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ABSTRACT 

The plant family Malvaceae (eudicot, angiosperms) belongs to order Malvales. This family 

comprises of 244 genera and 4225 species, which are distributed in tropical to temperate 

regions of the world. Malvaceae possesses plastic morphology which leads to taxonomic 

discrepancies in the classification. The subdivision of family Malvaceae into nine subfamilies 

is the most accepted classification. The complete chloroplast genome sequences are used to 

evaluate evolutionary dynamics and phylogeny of plant lineages that help to resolve taxonomic 

discrepancies. The current study aimed to evaluate the evolutionary dynamics and phylogenetic 

relationships within the family Malvaceae. 

We sequenced and assembled chloroplast genome sequences of four species of family 

Malvaceae including Hibiscus rosa-sinensis, Hibiscus mutabilis, Malvastrum 

coromandelianum and Malva parviflora. The whole genomic DNA shotgun was generated 

through Illumina Hiseq2500 from pair end run with 150 bp short read and 350 bp insert size. 

Moreover, we also assembled chloroplast genome sequences of four species from the Sequence 

Read Archive (SRA) of National Center for Biotechnology Information (NCBI) including 

Firmiana colorata, Sterculia monosperma, Pterospermum truncatolobatum, and Urena 

procumbens. The quality of raw reads was accessed by fastQC, and chloroplast genomes were 

de novo assembled by Velvet 1.2.10 with various kmer values. The coverage analysis was 

performed with Burrow wheel aligner (BWA)/Bowtie and Tablet was used for visualisation. 

Chloroplast genomes were annotated with Dual Organellar genome annotator (DOGMA) and 

GeSeq. The genomic features, genes content, codon usage, and amino acids frequency were 

analysed using Geneious R8.1. RNA editing sites were analysed with Predictive RNA editor 

for plant chloroplast genes (PREP-cp), simple sequence repeats (SSRs) were analysed with 

MIcroSAtellite identification tools (MISA), and oligonucleotide repeats were analysed with 

REPuter program. The rate of synonymous and non-synonymous substitutions of protein 

coding genes was analysed in DnaSP 5.10 after pairwise alignment through Geneious R8.1 

using Theobroma cacao as reference. Correlation among substitutions, InDels, and 

oligonucleotide repeats were analysed at family and genus level. At family level comparisons, 

one species, each from 13 genera was pairwise aligned to Theobroma cacao, a species basal to 

Malvaceae, to find substitutions and InDels across species in Malvaceae. Using coordinate 

positions of forward and reverse oligonucleotide repeats in T. cacao chloroplast genome, we 

evaluated correlations among direct and reverse repeats, substitutions and InDels in these 

Malvaceae chloroplast genomes. At the genus level, we investigated these correlations in five 

genera by taking one species of the respective genus as a reference and comparing it with 
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another species of the same genus. The phylogenetic tree was reconstructed based on 

chloroplast genome sequences using the IQ-tree program. 

Our results showed that the sequencing of whole genomic DNA with low coverage depth 

provides quality genomic resources for the assembly of chloroplast genome with high coverage 

depth due to 100-1000 times higher chloroplast genomic DNA in the plant cell as compared to 

the nuclear genome. The comparative analyses of the chloroplast genomes of family Malvaceae 

from basal lineages to crown groups revealed high similarity in gene content, gene 

organisation, intron content, and GC content. We observed differences in the length of these 

chloroplast genomes due to variations in the length of intergenic spacer regions and contraction 

and expansion of IRs regions. The rate of synonymous and non-synonymous substitutions 

revealed about 95% similarities among Malvaceae species. However, the rate of synonymous 

substitutions was higher than non-synonymous substitutions. The IRs contraction and 

expansion not only lead to generation of pseudogenes at junctions of chloroplast genomes, but 

also lead to duplication or deletions of a single copy of some genes as observed in Durio 

zibethinus and Abelmoschus esculentus. The correlation analyses of substitutions with repeats, 

substitutions with InDels, and repeats with InDels revealed weak to strong correlations. High 

regression value was observed for substitutions on InDels, substitutions on repeats, and InDels 

on repeats. We hypothesize that such correlations are a common characteristic of chloroplast 

genomes in all plant lineages as these were also previously observed in the family Araceae 

(monocots, angiosperms) and Cephalotaxaceae (gymnosperms).  

The comparative analyses of three genera including Theobroma, Firmiana, and Hibiscus 

revealed high similarities in inter-genus and intra-genus level comparison for codon usage, 

amino acid frequency, RNA editing sites, and simple sequence repeats. We found two times 

higher oligonucleotide repeats in the crown group of family Malvaceae (Hibiscus) than basal 

groups (Theobroma and Firmiana). Thirty mutational hotspots were identified in each genus. 

