ac-
tivities (184 (1.9%) GO:0009055) are represented. For the biological process division, genes in-
volved in cellular (4,285 (43.6%), GO:0009987) and metabolic processes (5,136 (52.2%), GO:
0008152) are highly represented, including the child term of establishment of localization
(733 (7.4%), GO:0051234). In contrast, genes associated with developmental and multicellular
organismal processes were lowly represented (6 (0.1%), GO:0032502; and 14 (0.1%)
GO:0032501, respectively) compared to full-genome annotations for Arabidopsis (15% and
15.5%, respectively). This may well reflect the limited tissues and developmental stages sampled
here for D.muscipula. The complete GO annotation results are in S5 Table.

Assessment of Transcriptome Assembly
Assembled transcript contigs were aligned to all RefSeq entries (May 2013) for a moss (Physco-
mitrella patens), the angiosperms grape (Vitis vinifera), Arabidopsis thaliana, tomato (Solanum
lycopersicum), Brachypodium distachyon, rice (Oryza sativa), maize (Zea mays), and the mono-
typic oil plant Ricinus communis using BLASTx with an E-value cutoff of 1e-5 (Table 2).
Cross-species sequence similarity identified most hits in grapes, tomatoes, oil plants and Arabi-
dopsis. Considering unique protein hits, the D.muscipula transcriptome from our normalized
mixed-tissue cDNA library targeted almost 60% of the tomato and more than 50% of the grape
Refseq data. Likewise, almost 50% of the Brachypodium RefSeq data was uniquely aligned to in-
dividual D.muscipula contigs. For Arabidopsis, 13,469 unique protein hits were identified, cov-
ering more than a third of the Arabidopsis Refseq protein entries. These numbers represent
underestimates of the minimal number of D.muscipula genes expressed in flowers and traps.
Apart from tissue-specificity, it is possible that many D.muscipula unique protein hits could

Fig 2. Gene Ontology (GO) categories of the unigenes.Distribution of the GO categories assigned to the D.muscipula transcriptome. Unique transcripts
(unigenes) were annotated in three categories: cellular components, molecular functions, and biological processes.

doi:10.1371/journal.pone.0123887.g002
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not be aligned to RefSeq hits because they represent untranslated regions (UTRs) and/or
non-coding RNAs (ncRNAs). Better characterization of the D.muscipula transcriptome
would require a more complete set of transcriptome data from various tissues across a longer
developmental span.

Full-Length cDNA prediction
Full-length cDNAs are important resources for many applications, including reverse genetic
and evolutionary studies. To search for potentially full-length cDNAs with complete open-
reading frames (ORFs) in the assembled D.muscipula transcriptome, all contigs were analyzed
by TargetIdentifier [22]. A total of 15,547 full-length sequences were identified from the assem-
bly. The size distribution of full-length sequences compared to that of the total 80,806 cDNA
contigs is shown in Fig 3. In contrast to the latter, full-length sequences are biased towards
those> 1 kb in length. This indicates that short, full-length cDNA sequences may be underrep-
resented in our assembly and transcriptome data.

Genome Size Estimate
An intriguing observation from genome studies of carnivorous plants is the extreme size differ-
ences observed among individual family members [11]. To expand the list of genome size esti-
mates of members of the carnivorous orders, we estimated the genome size of D.muscipula.
Using an improved protocol adapted from Bekesiova et al. [23], we routinely obtained approx.
25 and 50 μg high quality genomic DNA (gDNA) per g fresh weight from traps and flowers, re-
spectively (Fig 4A).

