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Abstract 
The plant family Athyriaceae Alston consists of 3 genera and 650 species dispersed in 

different regions of the world, including Athyrium Roth, Diplazium Sw., and Deparia 

Hook. & Grev. The family has diverse morphological characteristics, ranging from 

creeping rhizomes to ascending or erect scales at apices. In the present study, the 

chloroplast (cp) genome of Diplazium polypodioides Blume was de novo assembled 

and compared with twelve other reported genomes of the species of the family 

Athyriaceae. The cp genome of D. polypodioides was 152,009 bp and showed a 

quadripartite structure in which a large single copy (82,389 bp) and a small single 

copy (22,303 bp) were separated by a pair of long inverted repeats (IRa and IRb: 

23,659 bp each). We identified 116 genes, including 4 rRNAs, 29 tRNAs, and 84 

protein-coding genes, with 15 genes duplicated in inverted repeats. The cp genome 

sizes of the thirteen analyzed species ranged from 150,797 bp (Diplazium striatum 

Desv.) to 152,009 bp (D. polypodioides). Despite high variability in SSRs and 

oligonucleotide repeats, the species showed similarities in GC content, contraction 

and expansion of inverted repeats, codon usage, amino acid frequency, and 

substitutions. Transition substitutions were more common than transversion 

substitutions across all species. Phylogenetic analysis of 84 protein-coding genes 

revealed monophyletic relationships among the limited species of three genera, 

namely, Diplazium, Athyrium, and Deparia. In addition, Diplazium was more closely 

related to Athyrium than to Deparia. Our study provides preliminary insights into the 

evolutionary dynamics of the cp genome in Athyriaceae and clarifies its phylogenetic 

relationships. 
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Introduction 
 

The chloroplast plays an important role in 

photosynthesis. The chloroplast (cp) genome has a 

mostly quadripartite structure in which large single 

copy (LSC) and small single copy (SSC) are 

separated by a pair of inverted repeats (IRs: IRa and 

IRb) (Palmer, 1985; Daniell et al., 2016; Abdullah et 

al., 2019; Jamal et al., 2021). Its size varies from 107 

kbp (Cathaya argyrophylla Chun & Kuang) to 218 

kbp (Pelargonium × hortorum L.H. Bailey), and it 

contains up to 120 genes (Daniell et al., 2016). In 

most angiosperms and pteridophytes, cp genome 

inheritance is maternal, whereas it is paternal in some 

gymnosperms (Neale and Sederoff, 1989; Daniell, 

2007). The cp genome has evolved more slowly than 

the nuclear genome and lacks homologous 

recombination, such as in meiosis (Palmer, 1985). 

However, some regions are predisposed to mutations 

such as substitutions, insertions-deletions (InDels), 

repeats, and inversions (Abdullah et al., 2019; Xu and 

Wang, 2021). Additionally, intron loss, gene 

duplication, and pseudogenes within the cp genome 

have been reported, providing insights into its 

evolutionary dynamics (Abdullah et al., 2020a, 

Abdullah et al., 2021a, Rehman et al., 2021). Owing 

to its slow evolution and inheritance from a single 

parent, the cp genome is suitable for diverse studies 

ranging from population genetics to phylogenetics 

(Ahmed et al., 2020; Abdullah et al., 2021a; Li et al., 

2021; Wang et al., 2021). 

The plant family Athyriaceae includes 650 species in 

three genera, Athyrium, Diplazium, and Deparia 

(Schuettpelz et al., 2016; Wei et al., 2018). Diplazium 

is the largest genus, with 465 species worldwide in 

tropical and subtropical regions (POWO, 2024). The 

species belonging to Diplazium are traditionally used 

to treat diabetes, smallpox, asthma, hypertension, 

diarrhea, rheumatism, dysentery, constipation, 

headaches, and fever (Semwal et al., 2021). Species 

within this genus often share similar medicinal 

properties. Diplazium polypodioides Blume is native 

to southern Yunnan in China and extends across 

tropical Asia. This perennial fern thrives 

predominantly in wet tropical biomes, where it plays 

an essential role in the ecosystem (POWO, 2024). To 

the best of our knowledge, few studies have focused 

on the family Athyriaceae. However, a notable study 

on foliar epidermal micromorphology and its 

taxonomic implications has been conducted on 

selected species within this family, including 

Diplazium species from Pakistan (Shah et al. 2018). 