The phylogenetic inference of family Malvaceae based on complete chloroplast genome 

sequences attests the previous classification of family Malvaceae into nine subfamilies. Our 

results revealed high suitability of coding sequences and complete chloroplast genome in 

inferring of phylogeny and resolve species at the subfamilies level with 100 bootstrapping.  

In conclusion, this study provides a broad insight into evolutionary dynamics and phylogeny 

of family Malvaceae. The identified mutational hotspots could be used for development of 

robust and cost-effective markers to infer phylogeny of these genera, specifically, in the genus 

Hibiscus. 
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1.1 Introduction 

The plant family Malvaceae sensu lato (s.l) or Mallow is a eudicot family of order Malvales 

(Bayer et al., 1999). Family Malvaceae consists of 244 genera and 4,225 species (Christenhusz 

and Byng, 2016). Plants of Malvaceae are widely distributed in tropical to temperate regions 

of the world (Xu and Deng, 2017) and possess plastic morphology which gives rise to 

taxonomical discrepancies both at family and genus level (Alverson et al., 1999; Carvalho-

Sobrinho et al., 2016; Pfeil et al., 2002; Tate et al., 2005). Due to its plastic morphology, this 

family is divided into nine subfamilies which are Brownlowioideae, Bombacoideae, 

Byttnerioideae, Dombeyoideae, Grewioideae, Helicteroideae, Malvoideae, Tilioideae, and 

Sterculioideae (Alverson et al., 1999; Bayer et al., 1999; Judd and Manchester, 1997; Xu and 

Deng, 2017).  

1.2 Morphological features of Malvaceae 

Although family Malvaceae possesses plastic morphology, many researchers describe its 

general morphological features (Bayer and Kubitzki, 2003; Heywood, 1993; Watson, 1992; Xu 

and Deng, 2017). According to these researchers, plants of family Malvaceae are herbs, shrubs, 

and trees usually with stellate hairs. Leaves are simple, rarely entire, and mostly exist in the 

form of dissected or digitately compound. Moreover, leaves are stipulate, spiral or non-

sheathing and petiolate usually with palmate venation. Flowers are bisexual or unisexual, 

hypogynous, rarely zygomorphic, usually actinomorphic or asymmetrical, and commonly 

pollinated by insect due to floral nectar. The flowers are present solitary or forming compound 

cymes with regular or somewhat irregular shapes. Furthermore, flowers vary in size from small 

to large and cyclic with distinct corolla and calyx. Sepals are mostly 5 in numbers, fused or 

free, sometimes incompletely separated, mostly valvate in bud, with free, spreading tips, in 

some genera caducous, petaloid or persistent. Number of petals is mostly equal to sepals, 

sometimes reduced or completely lacked, present in various shapes, often twisted in bud, and 

free or fused with the bases of the stamen filaments. Epicalyx is absent or present, and the 

corolla is asymmetric, polypetalous, contorted or imbricate. Androecium or stamens range in 

number from 5 to more than 1000, usually in phalanges or antepetalous groups. The filaments 

of androecium are free or joined to petals and frequently forming conspicuous staminal tube. 

Anthers are dorsifixed or basifixed whereas spores are formed in di-, tetra- or polysporangiate. 

Staminodia is often present and fused with stamens usually antesepalous and rarely petaloid. 

Gynaecium is superior, syncarpous, synovarious to synstyleovarious containing one to many 

carpels. Carpels are present in free or fused form (usually at fruit stage), sessile or on a distinct 

androgynophore. Ovary consists of one to many locules. Styles are apical, free or incompletely 
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joined ending with the stigmas that are dry papillate or non-papillate. Ovules are in axial 

placentation and anatropous to campylotropous in structure. Fruit is present in the form of berry 

or loculicidal capsules, fleshy or non-fleshy, schizocarp, dehiscent or indehiscent comprising 

nutlets or follicles. Seeds are with or without hairs and containing oily endosperm embryo with 

zigzag micropyle. 

1.3 Importance of family Malvaceae 

Family Malvaceae includes various economically important species. The species of Malvaceae 

are used as food, fodder, fibre, timber, ornamental, and medicines. A brief overview about the 

importance of family Malvaceae is provided below.  

1.3.1 Fibre 

Cotton is the most important crop and obtained from the four species of Gossypium including 

Gossypium arboreum, Gossypium barbadense, Gossypium herbaceum, and Gossypium 

hirsutum (Hinsley, 2008). According to report of Statista of 2017/2018, 6.21 million metric 

tons of cotton was produced (Statista, 2018; accessed 17 May 2019). Other fibre producing 

species of Malvaceae include Jute and Kenaf: Jute including species are Corchorus olitorius 

and Corchorus capsularis whereas Kenaf includes Hibiscus cannabinus. According to Food 

and Agriculture organization (FAO), the fibre produced from jute, kenaf and their allies were 

2.3 million tons in 2010 (FAO, 2010; accessed on 17 May 2019). Kapok is produced by 

Bombax ceiba and used for insulation purposes in textiles industry due to its waterproof 

property (Hinsley, 2008). 