To estimate the genome size of D.muscipula using the qPCR-based method of Wilhelm
et al. [24], a DNA sample without significant RNA contamination is required. From purified
gDNA, we targeted the amplification of a single-copy genic region assembled and validated
(DmACT7, see Fig 1) from our D.muscipula transcript sequencing. With this sequence as
query we used BLASTx to identify the closest homologue. This identified Arabidopsis ACTIN7
(ACT7), with total query coverage of 67% and maximum shared identity of 86%. We therefore
designated this target D.muscipula amplicon DmACT7. Using this amplicon, the genome
size for D.muscipula was estimated to be 2956 Mbp (SEM = 210 Mbp, n = 11), equivalent to

Fig 3. Contig size distribution. Transcriptome assembly contig size distribution of all contigs (left) and predicted full-length contigs (right).

doi:10.1371/journal.pone.0123887.g003
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3.02 +/- 0.21 pg for the 1C haploid genome (Fig 4B, Table 3). As a control, we estimated the ge-
nome size of the model angiosperm A. thaliana using its ACTIN1 (ACT1) genic region as
amplicon. This estimate of 173 Mbp (SEM = 21 Mbp, n = 7; Fig 4B and Table 3) overlaps the
well-documented value of the A. thaliana genome of 157 Mbp (0.16 pg: [25,26]).

Discussion
To date, the highest diversification rates among angiosperms are found in the order Lamiales
[27]. In particular, the apparent plasticity observed in the large Lentibulariaceae family has
been analyzed [11,13]. In this carnivorous family, three taxa exhibit significantly lower 1C-
values than the 157 Mbp of A. thaliana. These are Genlisea margaretae with 63 Mbp, G. aurea
with 64 Mbp, and Utricularia gibba with 88 Mbp [11]. Our size estimate for the Droseraceae
family member D.muscipula is 46-fold higher than that of the G.margaretae genome, and
comparable to the genome size estimates for carnivorous pitcher plants [15]. Such estimates
enable calculation of the minimum number of high-quality reads required for whole-genome
sequencing of D.muscipula and other Gb-sized genomes from carnivorous plants. A good se-
quencing coverage should provide reliable information on the evolution of carnivory.

The estimated haploid genome size range from 63 Mbp to>3 Gbp indicate that carnivorous
plants have undergone dramatic genome evolution. An explanation for such massive prolifera-
tion of genome rearrangements, as observed in plastid genomes of Lentibulariaceae members,
may be associated with increasingly relaxed functional constraints due to the heterotrophic life-
style of carnivorous plants [28–30]. Another explanation is that high nucleotide substitution
rates are linked to reactive oxygen species (ROS) generated from the increased respiratory rates
needed for the oxidative phosphorylation of ADP to ATP upon movement of trapping devices

Fig 4. Genomic DNA purification and genome size estimate ofD.muscipula. (A) Agarose gel showing a purified fraction of D.muscipula genomic
DNA (1) using a modified CTAB procedure. M1: DNA ladder D2000 (Tiangen), M2: DNA ladder λ-Hind3 digest (Takara). (B)Genome size estimate of
D.muscipula using a single-copy qPCRmethod with DmACT7 as amplicon. A. thaliana serves as a control, using ACTIN1 as amplicon.

doi:10.1371/journal.pone.0123887.g004

Table 3. Summary of qPCR-based estimates of haploid genome sizes.

Target Product length
(bp)

Calibration curve y = mx+b
(R2)

Genome size estimate +/- SEM
(Mbp)

n 1C +/- SEM
(pg)

ACT1 (At2g37620) A.
thaliana

116 3.263X+45.613 (0.995) 173 +/- 21 7 0.17 +/- 0.02

ACT7 D. muscipula 185 3.323X+36.6 (0.994) 2956 +/- 210 11 3.02 +/- 0.21

doi:10.1371/journal.pone.0123887.t003
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in carnivorous plants [13,31]. ROS cause oxidation of bases and generation of DNA strand in-
terruptions and thereby increases mutation rates [32]. To further understand such events, in-
creased taxon sampling, focusing on both clades and ecological adaptations, is required. Such
efforts should elucidate relationships between heterotrophic lifestyles, mutation rates, and
genome sizes.

With respect to the D.muscipula transcriptome, D.muscipula shares the greatest sequence
similarity to tomato (59.8%, Table 2). This is not a surprise, as tomato is the only species in-
cluded from the asterids clade, to which D.muscipula also belongs. However, the assembled
transcriptome of D.muscipula also shares sequence similarities to the rosids clade member
Vitis vinifera (53.8%, Table 2). The relatively strong sequence similarity between carnivorous
species and grapes was also reported in a transcriptome study of the carnivorous pitcher plants
Sarracenia psittacina and Sarracenia purpurea [20]. Future sequencing data on more asterids
and rosids members, including transcriptome comparisons with other carnivorous species
[19–21], will help to delineate the intriguing phylogeny and molecular adaptation of carnivo-
rous plants and their ecology.

