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ABSTRACT
Strobilanthes bantonensis Lindau belongs to the family Acanthaceae. It is an antiviral herb that can be
used to prevent Influenza virus infections in the border areas between China and Vietnam. Local peo-
ple call it ‘Purple Ban-lan-gen’ because its root is very similar to that of Strobilanthes cusia (Nees)
Kuntze, which is called ‘Southern Ban-lan-gen’ and is listed in Chinese Pharmacopeia. The two species
have been used interchangeably locally. However, their pharmacological equivalence has caused con-
cern for years. We have sequenced the chloroplast genome of S. cusia previously. In this study, we
sequenced the complete chloroplast genome sequence of S. bantonensis to preform in-depth compara-
tive genetic analysis of the two Strobilanthes species. The chloroplast genome of S. bantonensis is a cir-
cular DNA molecule with a total length of 144,591 bp and encodes 84 protein-coding, 8 ribosomes,
and 37 transfer RNA genes. The chloroplast genome has a conservative quadripartite structure, includ-
ing a large single-copy (LSC) region, a small single-copy (SSC) region, and a pair of inverted repeat (IR)
regions, with lengths of 92,068bp, 17,767bp, and 17,378bp, respectively. Phylogenetic analysis con-
firmed that S. bantonensis is closely related to the S. cusia. Compared with other species from
Acanthaceae, S. bantonensis has a significantly shortened IR region, suggesting the occurrence of IR
contraction events. This study will help future taxonomic, evolutionary, phylogenetic, and bioprospect-
ing studies of the sizeable Strobilanthes genus, which contains over 400 species.
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1. Introduction

Strobilanthes bantonensis Lindau is a member of the
Acanthaceae family. Acanthaceae consists of about 220 gen-
era and over 4000 species, and the genus Strobilanthes con-
tains approximately 400 species (Deng et al. 2011).

The Strobilanthes species are essential herb sources.
Strobilanthes cusia (Nees) Kuntze is the source plants of
‘Southern Ban-lan-gen’ in the Chinese Pharmacopeia
(Pharmacopoeia 2015) with multiple pharmacological functions
(Ko et al. 2006; Yu-Chi et al. 2020), particular for treating virus-
induced diseases, such as SARS (Gu et al. 2015; Chia-Lin et al.
2019) and most recently, COVID-19. In contrast, Strobilanthes
crispus has potent anticancer activities (Chin et al. 2017;
Akowuah et al. 2020). Extracts of Strobilanthes species were
also used to prevent animal and crop diseases (Manaf et al.
2016). For example, S. bantonensis has been used as a tea or
animal feed additive to prevent fever (Lingfei 2016).

Strobilanthes bantonensis is mainly distributed in South
China and Vietnam (Han et al. 2011). It has been used as a
local herb in the Baise area (Shilin et al. 2011). It is also called

‘Purple Ban-lan-gen’ since the back of its leaf is purple, and
has been traded as the herb ‘Southern Ban-lan-gen’ because
their roots are very similar. However, there have been con-
cerns regarding the equivalence in their pharmacological
benefits. Consequently, distinguishing those two species is
very important both in scientific research and the assurance
of the effectiveness and safety of the herbal products.

The hypervariable sites from the chloroplast genome can be
useful markers in discriminating closely related species (Lei et al.
2016). To distinguish S. cusia from other species in genus
Strobilanthes, we had sequenced its chloroplast genome in a
previous study (Chen et al. 2018). Here we report the complete
chloroplast genome of S. bantonensis and hope this will help dis-
criminate S. bantonensis from other plants of genus Strobilanthes
and understand the evolutionary history of these plants.

2. Materials and methods

2.1. Sampling, DNA extraction, and sequencing

The fresh leaves of S. bantonensis were collected from
Nianjing, Napo, Baise, Guangxi, China (Geospatial coordinate:
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E105.880213, N23.939937). The voucher samples were depos-
ited in the Herbarium of the Guangxi botanical garden of
medicinal plants (#451026101000LMS1). Total DNA was
extracted using the plant genomic DNA kit and sequenced
using the Hiseq2500 platform (Illumina, Inc., San Diego, CA).

