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A B S T R A C T   

Acanthus is a distinctive genus that covers three species with different ecological niches including Acanthus mollis 
(arid terrestrial), Acanthus leucostachyus (damp forest) and Acanthus ilicifolius (coastal intertidal). It is an 
intriguing question how these species evolved from terrestrial to coastal intertidal. In the present study, we 
assembled chloroplast genomes of A. ilicifolius, A. leucostachyus and A. mollis, which exhibited typical quadri-
partite structures. The sizes were 150,758, 154,686 and 150,339 bp that comprised a large single copy (LSC, 
82,963, 86,461 and 82,612 bp), a small single copy (SSC, 17,191, 17,511 and 17,019 bp), and a pair of inverted 
repeats (IRs, 25,302, 25,357 and 25,354 bp), respectively. Gene annotation revealed that A. ilicifolius, 
A. leucostachyus and A. mollis contained 113, 112 and 108 unique genes, each of which contained 79, 79 and 74 
protein-coding genes, 30, 29 and 30 tRNAs, and 4 rRNA genes, respectively. Differential gene analysis revealed 
plenty of ndhs gene deletions in the terrestrial plant A. mollis. Nucleotide diversity analysis showed that the psbK, 
ycf1, ndhG, and rpl22 have the highest nucleotide variability. Compared to A. leucostachyus and A. mollis, seven 
genes in A. ilicifolius underwent positive selection. Among them, the atpF gene showed a strong positive selection 
throughout terrestrial to marine evolution and was important for adaptation to coastal intertidal habitats. 
Phylogenetic analysis indicated that A. ilicifolius has a closer genetic relationship with A. leucostachyus than 
A. mollis which further confirmed the evolutionary direction of Acanthus going from terrestrial to coastal 
intertidal zones.   

1. Introduction 

Mangrove plants are native to tropical and subtropical tidal- 
accessible coastal zones, and their exceptional stress tolerance makes 
them important materials for studying plant tolerance to abiotic stresses, 
such as salinity, flooding, high light, and high-temperature (Ball, 1988). 
How mangrove plants acquired this ability during their evolution is not 
fully understood. The mangrove Acanthus ilicifolius is a shrub of the 
genus Acanthus in the family Acanthaceae, with its close relatives in the 
same genus, the Acanthus leucostachyus, growing in tropical terrestrial 
forests, and the Acanthus mollis, which grows in temperate or subtropical 
arid regions (Daniel, 2003). These three closely related species in 

different ecological niches are ideal materials for studying the evolution 
of plants from terrestrial to coastal and from adaptation to drought to 
saline flooding. In addition, A. ilicifolius is a medicinal plant, and the 
whole plants or roots can be used as traditional Chinese medicine, which 
has the effects of heat-clearing and detoxifying, reducing swelling and 
dissipating knots, and relieving cough and asthma (Singh and Aeri, 
2013). 

Chloroplast is an important organelle of plant cells and is the site of 
photosynthetic reactions (Pfannschmidt et al., 1999). It is a semi- 
autonomous organelle with a matrilineal mode of inheritance (Palmer 
et al., 1983). The higher plant chloroplast genome is typically 120 to 
160 kb in size of circular double-stranded DNA and usually consists of 
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four parts: a large single copy (LSC) region, a small single copy (SSC) 
region, and a pair of inverted complementary repeat (IRs) regions. 
Generally speaking, the chloroplast genome encodes 110 to − 130 genes 
approximately. Despite its relatively stable structure, some mutational 
events, including insertions, deletions, substitutions, and translocations, 
inevitably occurred during the evolution resulting in changes in the size 
and the gene content of the chloroplast genome (Lei et al., 2016). 
Chloroplast genomes are of great value in revealing the origins, evolu-
tion and relationships of different species. They have been widely used 
in molecular identification, population genetics, plastid engineering, 
and phylogenetic analysis (Sun et al., 2021, Yang et al., 2020). 

In this study, we performed de novo assembly of chloroplast genomes 
of three species of Acanthus using high-throughput sequencing tech-
nology. The composition, structure and phylogenetic relationships of the 
chloroplast genomes were analyzed to clarify evolutionary relationships 
and phylogenetic positions of them. Molecular evidence was provided 
for verifying the hypothesis that mangrove plants migrated from inland 
to the coast, and the sequence information was also made available for 
the molecular identification of the Acanthus plant. 

2. Materials and methods 

2.1. Leaves collections of Acanthus 

In this study, the leaves material of three species of Acanthus were 
collected separately. A. ilicifolius were collected from the Zini mangrove 
forest, south of the Jiulong River Estuary, Fujian Province, China. 
A. mollis were collected from mature plants provided by the Shanghai 
Institute of Garden. A. leucostachyus were collected from the Xishuang-
banna Tropical Botanical Garden in Xishuangbanna, Yunnan Province, 
China. Fresh leaves collected from various locations were dried and 
preserved in silica gel. 

2.2. DNA extraction, library preparation and sequencing 

DNA was extracted by a modified CTAB method, DNA quality was 
determined by 1.0% agarose gel electrophoresis, and DNA concentration 
was quantified by Qubit 3.0 (Thermo Fisher Scientific, USA) fluores-
cence quantification. The total genomic DNA of each sample was pre-
pared to construct sequencing libraries according to Illumina’s standard 
protocol. Firstly, the quality of genomic DNA was tested and then a se-
ries of procedures were carried out to form sequencing libraries, 
including sonication, end repairs, 3′-terminal plus A, the addition of 
adaptors, selection of the size of fragments, and PCR amplification. After 
the inspection of quality, the constructed libraries were sequenced by 
Illumina Hiseq 2500 platform. 

