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a b s t r a c t
Anisodus acutangulus (Solanaceae), an important folk medicinal herb in China, produces up to 1.2% alkaloids more
than that in other Solanaceae plants such as Hyoscyamus niger, while its evolutionary position in Hyoscyameae
is not very clear. Objective: To explain the evolutionary position of A. acutangulus in the Solanaceae via complete chloroplast genome(cp) sequence. Methods: Complete chloroplast genome of A. acutangulus was obtained
and characterized using the Illumina PE150 pair-end sequencing data. Structure of the genome, codon usage, nucleotide variability (Pi) value, distribution of repeats and SSRs between A. acutangulus and other seven Solanaceae
species were analyzed. Previously published 22 Solanaceae cp genomes were used to construct phylogenetic tree.
Results: The complete cp genome of A. acutangulus is 156082 bp in length, showed the typical quadripartite
structure. The complete cp genome of A. acutangulus was highly conserved. A total of 112 unique genes were
found in cp genome of A. acutangulus, among which 17 were duplicated. Further, we found eight hotspot regions
for genome divergence could be explored as new DNA barcodes for the identiﬁcation of the Solanaceae species.
Phylogenetic analysis showed that A. acutangulus formed a clade with H. niger. Conclusion: A. acutangulus belongs to Hyoscyameae subfamily and the complete cp genome provides valuable information for phylogenetic
reconstruction or comparative genomics of A. acutangulus.

1. Introduction
The nightshade family (Solanaceae) distributes worldwide
with about 90 genera and 3000-4000 species, and has economically important nutritive, ornamental, and medicinal value
(http://www.Solanaceaesource.org/) (Olmstead and Bohs, 2007,
Särkinen et al., 2013, Otálora and Berndt, 2018). Used as common edible fruits and tubers in life, the Solanaceae species include the tomato,
potato, eggplant, chilli pepper and so on (William and Zhang, 1992,
Vorontsova and Knapp, 2012). For medicinal value, like Lycium
barbarum andSolanum nigrum have been used as traditional Chinese
medicines for thousands of years in China, there are a few genera of
Solanaceae can produce tropane alkaloids (TAs), such as species of
Hyoscyamus, Datura, Duboisia, Atropa and Scopolia (Zhang et al., 2004).
Anisodus acutangulus (Hyoscyameae), as an excellent source of TAs, is
a perennial and endangered herb of the tribe Hyoscyameae (Solanaceae)
endemic to Yunnan of China (Cui et al., 2015). It has been used as a folk
medicine for hundreds of years and is mainly used for the treatment
of fracture, rheumatism, lumbago and leg pain, bruise and swelling. As
a tribe of Solanaceae, all species of Hyoscyameae are rich in TAs. Usu-

ally, plants with the same chemical constituents are more closely related
in the modern chemotaxonomical systems (Martins and Nunez, 2015,
Pigatto et al., 2015). A new subfamily Atropoideae was established in
1987 (Tétény, 1987). This subfamily is characterized by the production of TAs, according to the characteristics of external morphology,
palynology and phytochemical composition (Hoare and Knapp, 1997).
However, classic taxonomy and chemotaxonomical methods have their
limitations, modern (DNA-based) molecular plant systematics which is
more properly for phylogenetic analysis often shows diﬀerent results
(Olmstead et al., 1999, Volis et al., 2018, Tu et al., 2010, Gates et al.,
2018), such as the evolutionary position in Solanaceae of Atropa and
Mandragora. So, the relationships among the taxa of the Hyoscyameae
remain unclear.
Chloroplast, as the organelle of photosynthesis, is the most important and common plasmid in plant cells. Its own genome is conserved
throughout higher plants at the structural and genic level (Cho et al.,
2015, Daniell et al., 2016). The cp genome is an exposed circular doublestranded DNA molecule of about 120-210 kb (Palmer, 1985). For most
plants, the cp genome is characterized by two inverted repeat (IRA
and IRB) regions, a large single-copy (LSC) region, and a small single-
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Table 1
Genes in the chloroplast genomes of A. acutangulus.
Gene Category

