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Abstract
Bittersweet (Solanum dulcamara) is a native Old World member of the nightshade family.
This European diploid species can be found from marshlands to high mountainous regions
and it is a common weed that serves as an alternative host and source of resistance genes
against plant pathogens such as late blight (Phytophthora infestans). We sequenced the
complete chloroplast genome of bittersweet, which is 155,580 bp in length and it is characterized by a typical quadripartite structure composed of a large (85,901 bp) and small
(18,449 bp) single-copy region interspersed by two identical inverted repeats (25,615 bp). It
consists of 112 unique genes from which 81 are protein-coding, 27 tRNA and four rRNA
genes. All bittersweet plastid genes including non-functional ones and even intergenic
spacer regions are transcribed in primary plastid transcripts covering 95.22% of the
genome. These are later substantially edited in a post-transcriptional phase to activate gene
functions. By comparing the bittersweet plastid genome with all available Solanaceae
sequences we found that gene content and synteny are highly conserved across the family.
During genome comparison we have identified several annotation errors, which we have
corrected in a manual curation process then we have identified the major plastid genome
structural changes in Solanaceae. Interpreted in a phylogenetic context they seem to provide additional support for larger clades. The plastid genome sequence of bittersweet could
help to benchmark Solanaceae plastid genome annotations and could be used as a reference for further studies. Such reliable annotations are important for gene diversity calculations, synteny map constructions and assigning partitions for phylogenetic analysis with de
novo sequenced plastomes of Solanaceae.
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Introduction
The genus
L., with approximately 1,400 species, is one of the largest genera of angiosperms, and includes many major and minor food crops such as tomato, potato, eggplant, and
pepino. Bittersweet (
L.) is a European native diploid (2n = 2 = 24)
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Fig 1. The berries and flowers of

L.

https://doi.org/10.1371/journal.pone.0196069.g001

species, which is found throughout the northern hemisphere across a wide range of habitats. It
was also introduced to North America possibly for its medicinal properties [1]. It is still used
as a source of various alkaloids with diuretic, diaphoretic properties to treat rheumatism and
skin diseases in Asia and India [2, 3].
This semi-woody perennial vine is easy to recognize (Fig 1). However, it is a highly polymorphic and phenotypically plastic species showing extreme forms, which has led to confused
taxonomy. Previous treatments placed
to sect.
(Moench)
Dumort. in subg.
(G.Don) D’Arcy related to potatoes (sect.
Dumort.) and tomatoes (sect.
(Tourn.) Wettst.) [4–7]. This was based on scandent habit, pinnate
leaves and on the articulation of pedicels above the base [1, 4]. However, recent phylogenetic
studies have shown that it belongs to the Dulcamaroid clade [8–11], which is closely related to
the Morelloid clade including species of black nightshades of sect.
(e.g. .
L.
and .
Mill.).
serves as a host for important plant pathogens such as those causing bacterial wilt (
(Smith 1896) Yabuuchi et al. 1996), late blight (
(Mont.) de Bary.) and also for some viruses [12, 13]. Late blight, is one of the most serious potato diseases worldwide [14]. However, it was shown that bittersweet has a minimal role
in late blight infections since most plants are resistant and the inocula of the pathogen do not
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overwinter [15]. Populations of this species seem to have experienced a genetic bottleneck [16],
but some allelic variation was found to be distributed among populations resulting in more
structured populations at larger regional levels [17]. The differentiation of the populations could
have arisen by genetic drift or even by inbreeding over a very long period. Bittersweet is mostly
an outcrossing species, but its population structure might have been affected by its perennial
self-compatibility [18], reducing genetic diversity within regional populations and enhancing
inbreeding. This leads to high interpopulation or spatial differentiation [17]. Genetic drift, on
the other hand, may not have shaped the population structure of the species recently based on
the observed moderate level of diversity among populations [16, 17]. However, over a longer
time scale population expansion from postglacial refugia is known to leave such traces [19].
High throughput sequencing is revolutionizing phylogenetics as it allows to obtain hundreds to thousands of markers in a cost effective way. Complete plastid genome (plastome)
sequences now could be easily acquired for phylogenomic analyses with relatively low cost.
Angiosperm plastid genomes exist in circular and linear forms [20] and the percentage of each
form varies within plant cells [21]. They are small, typically ~ 120–150 kb in size and have a
highly conserved quadripartate structure containing two inverted repeats (IRA and IRB),
which separate the large and small single copy regions (LSC and SSC). The plastid genome
includes 110–130 genes primarily participating in photosynthesis, transcription and translation [22]. Their conserved gene content, order and organization makes them relatively well
suited for evolutionary studies since gene losses, structural rearrangements, pseudogenes or
additional mutation events could be characteristic for some lineages. The information from
length mutational events could be used in addition to the information from DNA substitutions
occurring in the plastid genome. Such changes have been shown to be informative for example
in Araliaceae [23], Geraniaceae [24], Poaceae [25] and in early embryopythe lineages [26]. It
has been shown that independent gene and intron losses are limited to the more derived
monocot and eudicot clades with lineage-specific correlation between rates of nucleotide substitutions, indels, and genomic rearrangements [27].
Here we present the complete chloroplast genome sequence of bittersweet using highthroughput sequencing, as well as the assembly, annotation, gene expression and unique structure characterization of its plastome. We also compare the gene order, inverted repeat (IR)
length and examine the variation of structural changes across the family. In order to achieve
this we revise the annotations of Solanaceae plastid genome records and correct possible
errors. Using this edited plastid genome dataset we present a phylogenetic hypothesis of Solanaceae and examine the distribution of structural changes in the plastid genomes.