2.2. Genome assembly and annotation

The chloroplast genome was assembled using NOVOPlasty (v.
2.7.2) (Dierckxsens et al. 2017) with a k-mer length of 39 bp
and a conserved gene (rbcL gene) from Arabidopsis thaliana
were used as the seed sequence. A total of 326,982 reads
were used in the final plastid assembly and a circle genome
was obtained. The average sequence coverage was 588.3.
The clean reads were mapped to the assembled genome by
using Bowtie2 (v.2.0.1) (Langmead 2012) for validating the
correctness of the assembled chloroplast genome. The
chloroplast genome was annotated using CPGAVAS2 (Shi
et al. 2019) with the second option (2544-chloroplast
genomes) of reference dataset. The results were further cor-
rected manually using Apollo software (Lewis et al. 2002).
The chloroplast genome sequence has been deposited in
GenBank with the accession number (MT576695.1).

2.3. Repeats and SSR analyses

The GC content was calculated using the cusp program from
EMBOSS (v. 6.3.1) (Rice et al. 2000). The simple sequence
repeats (SSRs) were identified using MISA (https://webblast.
ipk-gatersleben.de/misa/), including mono-, di-, tri-, tetra-,
penta-, and hexanucleotides with the minimum numbers
were 10, 6, 5, 5, 5, and 5, respectively (Beier et al. 2017).
Additionally, REPuter (https://bibiserv.cebitec.uni-bielefeld.de/
reputer/) was used to calculate palindrome repeats, forward
repeats, reverse repeats, and complement repeats with the
settings: Hamming Distance was three, and Minimal Repeat
Size was 30 bp (Kurtz et al. 2001). Tandem repeats were
detected with the Tandem Repeats Finder program (v. 4.07b,
http://tandem.bu.edu/trf/trf.html) with default setting.

2.3. Genome comparison

We used MEGA (v. 6.0) (Tamura et al. 2013) to calculate the
Codon usage of protein-coding sequences in S. bantonensis.
RSCU (Relative Synonymous Codon Usage) value was calcu-
lated to analyze codon preference. The chloroplast genome
sequences of S. cusia, were downloaded from GenBank
(NC_037485.1). The two sequences were aligned by using
MAFFT (v. 7.450) (Rozewicki et al. 2019), and the command
was ‘mafft –thread 8 –threadtb 5 –threadit 0 –reorder –auto
input> output.’ We conducted a sliding window analysis by
using DnaSP (DNA Sequences Polymorphism, v. 6.0) to calcu-
late the nucleotide polymorphism (Pi) among the species
(window length: 600 bp, step size: 200 bp). Lastly, IRscope
(https://irscope.shinyapps.io/irapp/) was used for visualizing
the IR boundaries (Amiryousefi et al. 2018).

2.3. Phylogenetic analysis

The chloroplast genome sequences of 10 species belonging
to the Acanthaceae family were downloaded from GenBank
(Table S1). Two species, Nicotiana tabacum and Arabidopsis
thaliana, were used as outgroups. A total of 68 orthologous
genes among the 13 species were identified and extracted
using Phylosuite (Zhang et al. 2020). They are ACCD, ATPA,
ATPB, ATPE, ATPF, ATPH, ATPI, CCSA, CEMA, CLPP, MATK,
NDHA, NDHB, NDHC, NDHD, NDHE, NDHF, NDHG, NDHH,
NDHI, NDHJ, NDHK, PETA, PETB, PETD, PETG, PETL, PETN,
PSAA, PSAB, PSAC, PSAJ, PSBA, PSBB, PSBC, PSBD, PSBE, PSBF,
PSBH, PSBI, PSBJ, PSBK, PSBM, PSBT, PSBZ, RBCL, RPL14,
RPL16, RPL20, RPL22, RPL23, RPL33, RPL36, RPOA, RPOB,
RPOC1, RPS11, RPS14, RPS15, RPS16, RPS18, RPS2, RPS3,
RPS4, RPS7, RPS8, YCF3, YCF4. The corresponding protein
sequences were aligned using MAFFT (v 7.450) (Rozewicki
et al. 2019) implemented in Phylosuite. These aligned
sequences were used to construct the phylogenetic trees by
using the maximum-likelihood (ML) method implemented in
RaxML (v8.2.4) (Stamatakis 2014). The parameters were
‘raxmlHPC-PTHREADS-SSE3 -f a -N 1000 -m PROTGAMMALGX/
GTRGAMMA -x 551314260 -p 551314260.’ The bootstrap ana-
lysis was performed with 1000 replicates.