This research included D. polypodioides, highlighting 

the potential of foliar epidermal characteristics as 

valuable taxonomic markers for distinguishing 

species within Athyriaceae. Hence, to the best of our 

knowledge, there are no reports on the development 

of genomic resources of D. polypodioides from 

Pakistan. 

In this study, we sequenced the chloroplast genome 

of Diplazium polypodioides to enhance the 

availability of genomic resources for this medicinally 

and biogeographically important genus and to 

analyze its genome structure. We compared the 

newly sequenced chloroplast genome of D. 

polypodioides with those of 12 previously reported 

species from the genera Athyrium, Diplazium, and 

Deparia within the family Athyriaceae. Through this 

comparative analysis, we identified key genomic 

features, as well as similarities and differences across 

these species, providing valuable insights into the 

molecular evolution of chloroplast genomes within 

the Athyriaceae family. 

 

Material and Methods 
 

Plant collection, DNA extraction and sequencing 

In September 2022, samples of Diplazium 

polypodioides were collected from Mansehra District, 

Khyber Pakhtunkhwa, Pakistan, at coordinates 

34°38'22.46"N, 73°28'8.01"E. The species identification 

was confirmed by Dr. Alia Gul, a botanist at Hazara 

University, Mansehra, under voucher number GHNO-

05548. Leaves were dried using silica gel before DNA 

extraction, which was performed with the DNeasy Plant 

Mini Kit (Qiagen, Germany) following the 

manufacturer's protocol. The quality and quantity of the 

extracted DNA were assessed using 1% agarose gel 

electrophoresis and a NanoDrop spectrophotometer 

(Thermo Scientific, USA). 

 
Chloroplast genome sequencing, de novo 

assembly, and annotation 

The extracted DNA was sent to Novogene, Hong 

Kong, for whole-genome sequencing, where it was 

processed using the HiSeq 2500 platform. Paired-end 

sequencing was performed, generating 150 bp reads 

with a 350 bp insert size. The cp genome of D. 

polypodioides was assembled de novo using 

NOVOPlasty v.4.3.3 (Dierckxsens et al., 2017). The 

accuracy of the assembled genome was verified by 

mapping raw reads to the assembled genome using 
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Bowtie 2 (Langmead and Salzberg, 2012) embedded 

in Geneious Prime 2023.1.2, which also provided 

coverage depth information. 

The cp genomes were annotated using GeSeq (Tillich et 

al., 2017), tRNAscan-SE v.2 (Lowe and Chan, 2016), 

and ARAGORN v.1.2.3.8 (Laslett and Canback, 2004) 

with default settings. The annotation of the protein-

coding gene was verified by comparing it with other 

reported species in Geneious Prime 2023.1.2 (Table 1) 

and performing BLAST with other homologous genes 

in the National Center for Biotechnology Information 

(NCBI). Finally, the de novo assembled cp genome was 

deposited in NCBI under accession number PP146611. 

The five-column text file required for the submission of 

the annotated genome to NCBI was generated using 

GB2Sequin (Lehwark and Greiner, 2019). The above 

mentioned protocol has also been reported in other 

articles (Henriquez et al., 2020a,b; Abdullah et al., 

2020a, 2021). 

 

Comparative analyses and genomic features 

The cp genomes of 12 species from three genera in 

Athyriaceae were obtained from NCBI and 

reannotated. After the annotations of genes, coding 

sequences, and introns were corrected, these cp 

genomes were subsequently compared with the cp 

genome of D. polypodioides (Table 1). The length of 

the complete genome, LSC, SSC, and IR were 

analyzed along with the gene content and 

arrangement via Geneious Prime 2023.1.2 (Kearse et 

al., 2012). IRscope was used to visualize the 

contraction and expansion of inverted repeats (IRs) 

(Amiryousefi et al., 2018). Mauve progressive 

alignment was used for collinear block analysis 

among all species for possible long inversions 

(Darling et al., 2004). 

 

GC analysis, amino acid frequency, and codon 

usage 

The GC content, amino acid frequency, and relative 

synonymous codon usage (RSCU) of the cp genomes 

of all the species were determined using Geneious 

Prime 2023.1.2. The RSCU value was drawn as a 

heatmap using TBtool (Chen et al., 2020). 