2.3. Chloroplast genome assembly 

We used NGSQCToolkit (v2.3.3) (Patel and Jain, 2012) software to 
remove adaptors and to filter out the reads whose Q-score ≤ 5 accounted 
for above 50% of the bases to obtain high-quality clean reads. There-
after, SPAdes (Bankevich et al., 2012) software was used to assemble 
contigs from the clean reads. The contigs were then concatenated using 
SSPACE (Boetzer et al., 2011) software to form scaffolds, and finally, a 
complete chloroplast genome was obtained using Gapfiller (Boetzer and 
Pirovano, 2012) software by complementing the scaffold sequences. 

2.4. Structural annotation of chloroplast genome 

The well-assembled chloroplast genomes were annotated using PGA 
(Qu et al., 2019) software, and the annotation results were corrected in 
Geneious (v10.22) (Kearse et al., 2012) software. The gene annotation 
information for rRNA was obtained by comparing the chloroplast ge-
nomes with that in the NCBI database using hmmer (v3.3.2) (Mistry 
et al., 2013) software. The Aragorn (Laslett and Canback, 2004) 

software was used to predict the tRNA of the chloroplast genomes. The 
representation of a circular map of three chloroplast genomes was 
depicted by the online program Organellar Genome DRAW (OGDRAW) 
(https://chlorobox.mpimp-golm.mpg.de/OGDraw.html) (Lohse et al., 
2013). 

2.5. Comparative analysis of chloroplast genome 

We performed variable site analysis of protein-coding and intergenic 
regions of the three Acanthus chloroplast genomes using DnaSP (Librado 
and Rozas, 2009). DAMBE (Xia, 2018) software was used to acquire the 
relative synonymous codon value (RSCU). The RSCU is equal to the ratio 
of the usage frequency of a particular codon divided by the expected 
frequency of that codon. If the RSCU ≥ 1, the codon is used more 
frequently than expected; while if the RSCU 1, the codon is used less 
frequently. Simple sequence repeats (SSRs) were identified by Misa 
(v2.1) (Beier et al., 2017). We defined a criterion of minimum repeat 
size ≥ 10 bases for mononucleotides, at least six repeats for di-
nucleotides, and five repeats for trinucleotides, tetranucleotides, pen-
tanucleotides, and hexanucleotides. A distance threshold of 100 bases 
between two SSRs was set for compound microsatellites. 

2.6. Phylogenetic analysis 

We selected the chloroplast genomes of 17 closely genetically related 
species of the family Acanthaceae for phylogenetic analysis and the Vitis 
vinifera chloroplast genome served as an outgroup. The chloroplast 
genome sequences of 14 plants of the family Acanthaceae were down-
loaded from NCBI. We selected IRs, LSC, SSC, CDS, and complete chlo-
roplast genome sequences for phylogenetic analysis. Firstly, we 
performed multiple sequence alignment by MAFFT (Katoh and Standley, 
2013) software. And then, Maximum likelihood (ML) and Maximum 
parsimony (MP) analysis in MEGA7 (Kumar et al., 2016) software was 
applied to infer phylogenetic relationships within the evolutionary 
branch of the family Acanthaceae with 1000 repetitions. 

2.7. Positive selection analysis 

To analyze whether CDS regions in chloroplast genome sequences 
were subjected to positive selection during the evolution of Acanthus 
species, the synonymous_calc.py (https://github.com/tanghaibao/bio 
-pipeline) with the Nei-Gojobori method was used to calculate the rate 
of nonsynonymous (Ka) and synonymous substitutions (Ks) for each 
gene (Nei and Gojobori, 1986). And in this study, if Ka/Ks > 1, species 
evolution is considered to have a positive selection effect on genes (the 
gene is positively selected). If Ka/Ks = 1, the neutral selection is 
considered to exist (the gene is considered to be neutral during evolu-
tion). If Ka/Ks < 1, a purifying selection effect is considered (the gene is 
negatively selected). 

3. Results 

3.1. Assembly and structural characteristics of the chloroplast genomes of 
three Acanthus species 

By Illumina sequencing, 653,697, 591,954, and 942,249 paired-end 
reads were generated for A. ilicifolius, A. leucostachyus and A. mollis, 
respectively. The average organelle coverage for A. ilicifolius, 
A. leucostachyus and A. mollis reached 1350, 1217, and 2205, corre-
spondingly. The total genome lengths were 150,758, 154,686 and 
150,339 bp, comprising a LSC (82,963, 86,461 and 82,612 bp), a small 
single copy region (SSC) (17,191, 17,511 and 17,019 bp) and inverted 
complementary repeats (IRA and IRB) (25,302, 25,357 and 25,354 bp), 
respectively (Fig. 1). 