3. Results

3.1. Structure of S. bantonensis chloroplast genome

A total of 6 G of raw sequencing data were generated. A
chloroplast genome sequence was assembled successfully by
using NOVOPlasty software. The correctness of the assembly
was validated by mapping the raw sequence reads to the
assembled genome and obtained a uniform coverage. The
chloroplast genome of S. bantonensis is a circular DNA mol-
ecule with a total length of 144,591 bp. It has a conservative
quadripartite structure, including a large-single copy (LSC)
region, a small-single copy (SSC) region, and a pair of
inverted repeat region (IR) regions, with the length of
92,068 bp, 17,767 bp, and 17,378 bp, respectively (Table 1).
These results are similar to those of S. cusia, which is
91,666 bp, 17,811 bp, and 17,328 bp, respectively. We also
compared the GC content of the two species. The total GC

Table 1. Basic features of the 2 chloroplast genomes.

Species S. bantonensis S. cusia

Accession number MN385242 NC_037485.1
Length (bp)
Total 144,591 144,133
LSC 92,068 91,666
SSC 17,767 17,811
IR 17,378 17,328

GC content (%)
Total 38.18 38.20
LSC 36.48 36.52
SSC 32.44 32.37
IR 45.62 45.66

Gene numbers
Total 129 129
trnA gene 37 37
rrnA gene 8 8
protein-coding gene 84 84
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content is 38.18% in S. bantonensis, and 38.20% in S. cusia.
The GC content in IR regions is much higher than that in the
LSC or SSC region, consistent with the results observed in
most angiosperms (Asaf et al. 2017).

3.2. Gene annotation

The chloroplast genome of S. bantonensis comprises 129
genes, includes 84 protein-coding, 37 tRNA, and eight rRNA
genes (Table 2 and Figure 1). Ten protein-coding genes
(rps16,atpF, rpoC1, petB, petD, rpl16, rpl2, ndhA and ndhB (�2)
contain one intron, and two genes (ycf3, clpP) contain two
introns. Eight tRNA genes (trnK-UUU, trnS-CGA, trnL-UAA,
trnC-ACA, trnI-GAU (�2), trnA-UGC (�2)) contain one intron
(Table 3). The length of the protein-coding, tRNA and rRNA
genes in S. bantonensis chloroplast genome are 71,352 bp,
2813 bp, and 9078 bp respectively, accounting for 49.35%,
6.28%, and 1.95% of the total chloroplast genome length.
Remarkably, a total of 16 genes replicated in the IR regions,
of which, only 5 are protein-coding genes: psbA, ndhB, rps7,
rps12, and ycf1 (only a fragment). This observation was less
than that of other higher plants, suggesting that the IR
regions may have undergone abnormal contraction
or expansion.

3.3. Codon usage in protein-coding regions of the
chloroplast genome

In terms of codon usage, a total of 23,784 codons were anno-
tated in the chloroplast genome of S. bantonensis. The most
common codon, AUU, codes for the amino acid Isoleucine
(abbreviated I), was recorded 998 times (Table S2). Other
common codes include AAA (936) and UUU (915), encoding
lysine (abbreviated K), and Phenylalanine (abbreviated F),
respectively. The relative synonymous codon use (RSCU) val-
ues are often used to assess the preference for codon usage
in protein-coding. When RSCU value more than 1, it means
that this codon is used preferentially. We observed that most
amino acids have a codon preference except for the methio-
nine (Met) and tryptophan (Trp) codons (Figure S1), which is
similar to most higher plants (Sablok et al. 2011). In codons

with high RSCU value, they usually end with A/T. For
example, Leucine (Leu, RSCU ¼ 1.87), Arginine (Arg, RSCU ¼
1.79), and Alanine (Ala, RSCU ¼ 1.77) have a high preference
for ‘UUA,’ ‘AGA,’ and ‘GCU,’ respectively. The high frequency
of A/T usage in protein-coding regions may be the reason
that the GC content is much lower than in tRNA and
rRNA sequences.