 
Analysis of SSRs and oligonucleotide repeats 

We analyzed the simple sequence repeats (SSRs) of 

whole genomes using the Perl script Microsatellite 

Identification Tool (MISA) (Beier et al., 2017). The 

parameters set for SSRs were 10 for 

mononucleotides, 5 for dinucleotides, 4 for 

trinucleotides, and 3 for tetra-, penta-, and 

hexanucleotides. 

Additionally, we used the REPuter program (Kurtz et 

al., 2001) to examine oligonucleotide repeats, 

including complementary, forward, reverse, and 

palindromic repeats. For this analysis, we selected 

parameters requiring a minimum repeat size of 30 

base pairs (bp) with up to three mismatches. 

 

Substitution and InDel analyses 

The numbers of substitutions and insertions/deletions 

(Indels) in all regions of the cp genome were 

determined after performing pairwise alignments 

using Multiple Alignment Fast Fourier Transform 

(MAFFT v.1.5.0). Each genome and its regions were 

aligned to the reference genome 

Athyrium anisopterum Christ (NC_035738.1) (Katoh 

et al., 2013; He et al., 2022). The numbers and types 

of substitutions were identified using a Python script. 

For counting Indels, the pairwise alignments were 

analyzed using DnaSP v.5.10 (Rozas et al., 2017). 

 

Phylogenetic analysis 

All the protein-coding genes (84 unique genes) of the 

species were extracted and concatenated in Geneious 

Prime 2023.1.2. The concatenated sequences were 

aligned using MAFFT along the outgroup species 

Matteuccia struthiopteris (KY427353). The 

maximum likelihood tree was reconstructed using 

IQ-tree v.2 with ultrafast bootstrap approximation 

(Hoang et al., 2018; Minh et al., 2020) under the 

best-fit model GTR+F+I+R2 with default parameters. 

 

Results  
 
Organization and chloroplast genomic features of 

D. polypodioides 

Using HiSeq 2500 sequencing, we obtained 

approximately 9.67 GB of data, which included 28.83 

million reads for D. polypodioides. The de novo 

assembled cp genome revealed a coverage depth of 

323X for the selected species. The cp genome of D. 

polypodioides was 152,009 bp long and included two 

inverted repeat regions (IRa and IRb), each 23,659 bp 

long. These inverted repeats were separated by a 

large single-copy region (LSC) of 82,389 bp and a 

small single-copy region (SSC) of 22,303 bp, 

forming a quadripartite structure (Figure 1, Table 1). 

The cp genome size varied among the species, 

ranging from 150,179 bp in D. dilatatum to 152,009 

bp in D. polypodioides. The LSC regions ranged 
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from 81,984 bp in D. striatum to 82,559 bp in D. 

pycnosora, the SSC regions ranged from 21,500 bp in 

D. viridifrons to 22,302 bp in D. polypodioides, and 

the IR regions ranged from 22,969 bp in D. 

dushanense to 23,659 bp in D. polypodioides (Table 

1). These genomes contained 116 genes whose 

arrangement was highly similar across the genomes, 

without any long inversions (Figure 2). 

The gene contents of D. polypodioides were similar 

to those of other species in the family, as shown in 

Table 2 and Figure 1. The cp genome contained 117 

genes, including 84 protein-coding genes, 29 tRNA 

genes, and 4 ribosomal RNA genes (Table 1). Fifteen 

of these genes were duplicated in the IR regions, 

including 4 rRNA, 6 tRNA, and 4 protein-coding 

genes, except the truncated ycf1Ψ gene. Seventeen 

genes contained introns, comprising six tRNA genes 

and eleven protein-coding genes. The rps12 gene was 

trans-spliced, with its 5′ region in the LSC region and 

its 3′ region in the IR region, resulting in the 

duplication of the 3′ region. Among the genes with 

introns, seventeen had one intron each, whereas two 

genes (clpP and ycf3) contained two introns (Table 

2). Additionally, three protein-coding genes and three 

tRNA genes with introns were duplicated in the IR 

regions (Table 2). 

Many RNA editing events have been observed in 

species of Athyriaceae, including D. polypodioides. 

In D. polypodioides, 71 RNA editing events were 

identified in the complete cp genome, with 54 U-to-C 

and 17 C-to-U conversions. 