We note that our cost-effective approach using a normalized library of mixed tissues from
trap and flowers was only collected from adult plants. Our data therefore does not cover the
whole D.muscipula transcriptome. Still, it aligned 50–60% of the entire complement of RefSeq
entries for several model and crop species. Future studies may address the identification of tissue
and developmentally regulated genes by temporal and spatial sampling of tissues under different
conditions. At present, our data may be mined for comparative studies and as an annotative
tool for whole-genome sequencing and future de novo assembly of theD.muscipula genome.

Conclusion
In this study, the transcriptome of D.muscipula was sequenced, de novo assembled and func-
tionally annotated. An ORF analysis identified a large number of full-length cDNA sequences.
The D.muscipula transcriptome provides some insight into the molecular processes occurring
in a Gb-sized carnivorous plant genome. Abundant representation of processes related to the
expression of genes associated with catalytic, antioxidant and electron carrier activities was ob-
served. Future uniform meta-analyses of short-read archives, including cDNA sequences from
carnivorous Utricularia [19] and Sarracenia [20] species will aid studies of carnivorous plants
and their ecology. This underlines the importance of further expansion of sequence reposito-
ries, especially for non-model organisms, for improved understanding of molecular physiology
and evolution related to Darwin’s ‘abominable mystery’.

Supporting Information
S1 Table. Dionaea muscipula Oases transcriptome assembly file
(FA)

S2 Table. Assembly contig alignment to NCBI nr database including the best hits in
BLAST m8 output format)
(TXT)

S3 Table. Oligonucleotide primers and sequences used for assembly validation.
(PDF)

S4 Table. DmACT7 sequence, including primer locations.
(PDF)

Venus Flytrap Transcriptome and Genome Size

PLOS ONE | DOI:10.1371/journal.pone.0123887 April 17, 2015 10 / 13

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0123887.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0123887.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0123887.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0123887.s004


S5 Table. Complete GO annotation term summary.
(PDF)

Acknowledgments
Suksawad Vongvisutikkun is thanked for technical assistance.

Author Contributions
Conceived and designed the experiments: MKJ SB JMMP TSP. Performed the experiments:
MKJ SB ASO JKV. Analyzed the data: MKJ JM TSP JKV. Contributed reagents/materials/
analysis tools: JMMP. Wrote the paper: MKJ JM TSP JKV.

References
1. Gibson TC, Waller DM. Evolving Darwin’s “most wonderful” plant: ecological steps to a snap-trap. New

Phytol. 2009; 183: 575–587. Available: http://www.ncbi.nlm.nih.gov/pubmed/19573135. Accessed 27
September 2014. doi: 10.1111/j.1469-8137.2009.02935.x PMID: 19573135

2. FriedmanWE. The meaning of Darwin’s “abominable mystery”. Am J Bot 2009; 96: 5–21. Available:
http://www.ncbi.nlm.nih.gov/pubmed/21628174. Accessed 8 September 2014. doi: 10.3732/ajb.
0800150 PMID: 21628174

3. Darwin CR. Insectivorous Plants. London, John Murray; 1875. Available: http://darwin-online.org.uk/
converted/published/1875_Insectivorous_F1217/1875_Insect_F1217.html. Accessed 27 September
2014.