3.4. Repeats analysis

We detected a total of 47 SSRs in the two analyzed species,
and the results showed that most SSRs were mononucleotide
repeats (Figure 2(a) and Table S3). In the number of mononu-
cleotide repeats, S. bantonensis is much higher than that of S.
cusia. However, in the number of polynucleotide (di-, tri-)
repeats, the results were reversed, which indicates that SSRs
are highly polymorphism in both species. Detail analysis
revealed that 23 SSR loci show polymorphism in these two
species (Table S4), which could be potential cpSSR markers
for species identification.

In the chloroplast genomes of the two Strobilanthes spe-
cies, four types of interspersed repeats were detected. There
are 9 forward repeats, 14 palindrome repeats, 3 reverse
repeats, and only 1 complementary repeat in S. bantonensis.
The numbers of interspersed repeats in S. cusia are 11, 11, 1,
1, respectively (Figure 2(b) and Table S5). The numbers of
these repeats exhibited significant interspecific differences.
Besides, the number of tandem repeats is 27 in S. cusia and
22 in S. bantonensis, satisfying the conditions of length over
30 bp and similarity over 80% (Table S6). These sequences of
tandem repeats and interspersed repeats are ubiquitous com-
ponents of both prokaryotic and eukaryotic genomes
(Heslop-Harrison 2000). It is also thought to be essential for
promoting chloroplast genome rearrangements (McCann
et al. 2018; Lee et al. 2019).

3.5. IR contraction event

The contraction and expansion of IR regions are essential for
the length diversity in chloroplast genomes (Goulding et al.
1996). In the chloroplast genomes of S. bantonensis and

Table 2. Gene contents in the chloroplast genome of S. bantonensis.

Category of genes Group of genes Name of genes

rRNA rrn16S (x2), rrn23S (x2), rrn5S (x2), rrn4.5S (x2)
tRNA 30 Unique trna genes (6 contain an intron)

Photosynthesis Subunits of ATP synthase atpA, atpB, atpE, atpF, atpH, atpI
Subunits of photosystem II psbA (x2), psbB, psbC, psbD, psbE, psbF, psbH, psbI, psbJ, psbK, psbL, psbM, psbN, psbT, psbZ, ycf3
Subunits of NADH-dehydrogenase ndhA, ndhB (x2), ndhC, ndhD, ndhE, ndhF, ndhG, ndhH, ndhI, ndhJ, ndhK
Subunits of cytochrome b/f complex petA, petB, petD, petG, petL, petN
Subunits of photosystem I psaA, psaB, psaC, psaI, psaJ
Subunit of rubisco rbcL

Self-replication The large subunit of the ribosome rpl14, rpl16, rpl2, rpl20, rpl22, rpl23, rpl32, rpl33, rpl36
DNA dependent RNA polymerase rpoA, rpoB, rpoC1, rpoC2
The small subunit of the ribosome rps11, rps12 (x2), rps14, rps15, rps16, rps18, rps19, rps2, rps3, rps4, rps7(x2), rps8

Other genes Subunit of acetyl-CoA-carboxylase accD
c-type cytochrome synthesis gene ccsA
Envelop membrane protein cemA
Protease clpP
Translational initiation factor infA
Maturase matK

Unknown Conserves open reading frames ycf1, ycf2, ycf4
Gene Fragments (pseudogene) ycf1
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Figure 1. Graphic representation of features identified in the chloroplast genome of S. bantonensis by using CPGAVAS2. The map contains four rings. From the cen-
ter going outward, the first circle shows the forward and reverse repeats connected with red and green arcs. The next circle shows the tandem repeats marked with
short bars. The third circle shows the microsatellite sequences identified using MISA. The fourth circle is drawn using drawgenemap and shows the gene structure
on the chloroplast genomes. The genes were colored based on their functional categories, which are shown at the left corner.

Table 3. The lengths of introns and exons for the splitting genes.