The GC content of the chloroplast genomes of the three Acanthus 
species were 38.41%, 37.42% and 38.12%, respectively, with a mean GC 

D. Ma et al.                                                                                                                                                                                                                                      

https://chlorobox.mpimp-golm.mpg.de/OGDraw.html
https://github.com/tanghaibao/bio-pipeline
https://github.com/tanghaibao/bio-pipeline


Gene 873 (2023) 147479

3

content of 37.98%. The GC content of the LSC region (mean 35.87%) 
and the SSC region (mean 31.94%) were lower than that of the IRs re-
gion (mean 43.55%) in Acanthus species (Table 1). The higher GC con-
tent in the IRs region compared to the SSC region was probably due to 
the presence of rRNA genes in the IRs region. 

Gene annotation revealed that the chloroplast genomes of 
A. ilicifolius, A. leucostachyus and A. mollis contained 113, 112 and 108 
unique genes, of which 79, 79 and 74 were protein-coding, 30, 29 and 30 
were tRNA, and 4 were rRNA genes, correspondingly (Table 1, 2). There 
were 18 duplicated genes in the Acanthus species, including 4 rRNA 
genes (rrn16, rrn23, rrn4.5, and rrn5) and 14 other genes (ndhB, rpl2, 
rpl23, rps12, rps7, trnA-UGC, trnI-CAU, trnI-GAU, trnL-CAA, trnN-GUU, 
trnR-ACG, trnV-GAC, ycf15, and ycf2) that were repeated once, while the 
ycf1 gene was only repeated in A. ilicifolius and A. mollis (Table S1). 
Furthermore, 20 intron-containing genes were identified in Acanthus 
species, including 15 different genes (atpF, ndhB, petB, petD, rpl16, rpl2, 
rpoC1, rps12, rps16, trnA-UGC, trnG-UCC, trnI-GAU, trnK-UUU, trnL- 

Fig. 1. Chloroplast genome maps of three Acanthus species. A, A. ilicifolius chloroplast genome. B, A. leucostachyus chloroplast genome. C, A. mollis chloroplast 
genome. Genes shown outside the circle are transcribed clockwise and those inside counterclockwise. Genes belonging to different functional groups are color-coded. 

Table 1 
Summary statistics for the assembly of three Acanthus species chloroplast 
genomes.  

Genome features  A. ilicifolius  A. leucostachyus  A. mollis 

Genome length 150,758 154,686 150,339 
LSC length 82,963 86,461 82,612 
SSC length 17,191 17,511 17,019 
IR length 25,302 25,357 25,354 
Number of genes 133 (113) 131 (112) 131 (108) 
Protein-coding gene (unique) 87 (79) 86 (79) 82 (74) 
tRNA genes (unique) 37 (30) 36 (29) 37 (30) 
rRNA genes (unique) 8 (4) 8 (4) 8 (4) 
Duplicated genes in IR 18 17 18 
GC content (%) 38.41 37.42 38.12 
GC content in LSC (%) 36.43 35.05 36.12 
GC content in SSC (%) 32.35 31.71 31.75 
GC content in IR (%) 43.71 43.44 43.50 
Aligned paired-end reads 653,697 591,954 942,249 
Average organelle coverage 1350 1217 2205  
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UAA, and trnV-UAC) containing one intron and ndhA in A. ilicifolius and 
A. leucostachyus. The trnH-GUG gene in A. ilicifolius and A. mollis also 
contained one intron. ClpP and ycf3 genes had two introns (Table S2). 
These 12 introns were located in the LSC region; one intron was in the 
SSC region, and five introns were in the IR region (Table S2). We 
speculated that the plastid-encoded genes ndhI, ndhF, ndhH, ndhA, ndhK, 
and petL might be lost in A. mollis. The plastid-encoded rpoA gene has 
been lost in A. leucostachyus, and psbZ has been lost in A. ilicifolius 
(Table 2). The complete and well-annotated chloroplast genomes have 
been submitted to NCBI under GenBank accession numbers MW752129 
for A. ilicifolius, OM022237 for A. leucostachyus, and OM022238 for 
A. mollis. 

3.2. Analyses of long repeats and simple sequence repeats (SSRs) 

We used REPuter software to identify the number of long repeats in 
the three chloroplast genomes of Acanthus, including four types (forward 
repeats, reverse repeats, complement repeats, and palindromic repeats). 

A total of 147 long repeats were identified in the Acanthus species, 
including 48 forward repeats, 31 reverse repeats, 8 complement repeats, 
and 60 palindromic repeats (Table S3). This indicated that the per-
centage of palindromic repeat sequences was the highest among the four 
repeat types (40.82%), while complement repeats were the lowest 
(5.44%) (Fig. 2A). The chloroplast genomes of A. ilicifolius, 
A. leucostachyus and A. mollis had 15, 11 and 22 forward repeats, 11, 15 
and 5 reverse repeats, 3, 4 and 1 complement repeats, and 20, 19 and 21 
palindromic repeats, respectively (Table S3). Among them, A. mollis 
have the largest number of palindromic repeats and forward repeats 
(Fig. 2B). The length distribution of long repeats in A. ilicifolius and 
A. mollis were mainly 20–30 bp, while long repeats with 31–40 bp were 
found to be the most common in the A. leucostachyus chloroplast genome 
(Fig. 2C). In conclusion, the number, length and distribution of long 
repeats among the Acanthus species were unevenly distributed. 