The cp genome of D. polypodioides was mostly AT-

rich. A comparison of the GC contents among the 

species revealed a range from 43.0% in D. bellum to 

44.6% in A. anisopterum. The GC contents in 

different regions varied among species, as shown in 

Table 1. Compared with the LSC (42.6% in D. 

dushanense to 43.6% in A. anisopterum) and SSC 

regions (39.7% in D. bellum to 42% in D. 

pycnosora), the IR regions presented the highest GC 

content, ranging from 45.1% in D. bellum to 45.9% 

in D. lancea. The high GC content in IRs was 

attributed to GC-rich genes, such as rRNAs (55.1% 

in A. opacum to 55.7% in D. bellum) and tRNAs 

(55.0% in D. polypodioides to 55.7% in D. bellum) 

(Table 1). 
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Figure-1. The chloroplast genome of D. polypodioides is depicted in a circular format as representative of 

all species. Genes transcribed in the counterclockwise direction are shown on the inner side of the circle, 

whereas those transcribed in the clockwise direction are on the outer side. The large single copy (LSC), 

small single copy (SSC), and inverted repeat (IRA and IRB) regions are shown in the circle. The GC 

content is indicated by the dashed gray color in the inner circle, whereas the AT content is highlighted in 

a lighter gray. 
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Table-1. Comparison of different features of the chloroplast genome among different species of the family Athyriaceae 

Characteristic 

Diplazium 

polypodioides 

Blume 

Diplazium 

striatum 

Desv. 

Diplazium 

dushanense 

(Ching ex 

W.M.Chu 

& Z.R.He) 

R.Wei & 

X.C.Zhang 

Diplazium 

maximum 

(D.Don) 

C.Chr. 

 

Diplazium 

bellum 

(C.B.Clar

ke) Bir 

 

Diplazium 

dilatatum 

Blume 

Athyrium 

anisopterum 

Christ 

 

Athyrium 

sinense 

(Baker) 

C.Chr. 

 

Athyrium 

sheareri 

(Baker) 

Ching 

 

Athyrium 

opacum 

(D.Don) 

Copel. 

 

Deparia 

lancea 

(Thunb.) 

Fraser-

Jenk. 

Deparia 

pycnosora 

(Christ) 

M.Kato 

 

Deparia 

viridifrons 

(Makino) 

M.Kato 

 

Size (bp) 152,009 150,797 150,179 150,984 151,601 151,114 151,284 151,319 151,068 150,979 151,011 151,126 150,939 

LSC length 

(bp) 
82,389 81,984 82,412 82,293 82,483 82,411 82,514 82,450 82,508 82,343 82,258 82,559 82,547 

SSC length 

(bp) 
22,302 21,793 21,829 21,765 21,790 21,785 21,694 21,707 21,736 21,700 21,773 21,693 21,500 

IR length (bp) 23,659 23,501 22,969 23,463 23,664 23,459 23,538 23,581 23,421 23,468 23,490 23,473 23,446 

Number of 

unique genes 
117 117 117 117 117 117 117 117 117 117 117 117 117 

Protein-coding 

genes 
84 84 84 84 84 84 84 84 84 84 84 84 84 

tRNA genes 29 29 29 29 29 29 29 29 29 29 29 29 29 

rRNA genes 4 4 4 4 4 4 4 4 4 4 4 4 4 

Duplicated 

Genes in IR 
15 15 15 15 15 15 15 15 15 15 15 15 15 

GC 

content 

(%) 

Total 43.7 43.9 43.2 43.9 43.0 43.9 44.6 43.9 43.5 43.7 43.9 44.1 43.9 

LSC 43.3 43.4 42.6 43.5 42.0 43.4 43.6 43.4 43.4 43.2 43.2 43.5 43.2 

SSC 41.5 41.4 40.4 41.8 39.7 41.8 41.8 41.4 41.2 41.4 41.7 42.0 41.7 

IR 45.3 45.7 45.5 45.7 45.1 45.8 45.7 45.5 45.5 45.7 45.9 45.8 45.7 

CDS 43.3 43.7 43.4 43.9 43.0 43.9 44.1 43.9 43.8 43.8 43.9 44.1 43.9 

rRNA 55.2 55.3 55.2 55.3 55.7 55.2 55.2 55.2 55.5 55.1 55.3 55.2 55.2 

tRNA 55.0 55.5 55.5 55.4 55.7 55.3 55.2 55.1 55.1 55.5 55.4 55.5 55.6 

Accession 

Number 
PP146611 

NC_0358

52.1 

NC_03585

1.1 

MN6233

59.1 

NC_035

849.1 

NC_035

850.1 

NC_03573

8.1 

NC_03583

9.1 

NC_03583

6.1 

NC_03584

1.1 

NC_0358

44.1 

NC_0358

45.1 

NC_0358

46.1 
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Table 2 Gene content and functional classification of the chloroplast genomes of D. polypodioides 