1.3.2 Food  

Many species of family Malvaceae are used as food. Durian is the fruit of Durio zibethinus 

with unique taste and aroma and used in Southeast Asia, including Thailand, Malaysia, 

Indonesia and Philippines (Leontowicz et al., 2007).  This fruit is considered as ‘King of fruit’ 

(Voon et al., 2007). Cacao tree (Theobroma cacao) and Cupuassu tree (Theobroma 

grandiflorum) are the economically important and native to Brazil (Cuatrecasas, 1964). Cacao 

is grown in about  50 countries throughout the humid tropic regions (Motamayor et al., 2013) 

and their enclosed seeds within the pods (fruits) are used in cosmetics, confectionary, and in 

chocolate production (Litz, 2005). Cacao is also vital for the livelihood of 40-50 million people 

around the globe, including smallholder farmers (Foundation TWC, 

http://www.worldcocoafoundation.org/about-cocoa/, accessed on 16 September 2018). 

Cupuassu is used to prepare chocolate-like product (cupulate), ice cream, juices, yogurt, liquor, 

candy, desserts and domestic jellies and jams (Cavalcante, 1991). Okra is the fruit of  

http://www.worldcocoafoundation.org/about-cocoa/
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Abelmoschus esculentus and used as vegetable in various parts of the world (Lamont, 1999). 

Some historian reported the use of Okra as fruit in Egypt in 1216 A.D (Lamont, 1999).  Several 

other species are also used as food including Abelmoschus manihot and species of Corchorus 

and Malva as leafy vegetables (Hinsley, 2008). The vegetable oil is also produced as by-

product from cotton and kenaf when processed for fibre production (Hinsley, 2008).  

1.3.3 Horticulture 

The species of family Malvaceae have showy flowers and about 100 species are used in 

horticulture (Hinsley, 2008). The popular genera of horticulture are Alcea and Hibiscus (Bayer 

and Kubitzki, 2003). Species of Alcea, commonly known as hollyhocks, are used in horticulture 

including Alcea ficifolia (Fig-Leaved Hollyhock), Alcea rugosa (Hairy Hollyhock) and Alcea 

rosea (Common Hollyhock). Many cultivars of Alcea rosea are available in different colours 

from white to black whereas pattern of flowers varies from single petal to double petals 

(https://www.tropicos.org/, accessed on 17 May 2019). Species of Hibiscus that are widely 

used in horticulture including Hibiscus mutabilis (Confederate Rose), Hibiscus rosa-sinensis 

(tropical Hibiscus or china rose), Hibiscus syriacus (Rose of Sharon), Hibiscus moscheutos 

(Swamp Mallow), and Hibiscus trionum (flower of an hour), Hibiscus subdariffa (Roselle, also 

used as food) (Pfeil and Crisp, 2005). Some other species that are used in horticulture include 

Malva moschata and Lavatera trimestris (Hinsley, 2008).  

1.3.4 Medicinal properties 

Family Malvaceae contains many medicinally important genera and species. The species of 

genus Malva include Malva parviflora, Malva neglecta, and Malva sylvestris has been reported 

with extensive medicinal properties including anti-diabetic, anti-oxidant, anti-inflammatory, 

free radical scavenger, metal chelating, and burn healing (Akbar et al., 2014; Dalar et al., 2012; 

DellaGreca et al., 2009; Prudente et al., 2013; Razavi et al., 2011; Shale et al., 2005). Some 

genera of subfamily Sterculioideae contain species with a broad range of medicinal activities. 

For instance, anti-cancer, anti-diabetic, anti-bacterial, anti-hypertensive, anti-constipation, 

anti-inflammatory, and wound healing properties have been reported (Al Muqarrabun and 

Ahmat, 2015). The species of genus Sterculia showed cytotoxic and anti-microbial activities 

(Atakpama et al., 2015; Nanadagopalan et al., 2015; Vital et al., 2010) whereas the species of 

genus Firmiana showed antimicrobial (Ajaib et al., 2014), anti-inflammatory (Lim et al., 

2017), anti-cancer (Woo et al., 2015), neuroprotective (Lim et al., 2017), and hepatoprotective 

properties (Kim et al., 2015). Firmiana colorata is used for the intestinal dysfunction in some 

tribes of Bangladesh (Azam et al., 2013). Moreover, the species of Firmiana are also used for 

the caffeine containing teas (Bayer and Kubitzki, 2003). Many species of Hibiscus, the genus 

https://www.tropicos.org/
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of tribe Hibisceae and subfamily Malvoideae have been shown to possess broad curative 

activities including anti-fungal, anti-bacterial (Vasudeva and Sharma, 2008), anti-viral 