Gene Strand Start End ExonI IntronI ExonII IntronII ExonIII

trnK-UUU � 527 3056 37 2457 36
rps16 � 3472 4617 40 879 227
trnS-CGA þ 7990 8767 32 685 61
atpF � 10,701 12,012 141 700 471
rpoC1 � 19,923 22,853 432 879 1620
ycf3 � 41,905 43,836 126 722 228 703 153
trnL-UAA þ 46,606 47,166 35 476 50
trnC-ACA � 51,002 51,669 38 574 56
clpP � 69,162 71,108 71 745 300 605 226
petB þ 73,990 75,373 6 730 648
petD þ 75,562 76,778 8 683 526
rpl16 � 80,157 81,455 9 888 402
rpl2 � 83,099 84,603 391 644 470
ndhB � 94,435 96,647 886 584 743
trnI-GAU þ 101,908 102,917 36 917 57
trnA-UGC þ 102,982 103,863 37 809 36
ndhA � 118,366 120,548 553 1091 539
trnA-UGC � 132,798 133,678 37 808 36
trnI-GAU � 133,743 134,752 36 917 57
ndhB þ 140,013 142,225 886 584 743
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S. cusia, we observed a significant contraction of the IR
regions (Figure 3). The IR length of these two Strobilanthes
species (�17 kb) are both significantly shorter than those of
the other four species from Acanthaceae family (�25 kb),

which suggests the occurrence of IR contraction events. The
shrunk IR regions might cause the overall length of chloro-
plast genome in Strobilanthes being much shorter than those
of other genera. Moreover, we observed a rare distribution of
genes in the IR regions of S. bantonensis, which is very similar
to that of S. cusia (Chen et al. 2018). In most angiosperms,
the trnH and psbA genes are located in the LSC region, and
the ycf2 gene is located in the IR regions with two copies.
But in S. bantonensis and S. cusia, the gene, trnH, and psbA
are found inside of the IR regions unexpectedly, while the
ycf2 gene is found outside of the IR regions. So far, this par-
ticular distribution of genes in the IR regions has only been
observed in these two Strobilanthes species and might be
unique to this genus.

3.6. Divergence of chloroplast genome sequences

To evaluate the sequence divergence in the two Strobilanthes
species, we used DnaSP software to quantify the levels of
DNA polymorphism. There are three regions showed signifi-
cant differences, which are psbK-psbI (0.03167), trnE-trnT
(0.02333), and ycf1 (0.02333) (Figure 4). The Pi values are
listed in the parentheses, and they are all exceeding 0.02.
These hypervariable regions could be used as potential barc-
odes to identify species.

Furthermore, there are 605 variable single nucleotide sites
(data not shown) and 116 indels (Table S7) in these two
chloroplast genome sequences. Most indels involved only
one base. We detected a deletion of 223 bp in the intergenic
region rps16-trnQ-UUG in S. cusia. Besides, there are a total
of 6 indels with a length of more than 30 bp.

Figure 2. Comparison of the Repeats in the chloroplast genome of two
Strobilanthes species. (a) Types and number of SSRs detected in the chloroplast
genome sequences. (b) The number of tandem repeats and inter-
spersed repeats.

Figure 3. Comparison of the borders among LSC, SSC, and IR regions of seven species. The genes around the boundaries are shown above or below the main line.
The JLB, JSB, JSA, and JLA represent junction sites of LSC/IRb, IRb/SSC, SSC/IRa, and IRa/LSC, respectively.
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We analyzed the variable sites in all protein-coding genes,
and 32 of the 78 unique genes had no variable sites and
were completely conserved (Table S8). The gene, ycf1, had
the most variable sites (42), then followed by ycf2 (39), rpoC
(17), and ccsA (14). Furthermore, the mutation rate for the
three genes was more than 1%; they are ccsA (1.44%), ycf3
(1.19%), and rps15 (1.11%). Two protein-coding genes, matK
(7, 0.7%) and rbcL (5, 0.35%), which are commonly used for
DNA barcoding, are not able to distinguish the two species.
In comparison, the gene ycf1 and ccsA look promising.