The genes labeled in the table represent genes with two copies, * genes with one intron, ** genes with two introns 

 
  
 
 

Category for 

genes 
Group of genes Name of Gene 

    
No of 

genes 

Photosynthesis 

related genes 

Photosystem Ⅰ psaA psaB psaI psaJ psaC 
    

5 

Photosystem Ⅱ 
psbK psbI psbM psbZ psbC psbD psbJ psbL psbF 

16 
psbE psbB psbT psbN psbH psbA a 

   
Cytochrome b/f complex petN petA petL petG petB* petD* 

   
6 

ATP synthase atpA atpF* atpH atpI atpE atpB 
   

6 

NADPH dehydrogenase 
ndhB ndhJ ndhK ndhC ndhF ndhD ndhE ndhG ndhI 

11 
ndhA* ndhH 

       
Rubisco & Cytochrome synthesis ccsA rbcL 

       
2 

Transcription 

and translation 

related genes 

Transcription small units of ribosome 
rpoC1* rpoC2 rpoB rpoA rps2 rps4 rps14 rps12* a rps16* 

18 
rps18 rps8 rps15 rps19 rps7  a rps3 rps11 

  

Large subunit of ribosome 
rpl33 rpl20 rpl36 rpl14 rpl16* rpl22 rpl2* rpl23 rpl21 

10 
rpl32 

        
Ribosomal tRNA rrn4.5a rrn5a rrn16a rrn23a 

     
8 

Transfer RNA 

trnQ-

UUG 

trnG-

UCC* 

trnR-

UCU 

trnS-

GCUa 

trnD-

GUC 

trnY-

GUA 

trnE-

UUC* a 

trnC-

GCA 

trnG-

GCC 

35 

trnS-

UGA 

trnT-

GGT 

trnM-

CAUa 

trnS-

GGA 

trnL-

UAA* 

trnF-

GAA 

trnV- 

UAC* 

trnR-

UCG 

trnL-

CAA 

trnW-

CAU 

trnN-

GUUa 

trnI-

CAU 

trnT-

UGUa,* 

trnR-

ACGa 

trnP-

UGU 

trnH- 

GUUa 

trnI-

GAUa,* 

trnA-

UGC*,a 

 

trnL-

UAG 

trnR-

ACG        

Other genes 

RNA processing and translation factor matK infA pafL* 
      

3 

Carbon, Fatty acids metabolism and 

Proteolysis 
cemA clpP* accD 

      
3 

Hypothetical proteins ycf12 ycf3* ycf4 ycf2a ycf1 
    

5 

Other genes chlB chlL chlN 
      

3 

Total 131 
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Figure-2. Mauve alignment of thirteen species of the family Athyriaceae revealed close resemblance in terms of gene content and arrangement. 

The small blocks represent genes. Red = rRNA; green = tRNA with introns; black = tRNA without introns; white = protein-coding genes. 
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Contraction and expansion of inverted repeats 

Contractions and expansions in the IR regions can 

alter genome size and gene arrangement, leading to 

genetic diversity among species, genera, and families. 

In the family Athyriaceae, the patterns of contraction 

and expansion at the LSC/IR and SSC/IR junctions 

were highly similar across the selected species, with a 

few exceptions (Figure 3). The locations and sizes of 

essential genes, such as rpl2, ndhF, trnN, and matK, 

were consistent across the cp genomes of the selected 

species. Notably, the ndhF gene, located at the IRB 

and SSC junction (JSB), exhibited expansions of 23-

36 bp related to photosynthesis in all species except 

D. dushanense, A. sheareri, and A. opacum. In D. 

dushanense, a significant portion of the ndhF gene 

was deleted from the IR and SSC regions, leaving 

only a 262-base pair fragment in the middle of the 

SSC region. In A. sheareri and A. opacum, the ndhF 

gene was absent from the IR regions and was found 

only in the SSC region. The ndhB gene was present 

in the IRB region across all selected species, with a 

portion also located in the LSC region of D. 

dilatatum. The chIL gene was also positioned at the 

JSA, with expansions into the IRA ranging from 3-45 

bp in the selected species. 