(Baatartsogt et al., 2016), anticancer, and apoptosis inducing properties (Alam et al., 2018; 

Goldberg et al., 2017). In some cases, species of the genus Hibiscus also showed activity 

against hypertension, inflammation, hyperlipidemia, obesity, and anaemia (Riaz and Chopra, 

2018; Shen et al., 2017). The Malvastrum coromandelianum also belonging to subfamily 

Malvoideae, possesses hypoglycaemic, analgesic, anti-inflammatory, anti-nociceptive, and 

anti-bacterial activities (Khonsung et al., 2006; Sittiwet et al., 2008).  

1.4 Taxonomic position of family Malvaceae  

Several previous studies focussed on taxonomical classification of family Malvaceae. Due to 

plastic morphology, different taxonomic classifications of Malvaceae were suggested in 

different classification systems. The former Malvaceae (recent Malvoideae) sensu stricto (s.s) 

was combined with different families and different classification for Malvaceae s.s was 

suggested (Table 1.1).   

Table 1.1 Families combined with Malvaceae s.s under different classification systems 

System (Cronquist, 

1981, 1988) 

(Dahlgren, 1983) (Thorne, 1992) (Takhtadzhian 

and Takhtajan, 

1997) 

(APG, 1998, 

2003)  

Families Malvaceae 

Sterculiaceae 

Tiliaceae 

Bombacaceae 

Lecythidaceae 

Elaeocarpaceae 

Malvaceae 

Tiliaceae 

Sterculiaceae 

Bombacaceae 

Cistaceae 

Cochlospermaceae  

Huaceae 

Spherosepalaceae 

Sacrolaenaceae 

Dipterocarpaceae 

Plagiopteraceae 

Bixaceae 

Malvaceae 

Sterculiaceae 

Bombacaceae 

Tiliaceae 

Diegodendraceae 

Dipterocarpaceae 

Gonystylaceae 

Sphaerosepalaceae 

Monotaceae 

Cistaceae 

Cochlospermaceae 

Sarcolaenaceae 

Thymelaeaceae 

Huaceae 

Plagiopteraceae 

Bixaceae 

Malvaceae 

Bombacaceae 

Sterculiaceae 

Tiliaceae 

Dipterocarpaceae 

Sarcolaenaceae 

Diegodendraceae 

Plagiopteraceae 

Monotaceae 

Huaceae 

Sphaerosepalacea 

Malvaceae 

Bombacaceae 

Sterculiaceae 

Tiliaceae 

(The data for table 1.1 was taken from Taia 2009) 

The closely related families including Tiliaceae, Sterculiaceae, Bombacaceae, and Malvaceae 

s.s have been merged into an extended family Malvaceae s.l. Different studies revealed 

monophyletic position of these four families as compared to paraphyletic position of the former 
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families (APG, 2003, 1998; Bayer et al., 1999). Characters shared by family Malvaceae include 

trichomatous nectaries, valvate sepal aestivation (Vogel 2000), tile cells, and a common basic 

inflorescence structure (Bayer et al., 1999). Other features that were used to illustrate the 

alliance are stratified phloem strands with triangular rays, mucilage cavities, cyclopropanoid 

acids, stellate hairs, and seed coats with exotegmic palisades (Bayer and Kubitzki, 2003). 

Family Malvaceae s.l has been subdivided into nine subfamilies by phylogenetic analysis that 

was based on chloroplast genome sequences of atpB and rbcL (Bayer et al., 1999). The similar 

classification was also suggested based on chloroplast genome sequence of ndhF (Alverson et 

al., 1999). The nine subfamilies that were suggested within family Malvaceae include: 

Bombacoideae (traditionally was considered as family Bombacaceae), Brownlowioideae 

(including species from traditional family Tiliaceae), Byttnerioideae (includes species from 

traditional family Sterculiaceae), Dombeyoideae (members of this family previously belonged 

to family Sterculiaceae), Grewioideae (includes species of Tiliaceae), Helicteroideae (includes 

species of tribes Helictereae and Durioneae of families Sterculiaceae and Bombacaceae, 

respectively), Malvoideae (traditionally known as family Malvaceae s.s), Sterculioideae 

(traditionally known as family Sterculiaceae), and Tilioideae (includes species of traditional 

family Tiliaceae) (Bayer et al., 1999; Bayer and Kubitzki, 2003; Taia, 2009). This broad 

circumscription of family Malvaceae is considered (Cronquist, 1988) as core Malvales. This 

classification has been accepted by various researchers (Baum et al., 2004; Bayer and Kubitzki, 

2003; Carvalho-Sobrinho et al., 2016; Duarte et al., 2011; Perveen et al., 2004; Tate et al., 

2005). However, some researchers suggested different classifications. For instance, Thorne 

(2000) considered Bombacaceae and Sterculiaceae under Malvaceae s.l and Byttneriaceae and 

Tiliaceae (with some restrictions) as separate families. Hinsley (2006) suggested four 

alternative classifications of Malvaceae s.l (core Malvales) as follows. 