SSRs annotation showed that a total of 331 SSRs were found in the 
species of the Acanthus. There were 98, 138 and 95 SSRs for A. ilicifolius, 
A. leucostachyus and A. mollis, respectively (Table S3). The average 
number of SSRs among the three Acanthus species was 110, with the 
largest number of SSRs in A. leucostachyus and the lowest SSRs in 
A. ilicifolius mollis. We identified six types of SSRs, including mono-
nucleotide, dinucleotide, trinucleotide, tetranucleotide, pentanucleo-
tide, and hexanucleotide. Of these SSRs, only the chloroplast genome of 
A. leucostachyus exhibited all six types of repeats. No tetranucleotide and 
hexanucleotide repeats were found in the chloroplast genome of 
A. mollis and A. ilicifolius. In the A. ilicifolius, A. leucostachyus and 
A. mollis chloroplast genomes, the most frequent mononucleotide were 
found by 81, 89 and 78, respectively, accounting for 82.65%, 64.49% 
and 82.11% of all SSRs. This was followed by dinucleotide and trinu-
cleotide repeats with 9, 17 and 7 (9.18%, 12.32% and 7.37%), and 4, 18 
and 6 (4.08%,13.04% and 6.32%) (Fig. 3A; Table S3), correspondingly. 
Further analysis revealed that the majority of SSRs were located in the 
LSC regions (55, 67 and 47 loci, 66.27, 66.33 and 61.04%) than in the 
SSC regions (14, 11 and 13 loci, 16.87, 10.89 and 16.88%) and IRs re-
gions (14, 23 and 17 loci, 16.87, 22.77 and 22.08%) of the three 
Acanthus chloroplast genomes (Fig. 3B; Table S3). In the A. ilicifolius, 
A. leucostachyus and A. mollis chloroplast genomes, the majority of 
mononucleotide SSRs were A/T repeats accounting for 93.83%, 95.51% 
and 92.31% of all mononucleotide types, respectively (Fig. 3C; 
Table S4). For dinucleotide repeats, only AT/AT repeats were observed 
in three species (Fig. 3C; Table S4). Among the trinucleotide classes, 
AAT/ATT repeats were the most abundant type, accounting for 75%, 
88.89% and 83.33% of the motifs in this class (Fig. 3C; Table S4). 

3.3. Codon preference 

Codon usage frequencies and the RSCU values were calculated based 
on the sequences of protein-coding genes in the chloroplast genomes of 
Acanthus. The A. ilicifolius, A. leucostachyus and A. mollis chloroplast 
genomes consisted of 26,467, 26,067, and 24,584 codons, respectively. 
Among the amino acids encoded, leucine (Leu) was the most abundant 
amino acid with a frequency of 10.70, 10.73 and 10.27%, followed by 
isoleucine (Ile) (8.42, 8.44 and 8.46%), while cysteine (Cys) had a 
minimum number with a frequency of 1.11, 1.15 and 1.12% (Fig. 4A; 
Table S5). This result is concordant with many previous observations of 
angiosperms (Raman and Park, 2016, Park et al., 2017, Gichira et al., 
2017). Due to the value of RSCU > 1.00, 32, 33 and 31 codons showed 
codon usage bias in the A. ilicifolius, A. leucostachyus and A. mollis, 
respectively (Fig. 4B; Table S6). Notably, all preferred codons except 
UUG, UCC and AUG were A/U-ending codons (Fig. 4B, Table S6), which 
supported the opinion that this biased use of specific degenerate codons 
was probably the result of adaptive evolution of the chloroplast ge-
nomes. Conversely, most of the codons ending in C/G had RSCU < 1.00, 
indicating that these codons were less common in the chloroplast ge-
nomes of the Acanthus. Stop codons were biased towards UAA (RSCU >
1.00) (Fig. 4B; Table S6). In addition, we also observed that tryptophan 

Table 2 
List of annotated genes in the A. ilicifolius, A. leucostachyus, and A. mollis chlo-
roplast genomes.  

Category Group of gene Name of gene 

Photosynthetic Subunits of 
photosystem I 

psaA, psaB, psaC, psaI, psaJ  

Subunits of 
photosystem II 

psbA, psbB, psbC, psbD, psbE, psbF, psbH, 
psbI, psbJ, psbK, psbL, psbM, psbN, psbT, 
psbZ (A. ilicifolius)  

Subunits of NADH 
dehydrogenase 

ndhA (A. mollis), ndhH (A. mollis), ndhI 
(A. mollis), ndhK (A. mollis), ndhB*(2), 
ndhC, ndhD, ndhE, ndhF (A. mollis), 
ndhG, ndhJ  

Subunits of 
cytochrome b/f 
complex 

petA, petB*, petD*, petG, petL (A. mollis), 
petN  

Subunits of ATP 
synthase 

atpA, atpB, atpE, atpF*, atpH, atpI  

Large subunit of 
rubisco 

rbcL 

Self-replication Proteins of large 
ribosomal subunit 

rpl14, rpl16*, rpl2*(2), rpl20, rpl22, 
rpl23(2), rpl32, rpl33, rpl36  

Proteins of small 
ribosomal subunit 

rps11, rps12**(2), rps14, rps15, rps16*, 
rps18, rps19, rps2, rps3, rps4, rps7(2), 
rps8  