 
Figure-3. Inverted repeats contraction and expansion at the junction sites of the cp genome. JLB: LSC/IRb, JSB: 

IRb/SSC; JSA: SSC/IRa; JLA: IRa/LSC. The arrows indicate the distance of genes from the junction site, as shown 

for trnM at JLB and for trnT at JLA. The scale bar above some genes shows the base pairs that each gene contains 

in specified regions of the genome. 
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Figure-4. Correlation between complete genome size and different regions of the genome. A = Genome size vs. LSC, 

B = Genome size vs. SSC, C = Genome size vs. IR, D = IR vs. SSC, E = LSC vs. SSC, F = LSC vs. IR. 

 
Correlation between genomic size and its three 

main regions 

The correlation between genomic size (bp) and the 

sizes of specific regions of the cp genome, including 

the large single copy (LSC), small single copy (SSC), 

and inverted repeats (IRs), was analyzed, as shown in 

Figure 4. A positive correlation was observed 

between the overall genome size and the sizes of all 

these regions. Furthermore, a positive correlation was 

also found between the IR and SSC regions. 

Conversely, a negative correlation was detected 

between the sizes of the LSC and SSC regions, as 

well as between the IR and SSC regions across all 

selected species. 

 

Codon Usage and Amino acid frequency 

Relative synonymous codon usage (RSCU) values 

were used to analyze codon usage patterns. 

Moreover, the percentage frequency of amino acids 

was used to identify the predominant amino acids in 

selected species of the Athyriaceae family. The 

results indicated that the most common codons 

encode different amino acids, predominantly ending 

with A or T at the 3′ position, rather than C or G 

(Figure 5). 

Leucine emerged as the most abundant amino acid 

across all the selected species and was encoded 

primarily by the TTA and TTG codons, followed by 

serine. Conversely, cystine was the least prevalent 

amino acid, as illustrated in Figure 5. 
 
Analyses of simple sequence repeats and 

oligonucleotide repeats 

Simple sequence repeats (SSRs) and oligonucleotide 

repeats were analyzed in the cp genomes of selected 

species from the Athyriaceae family. SSRs were 

categorized based on motif type: mononucleotide, 

dinucleotide, trinucleotide, tetranucleotide, 
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pentanucleotide, and hexanucleotide, as illustrated in 

Figure 6(A-D). Across all the species, the number of 

repeats ranged from 51-101, with mononucleotide 

SSRs being the most prevalent. Similarly, 

dinucleotide, trinucleotide, and tetranucleotide 

repeats appeared consistently across all species, albeit 

in varying quantities. In contrast, pentanucleotide and 

hexanucleotide repeats were present in some species 

but absent in others, as shown in Figure 6(A). Most 

SSRs were in the LSC region, followed by the IR 

region, with the fewest in the SSC region, as depicted 

in Figure 6(B). The SSR count ranged from 51 in A. 

anisopterum to 101 in D. bellum. 

In addition, oligonucleotide repeats were analyzed 

via the REPuter Bibi server. A. sinense exhibited the 

minimum number of repeats (7), whereas D. 

polypodioides had the greatest number of repeats 

(387). The identified oligonucleotide repeats included 

palindromic, forward, reverse, and complementary 

types, which were located primarily in the intergenic 

spacer (IGS) regions of all the selected genomes, as 

shown in Figure 6C. The IR region contained the 

greatest number of repeats among the cp regions, 

followed by the LSC and SSC regions. The fewest 

repeats were shared between LSC/SSC, IR/SSC, and 

LSC/IR, as illustrated in Figure 6(D). 

 

Figure-5. Amino acid frequency and codon usage among the selected species of the Athyriaceae family. 

A= Codon usage (RSCU values) B = Amino acid frequency 
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Figure-6. Simple Sequence Repeats and Oligonucleotide Repeats in selected species of the family 

Athyriaceae. A= Types of SSRs   B= Regionwise SSRs; C= Types of oligonucleotides; D = Regionwise 

oligonucleotides. 
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Analysis of substitutions and Indels 

Substitutions and InDels were analyzed across the 

complete cp genome, three main regions (LSC, SSC, 

and IR), and coding regions of various species. 