1. Tiliaceae, Sterculiaceae, Bombacaceae and Malvaceae s.s (core Malvales) to be considered 

as single family.  

2. To consider each of nine monophyletic clades as a separate family instead of subfamilies.  

3. The seven subfamilies including Bombacoideae, Byttnerioideae, Dombeyoideae, 

Helicteroideae, Malvoideae, Tilioideae, and Sterculioideae to be considered as separate family 

Malvaceae whereas remaining two families Brownlowioideae and Grewioideae as another 

family.  

4. If paraphyletic grouping is not ignored then 5 family classification is possible similar to 

traditional classification by adding Byttneriaceae with Tiliaceae, Sterculiaceae, Bombacaceae, 

and Malvaceae s.s but Tilia will be transferred to Grewiaceae from Tilioideae. 
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1.5 Nine subfamilies classification of family Malvaceae 

Certain taxonomic discrepancies exist in family Malvaceae but most of the researchers 

accepted classification of Malvaceae into 9 subfamilies (Baum et al., 2004; Bayer and 

Kubitzki, 2003; Carvalho-Sobrinho et al., 2016; Duarte et al., 2011; Perveen et al., 2004; Tate 

et al., 2005). Here, we will provide brief detail about each subfamily.  

1.5.1 Subfamily Bombacoideae 

This is the remainder of the Bombacaceae, after the inclusion of the tribes Durioneae in 

Helicteroideae and Matisieae in Malvoideae. This subfamily comprises of 17 genera and 160 

species in which 90% are distributed in the Neotropics (Carvalho-Sobrinho et al., 2016). 

Species of this subfamily are mostly  present in the form of large trees  or exceptionally in form 

of shrubs (Bayer and Kubitzki, 2003). The important genera that are included in this subfamily 

are Adansonia, Bombax, Pseudobombax, Pachira and Eriotheca (Bayer and Kubitzki, 2003). 

A new clade Malvatheca is comprised of Malvoideae and Bombacoideae (Nyffeler et al., 2005) 

which can lead to a new classification. Recently, Carvalho-Sobrinho et al. (2016) suggested  

three tribes in Bombacoideae that are Adansonieae, Bernoullieae, and Bombaceae by using 

molecular markers and morphological characters.  

1.5.2 Subfamily Brownlowioideae 

The monophyly of this subfamily is undisputed since its classification by Burret (1926) and 

was also confirmed in various molecular markers-based studies (Alverson et al., 1999; Bayer 

et al., 1999; Nyffeler et al., 2005). This subfamily comprises of 8 genera with up to 80 species 

including most of the species from the Old World (Nyffeler et al., 2005). Most of the species 

are present in the form of tall trees in South East Asia, whereas smaller trees are also present 

in drier forest including the African, Caribbean/Carpodiptera and the Asian forests (Bayer and 

Kubitzki, 2003). Some important genera including in this subfamily are Brownlowia, Berrya, 

Carpodiptera. Christiana, Diplodiscus, Jarandersonia and Pentace. 

1.5.3 Subfamily Byttnerioideae 

Subfamily Byttnerioideae comprises about 26 genera and 650 species (Bayer and Kubitzki, 

2003). This family is pantropical and most of the species exist in form of trees or shrubs 

whereas herbs are present occasionally (Barbara et al., 2001). Representative genera of this 

subfamily include Theobroma, Herrania, and Guazuma and exist in Neotropical forest whereas 

the Glossostemon exists in the form of perennial dessert herbs in North Africa (Bayer et al., 

1999; Bayer and Kubitzki, 2003). This subfamily contains 4 tribes that are Theobromateae, 

Byttnerieae, Lasiopetaleae, and Hermannieae (Alverson et al., 1999). The important genera are 
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Theobroma, Herrania, Glossostemon, Abroma, Scaphopetalum, Leptonychia, Byttneria, 

Guichenotia and Lasiopetalum.  