Subunits of RNA 
polymerase 

rpoA (A. leucostachyus), rpoB, rpoC1*, 
rpoC2  

Ribosomal RNAs rrn16(2), rrn23(2), rrn4.5(2), rrn5(2)  
Transfer RNAs trnA-UGC* (2), trnC-GCA, trnD-GUC, 

trnE-UUC, trnF-GAA, 
trnG-GCC (A. leucostachyus), trnG-UCC*, 
trnH-GUG, trnI-CAU (2), 
trnI-GAU*(2), trnK-UUU*, trnL-CAA (2), 
trnL-UAA*, trnL-UAG, 
trnM-CAU, trnN-GUU (2), trnP-UGG, 
trnQ-UUG, trnR-ACG (2), 
trnR-UCU, trnS-GCU, trnS-GGA, trnS- 
UGA, trnT-GGU, trnT-UGU, 
trnV-GAC (2), trnV-UAC*, trnW-CCA, 
trnY-GUA, trnfM-CAU 

Biosynthesis Maturase matK  
Protease clpP**  
Envelope membrane 
protein 

cemA  

Acetyl-CoA 
carboxylase 

accD  

c-type cytochrome 
synthesis gene 

ccsA  

Translation initiation 
factor 

infA 

Unknown 
function 

Conserved 
hypothetical 
chloroplast 

ycf1(2), ycf15(2), ycf2(2), ycf3**, ycf4  

Reading Frames   
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Fig. 2. Long repeat sequences in the three chloroplast genomes of Acanthus. A, Percentage of four repeat types in Acanthus. B, Total of four long repeat types in the 
three chloroplast genomes of Acanthus. C, Length distribution of long repeat sequences in the three chloroplast genomes of Acanthus. 

Fig. 3. Simple sequence repeats (SSRs) sequences in the three chloroplast genomes of Acanthus. A, Number of different SSR types detected in the three chloroplast 
genomes of Acanthus. B, Percentage of SSRs in the chloroplast distribution, LSC: Large single copy region, SSC: Small single copy region, IR: Inverted repeat region. C, 
The frequency of the identified SSRs in different repeat class types. 
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(Trp) did not show codon preference in any of the three Acanthus species 
(Fig. 4B; Table S6). 

3.4. IR expansion and contraction 

We used the IRscope to compare the boundaries of the SSC/IRs/LSC 
regions among the three species in the Acanthus and found that the IRs 
regions were highly conserved, with sizes of 25,354, 25,375 and 25,302, 
respectively. The genes located in the boundary regions of LSC/IRb, 
SSC/IRa and IRa/LSC were also highly conserved. Within all three 
chloroplast genomes, the boundary of LSC/IRb was located between 
gene rps19 and rpl2. There were 323, 18 and 302 bp between rps19 and 
the LSC/IRb boundary, and the distances between rpl2 and the LSC/IRb 
boundary were 36, 46 and 39 bp of the three species, respectively 
(Fig. 5). *ycf1-ndhF genes were located at the boundary of the IRb/SSC 
region. However, the genes at the IRb/SSC boundary were inconsistent 
in three species. In A. mollis, the ndhF gene was non-existent in the 
boundary of the IRb/SSC region. And for A. leucostachyus, the *ycf1 gene 

was absent. However, in the A. ilicifolius, the boundary of IRb/SSC was 
located in the middle of *ycf1 and ndhF (Fig. 5). The spaces between the 
ndhF and IRb/SSC boundary were 31 bp and 38 bp in the A. ilicifolius and 
A. leucostachyus. The SSC/IRa boundary was situated in the internal 
region of ycf1 gene which crossed into the boundary in these three 
species. However, the length of ycf1 in the IRa region varied among the 
Acanthus species and were 817, 827 and 821 bp, respectively (Fig. 5). 
The rpl2 and trnH genes of all three Acanthus species were located at the 
boundary of the IRa/LSC region, and the trnH gene was at a distance of 
51, 28 and 73 bp from the IRa/LSC boundary, respectively (Fig. 5). In 
general, the boundaries of the three species were dynamically diverse. 

3.5. Divergence sequence hotspots in Acanthus 

To investigate the hotspots of differentiation within different regions 
among the three Acanthus species, we analyzed the nucleotide diversity 
(Pi) values via DnaSP. The results showed that the Pi values for each 
locus of protein-coding regions had a varied range of 0 to 0.09857 with 

Fig. 4. Codon content in all protein coding genes in the three chloroplast genomes of Acanthus. A, Amino acids and stop codons proportion in protein coding genes of 
three chloroplast genomes of Acanthus. B, Heat map analysis for codon distribution of all protein coding genes of three chloroplast genomes of Acanthus. Red color 
indicates higher RSCU values and blue color indicates lower RSCU values. (For interpretation of the references to color in this figure legend, the reader is referred to 
the web version of this article.) 

Fig. 5. Comparison of the border positions of LSC, SSC, and IR regions in the three chloroplast genomes of Acanthus. Gene names are indicated in boxes.  
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an average value of 0.02051 (Table S8). For these protein-coding re-
gions, ten regions (psbK, ycf1, ndhG, rpl22, rps3, ndhF, matK, rps12-CDS1, 
rps14, and atpF-CDS2) showed remarkably high values (Pi > 0.03244, 
Fig. 6a). Within the intergenic regions, the Pi values ranged from 0 to 
0.14815 and had an average of 0.042971 (Table S8). Among intergenic 
regions, ten most divergent regions (start-psbA, ndhF-rpl32, psaA-ycf3- 
CDS3, psbK-psbI, atpA-atpF-CDS2, ccsA-ndhD, ndhI-ndhA-CDS2, atpH- 
atpI, psbT-psbN, and rpoB-petN) with Pi values ranging from 0.06502 to 
0.14815 were identified (Fig. 6B). 