4. Cameron KM, Wurdack KJ, Jobson RW. Molecular evidence for the common origin of snap-traps
among carnivorous plants. Am J Bot. 2002; 89: 1503–1509. Available: http://www.ncbi.nlm.nih.gov/
pubmed/21665752. Accessed 27 September 2014. doi: 10.3732/ajb.89.9.1503 PMID: 21665752

5. Poppinga S, Hartmeyer SRH, Masselter T, Hartmeyer I, Speck T. Trap diversity and evolution in the
family Droseraceae. Plant Signal Behav. 2013; 8: e24685. Available: http://www.pubmedcentral.nih.
gov/articlerender.fcgi?artid=3907454&tool = pmcentrez&rendertype = abstract. Accessed 27 Septem-
ber 2014. doi: 10.4161/psb.24685 PMID: 23603942

6. Rivadavia F, Kondo K, Kato M, Hasebe M. Phylogeny of the sundews, Drosera (Droseraceae), based
on chloroplast rbcL and nuclear 18S ribosomal DNA Sequences. Am J Bot. 2003; 90: 123–130. Avail-
able: http://www.ncbi.nlm.nih.gov/pubmed/21659087. Accessed 27 September 2014. doi: 10.3732/ajb.
90.1.123 PMID: 21659087

7. Adamec L. Ecological requirements and recent European distribution of the aquatic carnivorous plant
Aldrovanda vesiculosa L.-A review. Folia Geobot. 1995; 30: 53–61.

8. Albert VA, Williams SE, Chase MW. Carnivorous plants: phylogeny and structural evolution. Science.
1992; 257: 1491–1495. Available: http://www.ncbi.nlm.nih.gov/pubmed/1523408. Accessed 27 Sep-
tember 2014. PMID: 1523408

9. Meimberg H, Dittrich P, Bringmann G, Schlauer J, Heubl G. Molecular Phylogeny of Caryophyllidae s.l.
Based on MatK Sequences with Special Emphasis on Carnivorous Taxa. Plant Biol. 2000; 2: 218–228.
Available: http://doi.wiley.com/10.1055/s-2000-9460. Accessed 27 September 2014.

10. Pellicer J, Fay MF, Leitch IJ. The largest eukaryotic genome of them all? Bot J Linn Soc. 2010; 164:
10–15. Available: http://doi.wiley.com/10.1111/j.1095-8339.2010.01072.x. Accessed 15 September
2014.

11. Greilhuber J, Borsch T, Müller K, Worberg A, Porembski S, et al. Smallest angiosperm genomes found
in lentibulariaceae, with chromosomes of bacterial size. Plant Biol. 2006; (Stuttg) 8: 770–777. Avail-
able: http://www.ncbi.nlm.nih.gov/pubmed/17203433. Accessed 27 September 2014. PMID: 17203433

12. Ellison AM, Gotelli NJ. Energetics and the evolution of carnivorous plants—Darwin’s “most wonderful
plants in the world”. J Exp Bot. 2009; 60: 19–42. Available: http://www.ncbi.nlm.nih.gov/pubmed/
19213724. Accessed 21 September 2014. doi: 10.1093/jxb/ern179 PMID: 19213724

13. Albert VA, Jobson RW, Michael TP, Taylor DJ. The carnivorous bladderwort (Utricularia, Lentibularia-
ceae): a system inflates. J Exp Bot. 2010; 61: 5–9. Available: http://www.ncbi.nlm.nih.gov/pubmed/
20007200. Accessed 27 September 2014. doi: 10.1093/jxb/erp349 PMID: 20007200

14. Hoshi Y, Kondo K. A Chromosome Phylogeny of the Droseraceae by Using CMA-DAPI Fluorescent
Banding. Cytologia (Tokyo). 1998; 63: 329–339. Available: http://ci.nii.ac.jp/naid/130003955609/en/.
Accessed 27 September 2014.