Transversion events predominated over transition 

events across all species, with a Ts/Tv ratio ranging 

from 0.12 to 0.17. D. viridifrons exhibited the 

greatest number of substitutions (9568), whereas A. 

sinense showed the lowest number of substitutions 

(1963). Within the genera, the species presented very 

similar Ts/Tv ratios. Substitutional hotspots were 

predominantly located in the LSC regions, followed 

by the SSC regions, and least common in the IR 

regions. With respect to SNPs in coding regions, D. 

lancea had the highest count at 4195, followed by D. 

pycnosora at 3934, whereas A. sinense had the 

lowest count at 813. Similarly, InDels in coding 

regions were most prevalent in D. maximum and D. 

polypodioides, with A. sinense showing the fewest 

InDels. 

 

Phylogenetic analysis 

Thirteen species from three genera of the 

Athyriaceae family were selected for phylogenetic 

analysis via IQ-tree 2.0, with the GTR+F+I+R2 

model applied to the coding sequences of 84 protein-

coding genes. The multiple sequence alignments 

covered 56,990 nucleotide sites after the gaps were 

removed. Among the nucleotide sites, 5,422 sites 

were parsimony informative, and 1650 exhibited 

distinct site patterns. The analysis revealed the 

monophyly of three genera, namely, Diplazium, 

Deparia, and Athyrium (Figure 8). Diplazium species 

showed close resemblance to Athyrium instead of 

Deparia. The species within the genus Diplazium are 

divided into two primary subclades. In the first 

subclade, D. dilatatum and D. maximum form a sister 

group rooted by D. polypodioides, which is further 

rooted by D. striatum (Figure 8). In the second 

subclade, D. bellum and D. dushanense are grouped 
as sister species. 

 

 
Figure-7. Substitution and Indel mutations in the chloroplast genomes of 13 species. A = SNPs in the complete 

genome; B = SNPs in coding regions; C = SNPs in noncoding regions; D = SNPs in different regions of the genome; 

E = Indels in different regions of the genome; F = InDels in coding regions. 
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Figure-8. Phylogenetic relationships among 13 species of the family Athyriaceae on the basis of the 

coding sequences of 84 protein-coding genes. 

 
Discussion 
 
The cp genome is a valuable molecule for 

phylogenetic studies because of its slow evolution 

and single-parent inheritance. This study provides 

insight into evolutionary changes that establish 

genomic diversity among closely related species. 

This study compares the cp genome of D. 

polypodioides (newly sequenced) with those of 

twelve previously reported species of the family 

Athyriaceae. One major issue in data comparison 

among family members is error in genome annotation 

(Amiryousefi et al., 2018; Abdullah et al., 2020b, 

2021a; Li et al., 2024). After annotation correction, 

these genomes were highly similar. Here, we provide 

insights into the cp structure, IR contraction and 

expansion, SSR and oligonucleotide repeats, 

substitution events and their types. 

The typical size of fern cp genomes ranges from 131-

168 kb (Loiseau et al., 2020), and the size of D. 

polypodioides falls within this range. The cp genome 

of D. polypodioides includes four junctions: LSC, 

SSC, and IR. Genome size variation among species is 

due mainly to contractions and expansions in the IR 

and SSC regions (Li et al., 2024). 

The key evolutionary events in the cp genome 

include intron gain and loss, IR contraction and 

expansion, SSR, oligonucleotide repeat, substitution, 

and RNA editing. The cp genomes of all the species 

closely resemble each other in structure, as they are 

similar in terms of genes content and their 

arrangement (Henriquez et al., 2020a; Abdullah et al., 

2021a; Kwon et al., 2023). The contraction and 

expansion of the cp genomes of pteridophytes and 

angiosperms have been noted previously (Jamal et 

al., 2021; Rehman et al., 2021). This study revealed 

chlL and ndhF at the SSC/IRa and IRb/SSC 

boundaries, respectively, covering some IR regions in 

the selected species. This type of travel of genes from 

single copies to the IR or vice versa leads to a rate of 

heterotachy (Lockhart et al., 2006; Zhu et al., 2016; 

Abdullah et al., 2020a). c 

SSRs are important molecular genetic markers for 

population studies. An unusual pattern in SSRs was 

observed in the selected species of Athyriaceae. All 

six types of nucleotides were detected, with mono- 

and dinucleotides being predominant. Hexa-

nucleotides were present in some species but absent 

in others. Mononucleotides (594) were the most 

abundant, followed by dinucleotides (177). Previous 

studies reported heterogeneous divergence in SSR 

markers of higher plants (Wang et al., 2018). Most 

SSRs detected in this study were GC rich, which 

aligns with previous reports in ferns (Gao et al., 

2018). However, D. bellum and D. dushanense 

contained more AT-rich SSRs, similar to some 

angiosperms (Fan et al., 2019; Mehmood et al., 

2020). 