Gene Groupes

Gene Names

Transcription and translation

Small subunit of ribosome
Large subunit of ribosome
rRNA genes
tRNA genes

rps122 , 3 , rps161 , rps2, rps3, rps4, rps73 , rps11, rps8, rps18, rps14, rps19, rps15
rpl21 , 3 , rpl161 , rpl22, rpl20, rpl14, rpl233 , rpl33, rpl32, rpl36
rrn53 , rrn163 , rrn4.53 , rrn233 ,
trnfM-CAU, trnC-GCA, trnD-GUC, trnE-UUC, trnF-GAA, trnG-GCC, trnH-GUG, trnI-AUG3 ,
trnL-CAA3 , trnL-UAG, trnM-CAU, trnN-GUU3 , trnP-UGG, trnQ-UUG, trnR-ACG3 , trnR-UCU,
trnS-GCU, trnS-GGA, trnS-UGA, trnT-GGU, trnT-UGU, trnV-GAC3 , trnW-CCA, trnY-GUA,
trnA-UGC1 , 3 , trnG-UCC1 , trnI-GAU1 , 3 , trnK-UUU1 , trnL-UAA1 , trnV-UAC1
rpoB, rpoA, rpoC2, rpoC11
psaA, psaB, psaC, psaI, psaJ, ycf32 , ycf4
psbB, psbC, psbA, psbD, psbE, psbH, psbZ, psbK, psbN, psbJ, psbF, psbM, psbT
petA, petB1 , petD1 , petG, petL, petN
atpA, atpB, atpE, atpF1 , atpH, atpI
rbcL
ndhA1 , ndhB1 , 3 , ndhF, ndhD, ndhH, ndhK, ndhG, ndhI, ndhJ, ndhC, ndhE
accD, ccsA, cemA, clpP2 , matK
ycf13 , ycf23

Genes for photosynthesis

Other genes
Unknown
1
2
3

DNA-dependent RNA polymerase
Subunits of photosystem I
Subunits of photosystem II
Subunits of cytochrome
Subunits of ATP synthase
Large subunit of rubisco
NADH oxidoreductase
other
function protein-coding gene

Gene containing a single intron
Gene containing two introns
shows genes duplicated.

copy (SSC) region. Since the cp genome sequence can easy to obtain
and its size and nucleotide substitution rate are moderate, it has been
widely used to analysis plant phylogenies (Clegg et al., 1994). With
the rapid development of sequencing technology, more and more cp
genomes have been sequenced and reported, and the application of phylogenetic analysis with complete cp genome has been growing annually
(Song et al., 2017, Gu et al., 2019, Xue et al., 2019, Liu et al., 2018,
Kim et al., 2019, Lee et al., 2019, Park et al., 2018).
In order to clarify the evolutionary position of A. acutangulus in
Hyoscyameae, we got a new cp genome sequenced by Illumina HiSeq
4000 Platform, and reconstructed a new molecular phylogeny using the
cp genome sequences of Hyoscyameae. In this study, we analyzed the
structure of cp genome, codon usage, distribution of repeats, and SSRs
by comparing with previously published cp genome of various genera
species in Hyoscyameae which also can generate TAs. Finally, based on
a total of 22 complete cp genomes of Solanaceae, the new phylogenetic
relationships were estimated. Our study will provide the complete cp
sequence data of A. acutangulus, and the comparative phylogenetic and
molecular evolutionary analysis of several Solanaceae species rich in
TAs, which can be helpful to gene engineering as well as for molecular
breeding for these endangered herbal species.