3.6. Genetic selection pressure analysis 

Ka/Ks is widely used to infer genomic evolutionary rates and selec-
tion pressure on individual genes (Gao et al., 2018), with Ka/Ks < 1, Ka/ 
Ks = 1, and Ka/Ks > 1, indicating genes subjected to purifying selection, 
neutral selection, and positive selection, correspondingly. In the present 
study, Ka/Ks values were calculated for a total of 72 protein-coding 

genes in the chloroplast genomes of Acanthus. The results showed that 
a total of 4 genes (atpF, rps11, psaJ, and rpl33) in A. mollis and 
A. leucostachyus (Table S9), a total of 3 genes (ccsA, atpF and rpl32) in 
A. leucostachyus and A. ilicifolius (Table S9), and a total of 4 genes (psaJ, 
ycf4, rps16, and psbK) in A. mollis and A. ilicifolius (Table S9) were ob-
tained with a Ka/Ks ratio that was significantly>1, respectively. By 
comparing the A. ilicifolius and A. mollis, we found that a total of 7 genes 
underwent positive selection in A. ilicifolius (Fig. 7). These genes may be 
of importance in the adaptation of mangrove plants to the harsh coastal 
intertidal environment. The results from Ka/Ks also revealed that the 
degree of differentiation between A. ilicifolius and A. leucostachyus was 
less than that between A. ilicifolius and A. mollis, illustrating a closer 
relationship between A. ilicifolius and A. leucostachyus (Table S9). 

To further unravel the mechanism of the evolutionary process of 
these three Acanthus species from arid-jungle to intertidal, we calculated 
the Ka/Ks ratios in two group of genes (A. leucostachyus and A. mollis, 
A. ilicifolius and A. leucostachyus). There were 6 genes with Ka/Ks > 0.5 

Fig. 6. Nucleotide diversity (Pi) values of various regions in the three chloroplast genomes of Acanthus. A, Protein coding region. Peak regions with a Pi value of >
0.032 were labeled with loci tags of genic names. B, Intergenic regions. Peak regions with a Pi value of > 0.065 were labeled with loci tags of intergenic re-
gion names. 

Fig. 7. Protein coding genes in the three chloroplast genomes of Acanthus were used to comparatively analyze non-synonymous (Ka) and synonymous (Ks) ratios. 
Genes with Ka/Ks > 1 were labeled with loci tags. 
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(Table S10), and this result showed that these 6 genes were particularly 
vital in the evolution of the three related species of Acanthus from land to 
coastal intertidal habitats. Among them, the atpF gene showed a strong 
positive selection during terrestrial to marine evolution (A. mollis- 
A. leucostachyus:1.57 and A. leucostachyus-A. ilicifolius:1.32). 

3.7. Chloroplast phylogenetic analysis 

Phylogenetic relationships of the Acanthaceae family and taxonomic 
status were systematically investigated through analysis of chloroplast 
sequences. In this study, we combined 15 published complete chloro-
plast genomes and 3 chloroplast genomes of Acanthus to construct the 
phylogenetic trees using MEGA7 software. We used five different types 
of data, including the complete chloroplast genome sequences, CDS, 
LSC, SSC, and IRs regions for constructing the phylogenetic trees (Fig. 8, 
Table S11). Consequently, the phylogenetic trees constructed with 
complete chloroplast genomes, CDS, LSC, and SSC data had the same 
topology, whereas the tree constructed from the IRs dataset had a minor 
difference. On one hand, the result showed that A. ilicifolius, 
A. leucostachyus and A. mollis form a single group. On the other hand, our 
results also showed that the genera Echinacanthus and Justicia form one 
branch. In addition, the Acanthus, Barleria prionitis and Aphelandra 
knappiae were inferred to be closely related to a clade comprising all the 
other genera in the family Acanthaceae. Going further, the phylogenetic 
trees constructed based on chloroplast genomes, CDS, LSC, and SSC data 
showed that A. ilicifolius and A. leucostachyus were more closely related 
to A. mollis. This also confirmed the evolutionary direction of Acanthus 
going from terrestrial to coastal intertidal habitats. 

4. Discussion 

Chloroplast genomes have been widely used in taxonomic and 
phylogenetic studies to assess interspecific evolutionary relationships 
and to scrutinize genomic structures, especially among closely related 
species (Moore et al., 2007, Jansen et al., 2007). Several studies have 
also shown that the analysis of the adaptive genetic evolution of 

chloroplast genomes is increasingly becoming a major part of the study 
of changes in gene function and gene structure (Nei and Kumar, 2000). 
The three Acanthus species grow in different ecological niches, ranging 
from arid terrestrial (A. mollis) to damp forest (A. leucostachyus), and to 
coastal intertidal habitats (A. ilicifolius). Species with such a unique 
distribution may have evolved adaptive mechanisms to different light 
conditions. On this basis, we performed sequencing of three species of 
the Acanthus using Illumina sequencing technology. This is a new 
method that does not require extraction of chloroplast DNA, and it has 
been used in several chloroplast genomic studies, such as B. prionitis 
(Alzahrani et al., 2020), ten complete chloroplasts of Zingiberoideae (Li 
et al., 2021a), and five Dicliptera species (Huang et al., 2020). We 
assembled and annotated the chloroplast genomes by bioinformatics 
methods, which was the first comprehensive comparative chloroplast 
genomics and phylogenetic analysis of the genus Acanthus. 