Venus Flytrap Transcriptome and Genome Size

PLOS ONE | DOI:10.1371/journal.pone.0123887 April 17, 2015 11 / 13

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0123887.s005
http://www.ncbi.nlm.nih.gov/pubmed/19573135
http://dx.doi.org/10.1111/j.1469-8137.2009.02935.x
http://www.ncbi.nlm.nih.gov/pubmed/19573135
http://www.ncbi.nlm.nih.gov/pubmed/21628174
http://dx.doi.org/10.3732/ajb.0800150
http://dx.doi.org/10.3732/ajb.0800150
http://www.ncbi.nlm.nih.gov/pubmed/21628174
http://darwin-online.org.uk/converted/published/1875_Insectivorous_F1217/1875_Insect_F1217.html
http://darwin-online.org.uk/converted/published/1875_Insectivorous_F1217/1875_Insect_F1217.html
http://www.ncbi.nlm.nih.gov/pubmed/21665752
http://www.ncbi.nlm.nih.gov/pubmed/21665752
http://dx.doi.org/10.3732/ajb.89.9.1503
http://www.ncbi.nlm.nih.gov/pubmed/21665752
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3907454&amp;tool�=�pmcentrez&amp;rendertype�=�abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3907454&amp;tool�=�pmcentrez&amp;rendertype�=�abstract
http://dx.doi.org/10.4161/psb.24685
http://www.ncbi.nlm.nih.gov/pubmed/23603942
http://www.ncbi.nlm.nih.gov/pubmed/21659087
http://dx.doi.org/10.3732/ajb.90.1.123
http://dx.doi.org/10.3732/ajb.90.1.123
http://www.ncbi.nlm.nih.gov/pubmed/21659087
http://www.ncbi.nlm.nih.gov/pubmed/1523408
http://www.ncbi.nlm.nih.gov/pubmed/1523408
http://doi.wiley.com/10.1055/s-2000-9460
http://doi.wiley.com/10.1111/j.1095-8339.2010.01072.x
http://www.ncbi.nlm.nih.gov/pubmed/17203433
http://www.ncbi.nlm.nih.gov/pubmed/17203433
http://www.ncbi.nlm.nih.gov/pubmed/19213724
http://www.ncbi.nlm.nih.gov/pubmed/19213724
http://dx.doi.org/10.1093/jxb/ern179
http://www.ncbi.nlm.nih.gov/pubmed/19213724
http://www.ncbi.nlm.nih.gov/pubmed/20007200
http://www.ncbi.nlm.nih.gov/pubmed/20007200
http://dx.doi.org/10.1093/jxb/erp349
http://www.ncbi.nlm.nih.gov/pubmed/20007200
http://ci.nii.ac.jp/naid/130003955609/en/


15. Rogers WL, Cruse-Sanders JM, Determann R, Malmberg RL. Development and characterization of mi-
crosatellite markers in Sarracenia L. (pitcher plant) species. Conserv Genet Resour. 2010; 2: 75–79.
Available: http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3002254&tool =
pmcentrez&rendertype = abstract. Accessed 27 September 2014. PMID: 21170168

16. Renner T, Specht CD. Molecular and functional evolution of class I chitinases for plant carnivory in the
caryophyllales. Mol Biol Evol. 2012; 29: 2971–2985. Available: http://www.ncbi.nlm.nih.gov/pubmed/
22490823. Accessed 2 September 2014. PMID: 22490823

17. Shendure J, Ji H. Next-generation DNA sequencing. Nat Biotechnol. 2008; 26: 1135–1145. Available:
http://www.ncbi.nlm.nih.gov/pubmed/18846087. Accessed 9 July 2014. doi: 10.1038/nbt1486 PMID:
18846087

18. Wang Z, Gerstein M, Snyder M. RNA-Seq: a revolutionary tool for transcriptomics. Nat Rev Genet.
2009; 10: 57–63. Available: http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=
2949280&tool = pmcentrez&rendertype = abstract. Accessed 10 July 2014. doi: 10.1038/nrg2484
PMID: 19015660

19. Ibarra-Laclette E, Albert VA, Pérez-Torres CA, Zamudio-Hernández F, Ortega-Estrada M de J,
Herrera-Estrella A, et al. Transcriptomics and molecular evolutionary rate analysis of the bladderwort
(Utricularia), a carnivorous plant with a minimal genome. BMC Plant Biol. 2011; 11: 101. Available:
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3141634&tool = pmcentrez&rendertype =
abstract. Accessed 27 September 2014. doi: 10.1186/1471-2229-11-101 PMID: 21639913