SOPAdenovo2 with default parameters (Luo et al., 2012). Then the
scaﬀolds were used as seed sequences to ﬁnish the cp genome sequence by NOVOPlasty (Dierckxsens et al., 2017). Gene annotation
of the A. acutangulus cp genome was performed using the web application GeSeq (https://chlorobox.mpimp-golm.mpg.de/geseq.html)
(Tillich et al., 2017). The circular cp genome map of the A. acutangulus was drawn by OGDRAW (http://ogdraw.mpimpgo-lm.mpg.de/)
(Lohse et al., 2013) and then manually edited by Geneious10.3
(Kearse et al., 2012).
2.3. Chloroplast genome sequence analyses
The relative synonymous codon usage (RSCU) was analyzed with
CodonW1.4.4 (Thompson et al., 2002). Repeat sequences (including forward, reverse, palindromic, and complementary repeats) were
analysed using REPuter Online software (https://bibiserv.cebitec.unibielefeld.de/reputer/) (Kurtz and Schleiermacher, 1999) with the
parameters were set as follows: Hamming distance of 3 and
minimum repeat size of 30 bp. Simple sequence repeats (SSRs)
were detected by MISA (https://webblast.ipk-gatersleben.de/misa/).
Thresholds for a minimum number of repeat units were established as follows: > 10 for mono-nucleotide, > 5 for dinucleotide, > 4 for tri-nucleotide, and > 3 for tetra-nucleotide,
penta-nucleotide and hexa-nucleotide SSR. The cp genomes of
the eight Solanaceae species were aligned with MAFFT, visualized using mVISTA (http://genome.lbl.gov/vista/mvista/submit.shtml)
(Frazer et al., 2004) in Shuﬄe-LAGAN mode, with A. belladonna cp
genome annotation as a reference. DnaSP v5 (Librado and Rozas, 2009)
was used to analyze the nucleotide diversity (Pi) among the cp genomes
of the eight species, basing on the sliding window analyses. The window
length was 600 bp and step size was 200 bp.

2. Materials and Methods
2.1. Plant material preparation and sequencing
Fresh young leaves of A. acutangulus were obtained from asepsis
seedlings being cultivated in the plant growth chamber Zhejiang Chinese
Medical University, Hangzhou, Zhejiang, China. Total genomic DNA was
extracted with modiﬁed 2 × cetyltrimethyl ammonium bromide (CTAB)
DNA-extraction method (Doyle and Doyle, 1986). The extracted DNA
was sheared into 300-400 bp fragments with a Covaris M220 (Covaris,
United States) and built a shotgun library following the procedure of
NEBNext® UltraTM DNA Library Prep Kit for Illumina (NEB, United
States). The library was paired-end sequenced on the Illumina HiSeq
4000 platform. All chloroplast genome sequences used in this study were
downloaded from GenBank (Table 1, Table S1).

2.4. Phylogenetic analyses
We selected 22 complete cp genomes obtained from GenBank (Table S1), including 21 Solanaceae species and 1 Scrophulariaceae species
deﬁned as the outgroups for phylogenetic trees analyses. The Maximum Parsimony (MP) analysis in PAUP4.0 (Cummings, 2004) was used
to construct MP tree, while the Maximum Likelihood (ML) tree was
made by using RAxML (Stamatakis, 2006) with general Time-Reversible,
gamma distribution (GTR + G) model and 1000 bootstrap replicates.
For Bayesian Inference (BI) analysis, MrBayes (Huelsenbeck and Ronquist, 2001) was used with Markov chain Monte Carlo algorithm, running 2000000 generations with trees sampled every 1000 generations

2.2. Chloroplast genome assembly and annotation
With the complete genome of A. belladonna chloroplast (GenBank
accession NC_004561) as a reference sequence, we selected A. acutangulus chloroplast genome contigs from the Illumina sequencing
data adopting the BLAST method. The contigs were assembled using
2
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Fig. 1. Chloroplast genome map of A. acutangulus. Genes on the outside of the ring represent counterclockwise transcription and genes
on the inside of the ring clockwise transcription. The thick black lines in the outer ring represent two IR regions. The dark gray graph of
the kernel represents the GC content. Small single copy (SSC), large single copy (LSC) and inverted repeats (IRa, IRb).

and the 250000 samples discard of the trees. When the average standard
deviation is less than 0.01, it means that the stationarity was reached.

there were some exceptions that non-ATG codons were identiﬁed as start
codons, such as GUG in rps19 and ndhD. It was a common feature in land
plants for a variety of chloroplast genes to use ACG or GUG rather than
the canonical AUG as start codon (Hirose et al., 1999, Raubeson et al.,
2007).