Oligonucleotide repeats, which are widespread in the 

cp genome, generate mutations, including 

substitutions and InDels (Abdullah et al., 2020c; 

Abdullah et al., 2021b). These repeats are critical in 

substitution and InDel generation. The identified 

oligonucleotide repeats in this study were forward, 

reverse, palindromic, and complementary in all 

selected species of Athyriaceae, mainly within the 

IGS regions, as previously reported in angiosperms 

(Abdullah et al., 2019; Xu and Wang, 2021). 

Diplazium polypodioides had the maximum number 

of oligonucleotide repeats (370), surpassing 
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previously reported numbers in D. fragrans (204) 

(Gao et al., 2018). 

Substitutions and InDels were abundant in the LSC 

region of the genome and noncoding regions of all 

the studied species, and A. anisopterum was used as a 

reference. These findings align with previous studies 

reporting more InDels and substitutions in the LSC 

and SSC regions than in the IR regions (Abdullah et 

al., 2019; Liu et al., 2020; He et al., 2022). Most 

substitutions and InDels were in the complete 

genome of the genus Deparia, such as in D. lancea 

and D. pycnosora, which presented 9911 and 9352 

substitution events, respectively. Among the 

noncoding regions, the greatest number of 

substitutions was observed in D. polypodioides 

(5805), followed by the genus Deparia, with the 

lowest number in A. sinense (1150). Similarly, D. 

lancea (320) and D. pycnosora (302) had the most 

InDels. The Ts/Tv ratio was >1, which is consistent 

with the cp genomes of angiosperms and 

gymnosperms (Kim et al., 2015; He et al., 2022). 

Here, our phylogenetic analysis of the limited species 

set revealed that the genera Diplazium, Athyrium, and 

Deparia form monophyletic groups. Moreover, the 

internal branches of the phylogeny displayed strong 

bootstrap support, indicating high confidence in the 

inferred relationships. However, earlier studies 

reported that Athyrium is not monophyletic, and 

while the backbone of Diplazium’s phylogeny was 

resolved with robust support, significant 

incongruence across different datasets and weakly to 

moderately supported internal relationships were 

observed (Wei et al., 2018; Wei and Zhang, 2020). 

For Athyrium, two possible explanations for the 

observed monophyly in our results may be 

considered. First, the high resolution provided by the 

cp genome, compared with the eight loci used in 

earlier studies (Wei et al., 2018), could have resolved 

relationships more clearly. Second, our phylogeny 

included a limited number of species, and the absence 

of previously identified paraphyletic species might 

have contributed to the apparent monophyly. Thus, the 

current findings are likely constrained by sampling, 

and future studies using a larger, more comprehensive 

dataset are essential to validate these results. 

Our sample size of Diplazium is relatively small 

compared with that of Wei and Zhang (2020), 

limiting the scope of our conclusions. We concur 

with their recommendation that future phylogenetic 

analyses should incorporate broader taxon sampling 

and include nuclear genome markers, utilizing high-

throughput sequencing approaches. Such 

comprehensive studies would be critical to resolving 

the phylogeny of Diplazium more conclusively. 
 

Conclusion 
 
Our study provides insights into the first-ever 

sequenced cp genome of D. polypodioides. The 

family members closely resembled each other in 

terms of gene content, with minor differences in gene 

size and arrangement. Amino acid frequency, codon 

usage, and GC content were consistent across the 

famiy. Phylogenetic analysis revealed that members 

of Diplazium are more closely related to Athyrium 

than to Deparia and confirmed the monophyletic 

nature of the genus Diplazium. Sequencing a wider 

range of species in the Athyriaceae family could aid 

in reconstructing a high-resolution phylogenetic tree 

and offer deeper insights into systematics. Identifying 

SSRs and oligonucleotides will be valuable for 

developing novel molecular markers for molecular 

identification, assessing diversity, and understanding 

population genetics and phylogeny. 
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