Materials and methods
Chloroplast isolation
Bittersweet leaves were collected in the Kaisaniemi Botanical Garden of the University of Helsinki, Finland during the summer of 2015. DNA isolation was carried out according to the
modified high-salt protocol of Shi et al [28]. DNA concentration was measured with a Qubit
fluorometer (Thermo Fisher Scientific, Waltham, MA, USA) and checked on 0.8% agarose gel.
We carried out a multiply-primed rolling circle amplification (RCA) according to the protocol
of Atherton et al. [29] using a REPLI-g Mini Kit (Qiagen, Hilden, Germany) to produce abundant DNA template.

Plastid genome sequencing
Paired-end libraries of 300 bp were prepared with Illumina TruSeq DNA Sample prep kit (Illumina, San Diego, CA, USA). Fragment analysis was conducted with an Agilent Technologies
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2100 Bioanalyzer using a DNA 1000 chip. Sequencing was carried out on an Illumina MiSeq
platform from both ends with 150 bp read length.

Genome assembly and annotation
Raw reads were first filtered to obtain high-quality clean data by removing low quality reads
with a sliding window quality cutoff of Q20 using Trimmomatic [30]. Plastid reads were filtered by reference mapping to Solanaceae plastid genome sequences using Geneious 9.1.7. [31]
with medium-low sensitivity and 1,000 iterations. From the collected reads a
assembly
was carried out with the built-in Geneious assembler platform with zero mismatches and gaps
allowed among the reads. The similar procedure was conducted with Velvet v1.2.10 [32] with
k-mer length 37, minimum contig length 74 and default settings by applying a 400 upper coverage limit. The resulting contigs were then circularized by matching end points. The results of
the reference mapping and two de novo methods were compared and inspected. Sanger-based
gap closure and IR junction verification was carried out following Moore et al. [33]. Gene
annotation was made with a two-step procedure. First we used gene prediction tools DOGMA
[34], tRNAscan-SE [35], cpGAVAS [36], Verdant [37] and GeSeq [38] to obtain annotations
based on different approaches. In a second step we inspected and curated all annotation manually with comparisons to all published (as of 18.10.2016) plastid genomes of Solanaceae using
Geneious. Local BLAST searches were further carried out to confirm the position of CDS
regions and genes. We confirmed start and stop codons manually and by comparison to RNAseq data. For each gene we inspected gene length based on amino acid translations and reconfirmed any internal stop codons. The resulting genome map was drawn with OGDraw v.1.2
[39]. The annotated bittersweet plastid genome was further used as a reference to revise all
Solanaceae plastid genomes (deposited by 16.8.2016). Reannotation followed the two-step protocol described above. Plastid genome sequences were transformed into fasta file format then
annotated with the software tools [34–38]. All annotations were transferred to Geneious as a
new track under the corresponding genome. Sequences were aligned, compared and manually
curated compared to bittersweet.

Genome analyses
Codon frequency and relative synonymous codon usage (RSCU) was calculated on the basis of
protein-coding genes using an
script. We also computed the overall mean of pairwise
distances of 80 protein-coding genes of the 32 Solanaceae species based on the Kimura
2-parameter model using MEGA 7.0.21 [40]. Standard error estimate(s) were obtained using
bootstrap (1,000 replicates). Complete plastid genome sequences were compared and aligned
using mVISTA online tools [41], while the expansion and contraction of the inverted repeat
(IR) regions at junction sites was examined and plotted using IRscope [42]. We identified and
located repeat sequences (n 30 bp and a sequence identity 90%) found in the bittersweet
plastome using REPuter [43]. Repeats larger than 10 bp were classified into the following
groups: (i) forward or direct repeats (F), (ii) repeats found in reverse orientation (R), (iii) palindromic repeats forming hairpin loops in their structure (P) and (iv) repeats found in reverse
complement orientation (C). Because REPuter overestimates the number of repeats we manually inspected the output file and located the repeats in Geneious. Redundant repeats found
entirely within other repeats as well as duplicated parts of tRNAs were pruned. Perfect and
compound simple sequence repeats (SSRs) interrupted by 100-bp were located with MISA
[44]. A threshold level of seven was applied to mononucleotide repeats, four to dinucleotide
repeats and three to tri-, tetra, penta-, and hexanucleotide repeats. Output files were manually
edited and exported to Geneious for further inspection.
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