3. Results and Discussion
3.1. Anisodus acutangulus chloroplast genome

3.2. Comparative chloroplast genomic analysis
Based on 2.01G paird-end Illumina sequencing reads of A. acutangulus, we yielded a new complete circular chloroplast genome of A. acutangulus with a quadripartite structure sequences of 156,082 bp in length. It
was consisted of a pair of the inverted repeats (IRs), LSC and SSC regions
with 25906 bp, 86530 bp and 17741 bp in length (Fig. 1), respectively.
The GC content of A. acutangulus was 37.6%, and IR regions had higher
GC contents (42.9%) than LSC regions (35.6%) and SSC regions (31.9%).
A total of 113 unique genes were found in cp of A. acutangulus, including 78 protein-coding genes, 2 conserved hypothetical chloroplast
reading frames (ycfs), 30 transfer RNA genes (tRNA) and 4 ribosomal
RNA genes (rRNA), not counting identical copies (Table 1). 18 genes
were duplicated in the IR, including seven protein-coding genes (rps12,
rps7, rpl2, rpl23, ndhB, ycf1, ycf2), seven tRNA (trnI-AUG, trnL-CAA,
trnN-GUU, trnR-ACG, trnV-GAC, trnA-UGC, and trnI-GAU) and four rRNA
(rrn5, rrn16, rrn4.5, and rrn23).
Twelve of the protein-coding genes contained introns, of which, nine
(rps16, rpl2, rpl16, rpoC1, petB, petD, atpF, ndhA, and ndhB) had one intron and three (rps12, ycf3, and clpP) contained two introns. Except for
intron 1 in rps12 and the trnL-UAA intron that are trans-spliced, the
rest are cis-spliced introns. Six rRNA genes (trnA-UGC, trnG-UCC, trnIGAU, trnK-UUU, trnL-UAA, and trnV-UAC) contained one intron. But

Changes in chloroplast genome sizes are mostly as a result of the expansion and contraction of the border regions. The changes aﬀect the
size of cp genomes over a period of time, as a marker for the evolution of chloroplast genomes (Liu et al., 2017). There were seven chloroplast genomes from seven diﬀerent genera within the Solanaceae have
been reported (Table 2). The chloroplast genome of A. acutangulus was
highly similar to others within the family, with 97.6%, 99,6%, 98.1%,
96.2%, 98.4%, 98.3% and 98.5% identity to Hyoscyamus niger, Anisodus tanguticus, Atropa belladonna, Datura stramonium, Scopolia parviﬂora,
Physochlaina orientalis, Atropanthe sinensis, respectively.
Using mVISTA with the annotation of A. belladonna cp genome as a
reference, the compared result among eight Solanaceae species (Fig. 2)
showed that most regions were conserved, especially the IR region,
related to the fact that IR regions are more conserved in evolution.
The coding regions were more conserved than the non-coding regions.
ndhF, ycf1 In the coding regions, and the non-coding region located
in 4-8 k, 27-34 k, 44-50 k, and 65-70 k had highly divergent among
eight Solanaceae species. According to the nucleotide variability (Pi)
(Fig. 3), the IR regions were more conserved than single-copy regions.
We found eight hotspot regions for genome divergence could be new
3
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Table 2
The basic characteristics of chloroplast genomes of eight Solanaceae species.
Species

A.acutangulus

H. niger

A.tanguticus

Atropa
belladonna

Datura
stramonium

Scopolia
parviﬂora

Physochlaina
orientalis

Atropanthe
sinensis

Accession number
Total cp genome size (bp)
LSC region (bp)
IR region (bp)
SSC region (bp)
Total number of genes (unique)
Protein-coding gene (unique)
rRNA (unique)
tRNA (unique)
GC content (%)
GC content of LSC (%)
GC content of IR (%)
GC content of SSC (%)

MT558919
156082
86530
25906
17741
112
78
4
30
37.6
35.6
42.9
31.9

KF248009
155720
86105
25876
17864
112
78
4
30
37.6
35.6
42.9
31.5

MK347419
155767
86515
25881
17487
112
78
4
30
37.6
35.6
42.9
31.9

NC_004561
156687
86869
25901
18008
112
78
4
30
37.6
35.6
42.9
31.7

NC_018117
155871
86299
25602
18366
113
79
4
30
37.9
36.0
43.1
32.3

NC_030282
156193
86364
25905
18019
112
78
4
30
37.6
35.7
42.9
31.8

NC_044154
156371
86598
25861
17989
112
78
4
30
37.7
35.8
42.9
32.0

NC_044471
156565
86600
25939
18087
112
78
4
30
37.6
35.7
42.9
31.9

Fig. 2. Codon content in the A.acutangulus, RSCU: relative synonymous codon usage.