4.1. Chloroplast genomic characteristics and sequence variation in the 
three Acanthus species 

The complete chloroplast genomes A. ilicifolius, A. leucostachyus and 
A. mollis exhibited typical quadripartite structures that are similar in 
composition and structure to other sequenced Acanthaceae chloroplast 
genomes (Gao et al., 2018, Zhuang and Tripp, 2017). The chloroplast 
genome lengths of A. ilicifolius, A. leucostachyus and A. mollis were 
150,758, 154,686, and 150,339 bp, respectively. Among them, 
A. leucostachyus possessed the largest chloroplast length. Further anal-
ysis revealed that the length variation of the LSC region of chloroplast 
genomes of Acanthus was greater than that of the SSC and IRs regions, 
and it was primarily related to the difference of the LSC region, with that 
A. leucostachyus had the largest genome (Table 1). Previous studies on 
other species had also confirmed the existence of this phenomenon 
(Huang et al., 2020, Zhao et al., 2018, Meng et al., 2018). Moreover, 
(Alzahrani et al., 2020) also concluded that genome size in all the 
studied species was related to the variations in the LSC region. 

The chloroplast genomes of most angiosperms encode 74 protein- 
coding genes, but there are also some genes, rearrangement, and loss 

Fig. 8. Phylogenetic trees of the Acanthaceae species based on maximum likelihood (ML). A, Phylogenetic tree constructed using the complete chloroplast genome 
data. B, Phylogenetic tree constructed using coding region data. C, Phylogenetic tree constructed using LSC data. D, Phylogenetic tree constructed using SSC data. E, 
Phylogenetic tree constructed using IR data. 
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in different families and species (Kim et al., 2009; Millen et al., 2001). 
A. ilicifolius had the highest number of genes in the genus Acanthus. It 
lives in a coastal intertidal habitat with high salinity, hypoxia, and a 
strong UV (Xu et al., 2017). Therefore, it may have more copies of genes 
that allow it to better adapt and survive in such environments compared 
to its two terrestrial relatives. In addition, we found a large number of 
losses of the NDH (ndhA, ndhF, ndhH, ndhI, and ndhK) in the terrestrial 
plant A. mollis (Table 2). Similarly, Cassytha lost five NDH genes (ndhB, 
ndhD, ndhE, ndhF, and ndhH) in its plastomes (Wu et al., 2017). In the 
plastids of Pedicularis, a total of eleven NDH genes were pseudogenized 
or have been lost (Li et al., 2021b). In plants, the loss of NDH genes was 
known as a common but random thing (Bellot et al., 2016). In photo-
system II of the chloroplast, NDH proteins played a role in adjusting the 
redox level of the cyclic electron transport mechanism, thus enabling the 
right operation of the photosynthesis (Peltier et al., 2016, Shikanai, 
2016, Laughlin et al., 2019). The mechanisms underlying the loss of 
NDH genes are still unclear, but some studies suggest that some NDH 
loss of function may be replaced by the chloroplast/cytosol ATP ex-
change machinery (Suorsa et al., 2012, Strand et al., 2019). In summary, 
the loss of NDH genes in A. mollis may cause a carbon-dependent 
reduction in photosynthesis. 

Expansion and contraction of the boundaries of the IRs/SC usually 
lead to size variations of the chloroplast genomes and play a crucial part 
in evolutionary processes (Henriquez et al., 2020). In this study, we 
conducted a deeper analysis of the expansion and contraction of the IRs/ 
SC boundary and the variation hotspot differences in the three chloro-
plast genomes of Acanthus. We found that the boundaries between LSC/ 
IRs regions were relatively conserved, and the distribution and location 
of diverse gene species were also highly consistent. Sequence compari-
son revealed that the SC region sequences of these chloroplast genomes 
had higher variance compared to the IRs region sequences, a phenom-
enon that is also seen in many other higher plants, which may be caused 
by the IRs region sequences being copy-corrected through gene 
conversion. 

Meanwhile, we identified 10 genes with high variability in the genus 
Acanthus, including psbK, ycf1, ndhG, rpl22, rps3, ndhF, matK, rps12- 
CDS1, rps14 and atpF-CDS2 genes, and 10 intergenic regions with high 
variability, including start-psbA, ndhF-rpl32, psaA-ycf3-CDS3, psbK-psbI, 
atpA-atpF-CDS2, ccsA-ndhD, ndhI-ndhA-CDS2, atpH-atpI, psbT-psbN and 
rpoB-petN genes. Among them, ycf1 has been recognized as the core DNA 
barcode of plants (Douglas, 1998). ndhF, matK, and ndhF-rpl32 region 
have been widely used in phylogenetic studies in other species (Yao 
et al., 2016, Song et al., 2015, Smith and Donoghue, 2008). It is evident 
that the LSC and SSC regions manifest a higher sequence variation than 
the IRs region, both in the protein-coding and intergenic regions (Fig. 6). 
This result is similar to the structure of most angiosperm chloroplast 
genomes (Wicke et al., 2011). The various regions we detected will 
provide an invaluable resource for species identification, breeding di-
rection, and phylogenetic and population genetics studies of the genus 
Acanthus. 