1.5.4 Subfamily Dombeyoideae 

Subfamily Dombeyoideae consists of about 20 genera and 350 species (Bayer and Kubitzki, 

2003). Dombeyoideae are primarily located in the Paleotropical regions of the world. The 

centres of diversity include Southeast Asia, Madagascar, and Mascarenes (Nyffeler et al., 

2005). This subfamily rarely includes herbs, mostly consists of shrubs and trees (Bayer and 

Kubitzki, 2003). The species of this family grow in xeric environmental conditions, gallery 

forests, and savannahs (Bayer and Kubitzki, 2003). The molecular studies confirmed the 

monophyletic position of this subfamily despite the morphological similarities with other 

subfamilies of Malvaceae (Alverson et al., 1999; Bayer et al., 1999). Some of the important 

genera that belongs to this subfamily are Dombeya, Harmsia, Melhania, Nesogordonia, 

Pterospermum, Schoutenia, and Sicrea (Alverson et al., 1999; Bayer et al., 1999; Bayer and 

Kubitzki, 2003; Nyffeler et al., 2005).  

1.5.5 Subfamily Grewioideae 

According to Bayer and Kubitzki (2003), this subfamily comprises 25 genera and up to 700 

species in tropical parts of the New and Old World. Some of its genera contain trees of medium 

size in humid forests of South East Asia (Colona), Africa and South East Asia (Microcos), only 

Africa (several genera), the Old and the New World (Trichospermum), or only the New World 

(Goethalsia and Mollia). Some exceptional genera prefer sub-arid habitats (Grewia). 

Corchorus is the well-known genus of this subfamily and two of its species including 

Corchorus olitorius and Corchorus capsularis are cultivated for jute production in tropical 

regions of the world.  

1.5.6 Subfamily Helicteroideae 

The subfamily Helicteroideae comprises about 12 genera and 130 species and mostly occupied 

tropical Australasia (Nyffeler et al., 2005). Some genera also extended into tropical Africa 

(Triplochiton and Mansonia) and the Neotropics (Helicteres and Reevesia) (Bayer and 

Kubitzki, 2003; Nyffeler et al., 2005). The monophyly of subfamily Helicteroideae is well-

supported in previous studies based on morphology and molecular markers of nuclear and 

chloroplast (Alverson et al., 1999; Bayer et al., 1999; Nyffeler et al., 2005).  

1.5.7 Subfamily Sterculioideae 

Sterculioideae consists of 12 genera and about 400 species (Nyffeler et al., 2005). This 

subfamily usually comprises apetalous tropical trees from the Old World with unisexual 
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flowers, and androgynophores are prominent in the variable range (Nyffeler et al., 2005). Some 

species tolerate aridity and develop swollen water-storing stems (e.g. the mostly Australian 

Brachychiton). Some of the important genera include Sterculia, Firmiana, Heritiera, Coloa, 

and Pterocymbium (Bayer and Kubitzki, 2003). Monophyly of this subfamily is well-supported 

by various molecular studies that support the existence of various unique morphological 

characters (Alverson et al., 1999; Bayer et al., 1999; Bayer and Kubitzki, 2003; Nyffeler et al., 

2005).  

1.5.8 Subfamily Tilioideae 

This is a small family comprised about 2-3 genera and 40-52 species (Bayer et al., 1999; Bayer 

and Kubitzki, 2003; Nyffeler et al., 2005). Here, discrepancies exist on the number of genera 

that belong to Tilioideae. Some studies based on chloroplast markers of atpB and rbcL showed 

that two genera Craigia and Tilia belong to Tilioideae (both include 40 species) while the genus 

Mortoniodendron (include 12 species) belongs to Brownlowioideae or Tilioideae but it lacks 

bootstrapping supports (Bayer et al., 1999; Bayer and Kubitzki, 2003). Others molecular 

studies used  molecular markers matK and ndhF along with internal transcribed sequences 

(ITS) that showed genus Mortoniodendron as sister group to genera Craigia and Tilia 

(Alverson et al., 1999; Judd and Manchester, 1997; Nyffeler et al., 2005). The distribution of 

these three genera is unusual in subfamily Tilioideae such as Mortoniodendron belongs to 

Central America, Craigia to China, and Tilia to America and Eurasia. 

1.5.9 Subfamily Malvoideae  

The subfamily Malvoideae is the largest subfamily in Malvaceae, comprising of 100 genera 

and 1,730 species (Bayer and Kubitzki, 2003). Species  of this subfamily are distributed in 

temperate to tropical regions around the globe, but majority of the species are present in the 

New World (Bayer and Kubitzki, 2003; Fryxell, 1997; Heywood, 1993; Watson, 1992). 

Species of this subfamily are herbs, shrubs and trees (Bayer and Kubitzki, 2003; Fryxell, 1997; 

Heywood, 1993). The genera including in this subfamily are Hibiscus, Gossypium, Malva, 

Malvastrum, Urena, Kokia, Abelmoschus, Talipariti etc. In the current study, we will also focus 

on the genus Hibiscus due to taxonomic discrepancies that exist in the genus.  