DNA barcodes for species identiﬁcation (Xue et al., 2019, Dong et al.,
2017). Those regions were trnH-psbA, trnK-rps16, rps16-trnQ, rpoB-trnC,
rpl36-rps8, ndhF-rpl32, rpl32-trnL, and ycf1. The contraction and expansion of IR borders can reﬂect the phylogenetic relationship of species
(Zhang et al., 2017). The structure variation could be found in IRs/SC
borders between eight species (Fig. 4). In the four species (H. niger,
A. acutangulus, D. stramonium, P. orientalis), the ndhF gene overlapped
with the ycf1. Comparied with others, ndhF gene in A. acutangulus and
D.stramonium was closer to IRb. The rps19 gene located in LSC/IRa border, and in IRa region of A. acutangulus and A. tanguticus, has the same

length (75 bp). As well, the trnH gene separated from the IRA/LSC border by a spacer varies from 14 bp. The ycf1 gene spanned the SSC/IRa
region, and ycf1 gene in D. stramonium has more parts in SSC region.
3.3. Codon usage
Codon usage bias also called Relative synonymous codon usage
(RSCU) is the variation in the frequency of occurrence of synonymous
codons in coding DNA. As an essential evolutionary feature, it is of
great signiﬁcance to master the codon usage bias in diﬀerent species
4
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Fig. 3. A: Number of diﬀerent repeat types; B: Number of diﬀerent repeat lengths

Fig. 4. The number and distribution of SSRs in the chloroplast genomes of eight Solanaceae species. A: Proportion of repeats in LSC, SSC, IR regions; B: Number of
repeats in LSC, SSC and IR; C: Number of diﬀerent repeat types.

(Yan et al., 2019, Feng et al., 2013). Here, we analyzed RSCU value to
learn the codon usage of A. acutangulus cp genomes, in which RSCU > 1
represents the preference of the codon and RSCU < 1 indicates the low
usage of the codon. The protein-coding region of the A. acutangulus cp
genomes was encoded by 26,900 codons (Fig. 5 and Table S2), most of
the preferred amino acid-encoding codons had A or U as the third nucleotide. This phenomenon has been found in other species (Park et al.,
2017). By contraries, C or G as the third in amino acid-encoding codons
had RSCU < 1. The most and least universal amino acids of A. acutangulus cp genomes are leucine (10.6%) and cysteine (1.1%), respectively.
The most codon was AUU with a total of 1110, encoding isoleucine,
while the least codons were UGC with 68, encoding cysteine. The AUG
and UGG, which encoding methionine and tryptophan, showed no bias
(RSCU = 1). Furthermore, the codon usage of A. acutangulus did not
show much diﬀerence compared with other Solanaceae plants (Table
S2).

3.4. Repeat and SSR analyses
Repeat sequences provide important information about genomes. Using REPuter, we found some forward, palindromic and reverse repeats in
eight species cpDNAs. The number of three types of repeats in A. acutangulus cp genome were 21, 21, and 7, respectively (Fig. 6A). The length of
repeats ranged from 21 to 48 bp (Fig. 6B), Most repeat sequences with
20-30 bp distributed in the intron and intergenic regions, whereas some
were found in genes such as ycf1, ycf2, ycf3, psaB, and pasA (Table S3).
There were no repeats longer than 50 bp in A. acutangulus, but this is
not the case in A. tanguticus, D. stramonium, S. parviﬂora, H. niger, and
P. orientalis having repeats longer than 50 bp. Among these, only four
repeats longer than 60 bp can be found in P. orientalis.
Simple sequence repeats (SSRs), also known as microsatellites, are
1 to 6 bp repeating sequences extensively distributed in the chloroplast
genome. SSRs are highly polymorphic and codominant, which are valu-
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Fig. 5. Comparison of eight chloroplast genomes using A. belladonna annotation as a reference. The y-axis represents the percent identity within 50–100%.