20. Srivastava A, RogersWL, Breton CM, Cai L, Malmberg RL. Transcriptome analysis of sarracenia, an in-
sectivorous plant. DNA Res. 2011; 18: 253–261. Available: http://www.pubmedcentral.nih.gov/
articlerender.fcgi?artid=3158462&tool = pmcentrez&rendertype = abstract. Accessed 27 September
2014. doi: 10.1093/dnares/dsr014 PMID: 21676972

21. SchulzeWX, Sanggaard KW, Kreuzer I, Knudsen AD, Bemm F, Thøgersen IB, et al. The protein com-
position of the digestive fluid from the venus flytrap sheds light on prey digestion mechanisms. Mol Cell
Proteomics. 2012; 11: 1306–1319. Available: http://www.pubmedcentral.nih.gov/articlerender.fcgi?
artid=3494193&tool = pmcentrez&rendertype = abstract. Accessed 27 September 2014. doi: 10.1074/
mcp.M112.021006 PMID: 22891002

22. Min XJ, Butler G, Storms R, Tsang A. TargetIdentifier: a webserver for identifying full-length cDNAs
from EST sequences. Nucleic Acids Res. 2005; 33: W669–72. Available: http://www.pubmedcentral.
nih.gov/articlerender.fcgi?artid=1160197&tool = pmcentrez&rendertype = abstract. Accessed 27 Sep-
tember 2014. PMID: 15980559

23. Bekesiova I, Nap J-P, Mlynarova L. Isolation of High Quality DNA and RNA from Leaves of the Carnivo-
rous Plant Drosera rotundifolia. Plant Mol Biol Report. 1999; 17: 269–277. Available: http://link.
springer.com/article/10.1023/A:1007627509824. Accessed 27 September 2014.

24. Wilhelm J, Pingoud A, Hahn M. Real-time PCR-based method for the estimation of genome sizes. Nu-
cleic Acids Res. 2003; 31: e56. Available: http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=
156059&tool = pmcentrez&rendertype = abstract. Accessed 27 September 2014. PMID: 12736322

25. Analysis of the genome sequence of the flowering plant Arabidopsis thaliana. Nature. 2000; 408:
796–815. Available: http://www.ncbi.nlm.nih.gov/pubmed/11130711. Accessed 14 July 2014. PMID:
11130711

26. Bennett MD, Leitch IJ, Price HJ, Johnston JS. Comparisons with Caenorhabditis (approximately 100
Mb) and Drosophila (approximately 175 Mb) using flow cytometry show genome size in Arabidopsis to
be approximately 157 Mb and thus approximately 25% larger than the Arabidopsis genome initiative es-
timate. Ann Bot. 2003; 91: 547–557. Available: http://www.ncbi.nlm.nih.gov/pubmed/12646499. Ac-
cessed 23 September 2014. PMID: 12646499

27. Zwickl DJ, Hillis DM. Increased taxon sampling greatly reduces phylogenetic error. Syst Biol. 2002; 51:
588–598. Available: http://www.ncbi.nlm.nih.gov/pubmed/12228001. Accessed 17 July 2014. PMID:
12228001

28. Wicke S, Schneeweiss GM, dePamphilis CW, Müller KF, Quandt D. The evolution of the plastid chro-
mosome in land plants: gene content, gene order, gene function. Plant Mol Biol. 2011; 76: 273–297.
Available: http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3104136&tool =
pmcentrez&rendertype = abstract. Accessed 16 September 2014. doi: 10.1007/s11103-011-9762-4
PMID: 21424877

29. Müller KF, Borsch T, Legendre L, Porembski S, Barthlott W. Recent progress in understanding the evo-
lution of carnivorous lentibulariaceae (lamiales). Plant Biol (Stuttg). 2006; 8: 748–757. Available: http://
www.ncbi.nlm.nih.gov/pubmed/17203430. Accessed 28 September 2014. PMID: 17203430

30. Sirová D, Borovec J, Santrůcková H, Santrucek J, Vrba J, Adamec L. Utricularia carnivory revisited:
plants supply photosynthetic carbon to traps. J Exp Bot. 2010; 61: 99–103. Available: http://www.ncbi.
nlm.nih.gov/pubmed/19755570. Accessed 28 September 2014. doi: 10.1093/jxb/erp286 PMID:
19755570