1.5.10 Two major clades of Malvaceae 

The nine subfamilies of Malvaceae are divided into two major clades that are Byttneriina and 

Malvadendrina (Alverson et al., 1999; Bayer and Kubitzki, 2003; Nyffeler et al., 2005). The 

Byttneriina clade is divided into two subclades that include subfamilies Grewioideae and 

Byttnerioideae whereas the Malvadendrina clade is divided into 6 subclades that include seven 
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subfamilies Brownlowioideae, Dombeyoideae, Helicteroideae, Bombacoideae, Malvoideae, 

Tilioideae and Sterculioideae (Alverson et al., 1999). The Bombacoideae and Malvoideae are 

combined in subclade Malvatheca. The complete detail is provided in Figure 1.1 (taken from 

the previous study of  Alverson et al. 1999).  

 

Figure 1.1 Phylogenetic relationship among the subfamily of Malvaceae 
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1.6 Genera of the family Malvaceae 

The family Malveae includes 244 genera (Xu and Deng, 2017). The wide distribution and 

plastic morphology lead to taxonomic discrepancies (Bayer and Kubitzki, 2003; Pfeil et al., 

2002; Tate et al., 2005). Certain taxonomic discrepancies exist at intra and inter-genus level 

classification of certain genera of family Malvaceae (Esteves, 2000; Patil et al., 2015; Pfeil et 

al., 2002; Pfeil and Crisp, 2005; Tate et al., 2005; Wilkie et al., 2006). Therefore, the use of 

new molecular markers were suggested for phylogeny inference (Patil et al., 2015; Small, 

2004; Tate et al., 2005; Wilkie et al., 2006). The use of lineage specific markers has been 

suggested for the phylogeny inference to resolve taxonomic discrepancies (Daniell et al., 

2016). The chloroplast genome polymorphism has been used in the studies of population 

genetics and phylogenetics (Ahmed, 2014; Henriquez et al., 2014; Zhai et al., 2019). The 

mutational hotspots have also been identified for designing of unique and robust markers for 

phylogeny inference of several genera (Cheon et al., 2019; Li et al., 2018; Yu et al., 2019, 

2017). Here, we will focus on the comparison of chloroplast genomes of three genera of the 

family Malvaceae which include Theobroma, Firmiana and Hibiscus.  

1.6.1 Genus Theobroma 

Genus Theobroma L. belongs to tribe Theobromeae and subfamily Byttnerioideae Burnett  of 

family Malvaceae (Purseglove, 1968). According to “The plant list” 

(http://www.theplantlist.org/: accessed 10 Jan 2019), Theobroma consists of 91 plants: 25 are 

accepted species, 51 are synonym, and 15 are unresolved. Theobroma cacao is considered 

among the first evolved species of Malvaceae and this genus lies basal to Malvaceae 

(Richardson et al., 2015). This evergreen crop is native of the South American rainforest 

(Bartley, 2005) with the centre of origin in the upper Amazon regions where the greatest 

diversity is observed (Bartley, 2005;  Zhang et al., 2011). Cacao tree (Theobroma cacao) and 

Cupuassu tree (Theobroma grandiflorum) are the economically important and native to Brazil 

(Cuatrecasas, 1964). Cacao is grown in up to 50 countries throughout the humid tropic region 

(Motamayor et al., 2013) and their enclosed seeds within the pods (fruits) are used in cosmetics, 

confectionary, and in chocolate production (Litz, 2005). Cacao is also vital for the livelihood 

of 40-50 million people in the whole world including smallholder farmer (Foundation TWC, 

http://www.worldcocoafoundation.org/about-cocoa/, accessed on 16 September 2018). 

Cupuassu is uses to prepare chocolate-like product (cupulate), ice cream, juices, yogurt, liquor, 

candy, desserts and domestic jellies and jams (Cavalcante, 1991). 

  

http://www.theplantlist.org/
http://www.worldcocoafoundation.org/about-cocoa/
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1.6.1.1 Genus Theobroma morphology  

The morphology of Theobroma has been described by Cuatrecasas (1964) and Bayer and 

Kubitzki (2003). Most of the species of genus Theobroma are trees with pseudo whorled 

plagiotropic branches. The leaves of the species are dimorphic, simple or weakly lobed, 

distichous on plagiotropic shoots, spiral on orthotropic, and exceptionally lack prominent basal 

veins. The inflorescences present in various forms from axillary to cauliflorous. The calyx split 

in 2-3 lobes and petals are deeply cucullate with apical appendage. The ovary is consisting of 

5 locular with numerous ovules whereas the stamens after fusing form 2-3 groups and 

originating a short tube with the prominent staminodes. Fruits are carnose to lignified/non-

lignified, indehiscent, and with many embedded seeds in the sweet endocarp pulp.  