4.2. Molecular markers 

SSRs, also known as microsatellites, are short repeats in the chloro-
plast genome that are inherited from the chloroplast genome of a single 
parent. They are highly polymorphic and therefore are often used as 
molecular markers for evolution researches such as identification of 
genetic diversity and species groups (Bryan et al., 1999, Provan, 2000, 
Ebert and Peakall, 2009). We identified 98, 138 and 95 SSRs in 
A. ilicifolius, A. leucostachyus and A. mollis, respectively. Among these 
SSRs, mononucleotide (A/T) was the predominant repeat type, which is 
consistent with the report that poly A and T are the most abundant re-
peats in the plant chloroplast genome (Dong et al., 2017, Ye et al., 2018, 
Yang et al., 2016). A. leucostachyus had the largest number of SSRs and 
was mainly located in the LSC region, which may explain the reason that 
its genome was the largest compared to A. ilicifolius and A. mollis. The 

SSRs identified in our study will be helpful for evolutionary studies, 
species identification and conservation of the genus Acanthus. 

It has been reported that long repeat element is of great importance 
in chloroplast genomes recombination and sequence variation (Xue 
et al., 2019, Weng et al., 2014). In the present study, we found that 
A. ilicifolius, A. leucostachyus and A. mollis contained the same number of 
long repeats, but the types and length distribution of long repeats were 
uneven. Compared to other species of Acanthaceae, they contained a 
low number of repeats (Raubeson et al., 2007, Ding et al., 2016, Chen 
et al., 2018). These long repeats can be an important resource for 
studying differences in chloroplast genes. 

4.3. Adaptive evolution in the three Acanthus species 

Synonymous and nonsynonymous substitutions in the gene are 
important markers for studying the evolution of genetic adaptations in 
species. We identified nine genes (atpF, rps11, rps16, rpl32, rpl33, ccsA, 
ycf4, psaJ and psbK) under positive selection (Ka/Ks > 1) in the Acan-
thus. These positively selected genes of the genus Acanthus probably 
played a critical role in adaptation to different environments. Among 
them, four genes encoding ribosome subunit proteins (rps11, rps16, 
rpl32 and rpl33) are participated in the expression of chloroplast genes 
that are important for the biogenesis and function of chloroplasts (Lee 
et al., 2021). psaJ and psbK encode photosystem proteins, and the 
photosynthetic system is the main functional unit of the chloroplast 
organ. The gene ccsA is essential because the protein encoded by itself is 
a necessity for heme attachment to c-type cytochromes (Xie and Mer-
chant, 1996). The ycf4 gene was located in the LSC region, and its 
product was a thylakoid protein involved in regulating the assembly of 
the photosystem I complex (Wicke et al., 2011, Boudreau et al., 1997). 
Notably, the atpF gene showed a strong positive selection throughout 
terrestrial to marine evolution (A. mollis-A. leucostachyus: Ka/Ks = 1.57 
and A. leucostachyus-A. ilicifolius: Ka/Ks = 1.32). atpF is an ATP subunit 
gene, which plays a crucial role in ATP synthase, and the plant’s genetic 
system produces ATP synthase to help the plant body perform photo-
synthesis better (Westhoff et al., 1985). Thus, a positive selection of 
energy and photosynthesis-related genes in A. ilicifolius would benefit 
plant growth and development in high-salt and hypoxic environments. 
In general, our study implies that positive selection genes are likely to 
function as a driving force in the genus Acanthus for adaptation from 
land to coastal intertidal habitats. 

4.4. Phylogenetic analyses in genus Acanthus 

Chloroplast genomes can provide valuable phylogenetic analyses 
between plant genera as well as between species (Guo et al., 2020). 
A. ilicifolius is the major mangrove plant, and although mangroves 
evolved from terrestrial to marine, no studies have reported on the 
evolutionary direction of the A. ilicifolius, A. leucostachyus and A. mollis. 
Based on this, we reconstructed the phylogenetic tree of the Acantha-
ceae family using five sets of data (complete chloroplast genomes, CDS, 
LSC, SSC, and IRs). Phylogenetic analysis showed that the phylogenetic 
trees constructed from four datasets had the same topology with boot-
strap values, except for the IRs region, which may be due to the more 
conserved sequences and the lowest differentiation in the IRs region. 
The phylogenetic tree showed that species of the same genus clustered 
on one branch, with Justicieae and Ruellieae strongly supported as 
monophyletic groups, and the sister relationship between Androgra-
phidae and Barrierida, these results are consistent with previous reports 
(Alzahrani et al., 2020, Huang et al., 2020, McDade et al., 2008). 
Phylogenetic analyses suggested a relatively recent split between 
A. ilicifolius and A. leucostachyus after their ancestor divergence with 
A. mollis. In conclusion, this is the first time we reconstructed the 
phylogenetic relationships within the three Acanthus species using 
complete chloroplast genomes. However, the small number of samples 
within the genera did not allow deeper phylogenetic studies, but these 
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data provide a research foundation for the genome-scale phylogenetic of 
the Acanthus. With the advancement of sequencing technology, an 
increasing number of chloroplast genomes of Acanthus species will be 
resolved, which will help us understand deeper for phylogenetic 
relationships. 
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