Venus Flytrap Transcriptome and Genome Size

PLOS ONE | DOI:10.1371/journal.pone.0123887 April 17, 2015 12 / 13

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3002254&amp;tool�=�pmcentrez&amp;rendertype�=�abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3002254&amp;tool�=�pmcentrez&amp;rendertype�=�abstract
http://www.ncbi.nlm.nih.gov/pubmed/21170168
http://www.ncbi.nlm.nih.gov/pubmed/22490823
http://www.ncbi.nlm.nih.gov/pubmed/22490823
http://www.ncbi.nlm.nih.gov/pubmed/22490823
http://www.ncbi.nlm.nih.gov/pubmed/18846087
http://dx.doi.org/10.1038/nbt1486
http://www.ncbi.nlm.nih.gov/pubmed/18846087
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2949280&amp;tool�=�pmcentrez&amp;rendertype�=�abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2949280&amp;tool�=�pmcentrez&amp;rendertype�=�abstract
http://dx.doi.org/10.1038/nrg2484
http://www.ncbi.nlm.nih.gov/pubmed/19015660
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3141634&amp;tool�=�pmcentrez&amp;rendertype�=�abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3141634&amp;tool�=�pmcentrez&amp;rendertype�=�abstract
http://dx.doi.org/10.1186/1471-2229-11-101
http://www.ncbi.nlm.nih.gov/pubmed/21639913
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3158462&amp;tool�=�pmcentrez&amp;rendertype�=�abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3158462&amp;tool�=�pmcentrez&amp;rendertype�=�abstract
http://dx.doi.org/10.1093/dnares/dsr014
http://www.ncbi.nlm.nih.gov/pubmed/21676972
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3494193&amp;tool�=�pmcentrez&amp;rendertype�=�abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3494193&amp;tool�=�pmcentrez&amp;rendertype�=�abstract
http://dx.doi.org/10.1074/mcp.M112.021006
http://dx.doi.org/10.1074/mcp.M112.021006
http://www.ncbi.nlm.nih.gov/pubmed/22891002
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1160197&amp;tool�=�pmcentrez&amp;rendertype�=�abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1160197&amp;tool�=�pmcentrez&amp;rendertype�=�abstract
http://www.ncbi.nlm.nih.gov/pubmed/15980559
http://link.springer.com/article/10.1023/A:1007627509824
http://link.springer.com/article/10.1023/A:1007627509824
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=156059&amp;tool�=�pmcentrez&amp;rendertype�=�abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=156059&amp;tool�=�pmcentrez&amp;rendertype�=�abstract
http://www.ncbi.nlm.nih.gov/pubmed/12736322
http://www.ncbi.nlm.nih.gov/pubmed/11130711
http://www.ncbi.nlm.nih.gov/pubmed/11130711
http://www.ncbi.nlm.nih.gov/pubmed/12646499
http://www.ncbi.nlm.nih.gov/pubmed/12646499
http://www.ncbi.nlm.nih.gov/pubmed/12228001
http://www.ncbi.nlm.nih.gov/pubmed/12228001
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3104136&amp;tool�=�pmcentrez&amp;rendertype�=�abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3104136&amp;tool�=�pmcentrez&amp;rendertype�=�abstract
http://dx.doi.org/10.1007/s11103-011-9762-4
http://www.ncbi.nlm.nih.gov/pubmed/21424877
http://www.ncbi.nlm.nih.gov/pubmed/17203430
http://www.ncbi.nlm.nih.gov/pubmed/17203430
http://www.ncbi.nlm.nih.gov/pubmed/17203430
http://www.ncbi.nlm.nih.gov/pubmed/19755570
http://www.ncbi.nlm.nih.gov/pubmed/19755570
http://dx.doi.org/10.1093/jxb/erp286
http://www.ncbi.nlm.nih.gov/pubmed/19755570