3.7. Phylogenetic analysis

To examine the phylogenetic position of S. bantonensis, we
constructed the phylogenetic tree between S. bantonensis
and 12 other species based on the datasets of chloroplast
DNA sequences. As shown in Figure 5, phylogenetic

relationships based on the chloroplast genomes of 11 species
of 6 genera of Acanthaceae resulted in the placement of S.
bantonensis in the middle and upper part of the phylogenetic
tree, with 100% bootstrap support.

Aphelandra and Andrographis are at the base of the
Phylogenetic trees in Acanthaceae. Then followed by Justicia
and Clinacanthus. As the main clade, we concern about, S.
bantonensis, and S. cusia, are get together as an unambigu-
ous cluster in the phylogenetic tree and form a monophyletic
group. Echinacanthus was the closest taxa to Strobilanthes.

However, due to the maternal inheritance of the plastid
genome, these results are limited. Accurate phylogenetic rela-
tionships still require a comprehensive analysis of nuclear
and organellar genes. The phylogenetic relationships of E.
attenuates and Strobilanthes species require further study.
Furthermore, more genome sequencing are needed in the
future to determine the relationships among Strobilanthes
and other species from the family Acanthaceae.

Figure 4. Nucleotide diversity (Pi) for the two Strobilanthes species. There are two intergenic regions (psbK-psbI, 0. 03167; trnE-trnT, 0.02333 and one protein-coding
region (ycf1, 0.02333) had Pi values greater than 0.02.

Figure 5. Molecular phylogenetic analyses of chloroplast genomes in the tribe Heliantheae. The tree was constructed with the sequences of 68 proteins present in
all 13 species using the maximum-likelihood method implemented in RAxML. Bootstrap supports were calculated from 1000 replicates. Nicotiana tabacum and
Arabidopsis thaliana were set as outgroups. The number on the top of the branch indicates the bootstrap value. And the number at the bottom of the branch indi-
cates the evolutionary distance. The genus to which each species belongs is shown to the right side of the tree.
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4. Discussion

In summary, we assembled and analyzed a complete chloro-
plast genome with data generated by next-generation DNA
sequencing for Strobilanthes bantonensis. One of the most inter-
esting observations is the peculiar structure of the IR regions.

Recently, five chloroplast genomes from species of genus
Dicliptera (Acanthaceae) were sequenced and analyzed
(Huang et al. 2020). This study is the first systematic analysis
of the completed chloroplast genomes of a genus in
Acanthaceae’s large family. We had reported the first chloro-
plast genomes of genus Strobilanthes of the family
Acanthaceae (Chen et al. 2018), and find its Inverted Repeat
Region (�17 kb) is much shorter than that of most other
angiosperms (�20–28 kb) (Chumley et al. 2006). However, the
IR region of the genus Dicliptera is �25kb, which means the
IR contraction is not the characteristics of family Acanthaceae.
Here we find that the IR region of S. bantonensis is �17 kb,
similar to that of the S. cusia, suggesting IR contraction may
be a characteristic feature of the genus Strobilanthes.

The phylogenetic tree we have constructed is basically
consistent with previous research (Ding et al. 2016; Li et al.
2019; Yaradua et al. 2019). Surprisingly, although
Echinacanthus was a sister group to Strobilanthes, E. attenu-
ates appears to be closer to Strobilanthes with high boot-
strap values than other Echinacanthus species. This is
consistent with the previous study (Gao et al. 2018), and this
implies that Echinacanthus may not be a monophyletic
group. It seems that E. attenuates should be classified as a
species of Strobilanthes, and Echinacanthus and Strobilanthes
may be more closely related than we previously thought.

The over 400 Strobilanthes species represent a rich source
for bioprospecting. Correct identification of these species is a
critical step. However, the Strobilanthes species are very similar
in morphological characters and highly homoplasious, thus
causing difficulty in further classification and differentiation.
Different methods have been used to discriminate plants from
the Strobilanthes genus, including morphological investigation,
chemical analysis, and gene identification (Ni et al. 2012). DNA
barcoding is one of the most promising methods. However,
the single locus barcode does not have as much genetic infor-
mation as the chloroplast genome for species discrimination.
We are currently collecting a large number of Strobilanthes
samples to test molecular markers predicted from this study.
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