Fig. 6. Nucleotide diversity (Pi) in the complete cp genome of eight Solanaceae species. Sliding window analysis with a window length of 600 bp and a step size of
200 bp.

able markers for a study involving gene ﬂow, population genetics, and
gene mapping (He et al., 2012). There were a total of 412 SSRs in eight
cp genomes and 53 SSRs in A. acutangulus. The number of SSRs ranged
from 47 to 59 in eight species, and mono-nucleotides account for most of
them. Most of the SSR repeats located in LSC (76.2%), while lest of the
SSRs situated in SSC (10.6%) (Fig. 7A). All of A. acutangulus and other
seven Solanaceae species have a similar ratio for SSRs (Fig. 7B and Table
S4). Compared to other Solanaceae species, P. orientalis had the highest
number of SSRs with 59, while A. tanguticus had the least (Fig. 7C). The
SSRs of A. acutangulus were composed of 37 mononucleotides, 8 dinucleotides, 1 trinucleotide, 6 tetranucleotides, and 1 pentanucleotide.
The mono-nucleotide SSRs are A/T, and di-nucleotide SSRs are AT/TA,
enriching AT content of the cp genomes. The cp genome of A. sinensis
has a TTTATA hexa-nucleotide SSRs, but none in others. Those identiﬁed repeats would help population genetics and phylogenetic studies in
Solanaceae.

and distributed in Solanaceae reported in previous studies (El Bazaoui
et al., 2011, Alvarenga et al., 2001, Wink, 2003, Doncheva et al., 2006).
According to plant chemotaxonomy, it was suggested that Lycium was
closely related to Capsicum, and Datura is sister to a clade containing
Anisodus (Pigatto et al., 2015). Besides, most of the secondary metabolites of D. stramonium were identical to Hyoscyameae species but diﬀerent to Lycium species. However, this study showed that the Lycium displayed closer relationship with the Hyoscyameae than D. stramonium.
Direct analysis by real time-high resolution mass spectrometry revealed
that Atropa and Datura form a clade (Beyramysoltan et al., 2019), but it
was found that the relationship between Datura and Atropa is far away
in our study. It was reported that D. stramonium was classiﬁed into the
Datureae according to molecular plant systematics studies (Jamil et al.,
2014), but our result showed D. stramonium was categorized into the
Solaneae. Comparing to phylogeny relationship using individual genes
such as ITS, rbcl, ndhF or trnL, it is more accurate to establish based on
complete cp genomes. Our results strongly supported the new classiﬁcation system of the Hyoscyameae, and clariﬁed the evolutionary position
of A. acutangulus in Hyoscyameae.

3.5. Phylogenetic analyses
With Pedicularis ishidoyana as the outgroup, the phylogenetic relationship of eight Solanaceae was analyzed by maximum parsimony
(MP), maximum likelihood (ML) and Bayesian analysis (BI), respectively. The three methods showed the similar topologies (Fig. 8,
S1, S2). A. acutangulus with A. tanguticus and H. niger formed one
branch. In addition, A. belladonna was sister to the rest of the genera of the Hyoscyameae, which was consistent with the previous report (Olmstead et al., 2008). Tropane alkaloids and calystegines existed

4. Conclusion
The cp genomes of A. acutangulus were sequenced and annotated,
and the sequencing data was one of valuable resources for evolutionary
relationships among Solanaceae. By comparing with other Solanaceae
species, we found the structure and composition of A. acutangulus cp
genomes are in a high degree of similarity with other Hyoscyameae
6
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Fig. 7. Chloroplast genome borders in eight Solanaceae species. LSC (large single copy region), SSC (small single copy region), and IR (inverted repeat region).

Fig. 8. Maximum Likelihood tree based on the complete chloroplast genome.

species. Maybe the phylogenetic relationship between D. stramonium
and A. acutangulus is relatively far away, so it’s hard to ﬁnd out psbL
protein-coding gene in A. acutangulus and other Hyoscyameae species
apart from D. stramonium. Eight hotspot regions (trnH-psbA, trnK-rps16,
rps16-trnQ, rpoB-trnC, rpl36-rps8, ndhF-rpl32, rpl32-trnL, and ycf1) were
found, which could be used as new DNA barcodes for species identiﬁcation. The complete cp genomes of seven species from Hyoscyameae,

and one from Datureae was focused on the structural and gene comparison. A total of 22 complete cp genomes from Solanaceae were used
for phylogenetic reconstruction, It showed that A. acutangulus was close
to Hyoscyameae (because of that A. tanguticus and H. niger formed one
branch) and D. stramonium was close to Solaneae. Those results may be
beneﬁcial to the classiﬁcation and phylogeny reconstruction of A. acutangulus.
7
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