31. Jobson RW, Nielsen R, Laakkonen L, WikströmM, Albert VA. Adaptive evolution of cytochrome
c oxidase: Infrastructure for a carnivorous plant radiation. Proc Natl Acad Sci U S A. 2004; 101:
18064–18068. Available: http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=539784&tool =
pmcentrez&rendertype = abstract. Accessed 28 September 2014. PMID: 15596720

32. Britt AB. DNA damage and repair in plants. Annu Rev Plant Physiol Plant Mol Biol. 1996; 47: 75–100.
Available: http://www.ncbi.nlm.nih.gov/pubmed/15012283. Accessed 28 September 2014. PMID:
15012283

33. Zhulidov PA, Bogdanova EA, Shcheglov AS, Vagner LL, Khaspekov GL, Kozhemyako VB, et al. Sim-
ple cDNA normalization using kamchatka crab duplex-specific nuclease. Nucleic Acids Res. 2004; 32:
e37. Available: http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=373426&tool =
pmcentrez&rendertype = abstract. Accessed 27 September 2014. PMID: 14973331

34. Schulz MH, Zerbino DR, Vingron M, Birney E. Oases: robust de novo RNA-seq assembly across the
dynamic range of expression levels. Bioinformatics. 2012; 28: 1086–1092. Available: http://www.
pubmedcentral.nih.gov/articlerender.fcgi?artid=3324515&tool = pmcentrez&rendertype = abstract. Ac-
cessed 18 July 2014. doi: 10.1093/bioinformatics/bts094 PMID: 22368243

35. Rozen S, Skaletsky H. Primer3 on theWWW for general users and for biologist programmers. Methods
Mol Biol. 2000; 132: 365–386. Available: http://www.ncbi.nlm.nih.gov/pubmed/10547847. Accessed
19 July 2014. PMID: 10547847

36. Swarbreck D, Wilks C, Lamesch P, Berardini TZ, Garcia-Hernandez M, Foerster H, et al. The Arabidop-
sis Information Resource (TAIR): gene structure and function annotation. Nucleic Acids Res. 2008; 36:
D1009–14. Available: http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2238962&tool =
pmcentrez&rendertype = abstract. Accessed 7 August 2014. PMID: 17986450

37. Dolezel J, Bartos J, Voglmayr H, Greilhuber J. Nuclear DNA content and genome size of trout and
human. Cytometry A. 2003; 51: 127–8; author reply 129. Available: http://www.ncbi.nlm.nih.gov/
pubmed/12541287. Accessed 18 September 2014 PMID: 12541287

Venus Flytrap Transcriptome and Genome Size

PLOS ONE | DOI:10.1371/journal.pone.0123887 April 17, 2015 13 / 13

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=539784&amp;tool�=�pmcentrez&amp;rendertype�=�abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=539784&amp;tool�=�pmcentrez&amp;rendertype�=�abstract
http://www.ncbi.nlm.nih.gov/pubmed/15596720
http://www.ncbi.nlm.nih.gov/pubmed/15012283
http://www.ncbi.nlm.nih.gov/pubmed/15012283
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=373426&amp;tool�=�pmcentrez&amp;rendertype�=�abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=373426&amp;tool�=�pmcentrez&amp;rendertype�=�abstract
http://www.ncbi.nlm.nih.gov/pubmed/14973331
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3324515&amp;tool�=�pmcentrez&amp;rendertype�=�abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3324515&amp;tool�=�pmcentrez&amp;rendertype�=�abstract
http://dx.doi.org/10.1093/bioinformatics/bts094
http://www.ncbi.nlm.nih.gov/pubmed/22368243
http://www.ncbi.nlm.nih.gov/pubmed/10547847
http://www.ncbi.nlm.nih.gov/pubmed/10547847
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2238962&amp;tool�=�pmcentrez&amp;rendertype�=�abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2238962&amp;tool�=�pmcentrez&amp;rendertype�=�abstract
http://www.ncbi.nlm.nih.gov/pubmed/17986450
http://www.ncbi.nlm.nih.gov/pubmed/12541287
http://www.ncbi.nlm.nih.gov/pubmed/12541287
http://www.ncbi.nlm.nih.gov/pubmed/12541287