1.6.1.2 Molecular based studies in genus Theobroma 

Several molecular studies evaluate genetic diversity, nuclear genome structure, domestication, 

phylogenetic, and ultra-barcoding of  Theobroma cacao and Theobroma grandiflorum (Alves 

et al., 2007; Kane et al., 2012; Richardson et al., 2015). However, none of the studies carried 

out detailed comparative analysis of chloroplast genome that can play a significant role in 

phylogeny to resolve taxonomic discrepancies. Kane et al. (2012) analysed chloroplast 

genomes of Theobroma for ultra-barcoding and suggested five barcoding regions but did not 

perform comparative chloroplast structure analysis. For instance, analyses of simple sequence 

repeats (SSRs), oligonucleotide repeats, putative RNA editing sites, codon usage, and amino 

acid frequency of the Theobroma, basal to Malvaceae, might be helpful to understand the 

evolutionary dynamics of family Malvaceae.  

1.6.2 Genus Firmiana 

Firmiana is a small genus that includes sixteen species in accepted state, whereas five species 

are categorised as unresolved (http://www.theplantlist.org/: accessed 29 December 2018). 

Firmiana genus includes deciduous trees (rarely shrubs) that are distributed in eastern Africa 

and eastern-south eastern Asia to Malaysia (Kostermans, 1957). Eight species of Firmiana 

inhabit China (Huang et al., 2011). Some species of Firmiana are cultivated for their beautiful 

shape and lovely flowers (Fan et al., 2013). With reference to medicinal perceptive, Firmiana 

species had shown antimicrobial (Ajaib et al., 2014), anti-inflammatory (Lim et al., 2017) and 

anti-cancer (Woo et al., 2015) properties. Some species also showed neuroprotective (Lim et 

al., 2017) and hepatoprotective effect (Kim et al., 2015). Firmiana colorata is used for the 

intestinal dysfunction in some tribes of Bangladesh (Azam et al., 2013). Moreover, the species 

of Firmiana are also used for the caffeine containing teas (Bayer and Kubitzki, 2003).  

http://www.theplantlist.org/
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1.6.2.1 Morphology of genus Firmiana 

The species of genus Firmiana are usually trees and rarely shrubs  with simple, often cordate 

or lobed leaves. The sepals are five in number with whitish, reddish, orange or green yellow 

petaloid (Kostermans, 1957). Androgynophore  is conspicuous with 10 or 15 stamens and 2-6 

ovulate with 5 carpels. Follicles are papery and usually open before maturity with flat boat-

shaped that disperse with seeds (Bayer and Kubitzki, 2003). The seeds are 2–6 situated on 

carpel margins with glabrous shape and abundant endosperms with straight embryo 

(Kostermans, 1957). Firmiana is categorised by distinguishing fruit that contains five stipitate 

follicles and up to 6 glabrous seeds that are present along the basal margins (Bayer and 

Kubitzki, 2003). Previously, this genus was included in the family Sterculiaceae but now this 

genus is included in subfamily Sterculioideae, after inclusion of the Sterculiaceae in the 

expanded Malvaceae s.l (Taia, 2009). 

1.6.2.2 Molecular studies in genus Firmiana 

Firmiana genus is ignored due to lack of efficient molecular markers (Fan et al., 2013), and up 

to the best of our knowledge, till date, only one study focused on Firmiana genus in which four 

species of Firmiana were evaluated based on microsatellite markers developed by 

transcriptome assembly (Fan et al., 2013). Another study based on de novo transcriptome 

assembly identified genes responsible for adaptation and protection of Firmiana species in 

various stresses (Chen et al., 2015). Recently, with the advancement of next-generation 

sequencing technology, the chloroplast genome sequence of Firmiana major (Ya et al., 2017) 

and Firmiana purlcherrima (Wang et al., 2017) was reported but phylogenetic position of 

Firmiana in the family was not determined. Previous phylogenetic analyses of subfamily 

Sterculioideae showed certain discrepancies in phylogenetic of certain clades (Wilkie et al., 

2006). Therefore, the authors suggested the use of new molecular markers for the accurate 

resolution of Sterculioideae phylogeny.  

1.6.3 Genus Hibiscus 

Hibiscus is one of the most diverse and widely distributed genera of family Malvaceae (Pfeil 

and Crisp, 2005). This genus is included in tribe Hibisceae of subfamily Malvoideae (Rizk and 

Soliman, 2014). The taxonomic revision of the different sections/part of a section of Hibiscus 

revealed that the number of species of Hibiscus range from 300 to 350 (Pfeil and Crisp, 2005). 

These studies include Malesian species (Waalkes, 1966), Bombicella (Fryxell, 1980), Mexican 

species (Fryxell, 1997), and section Furcaria (Wilson, 1999). Members of this genus are used 

in industries, horticulture, agriculture, food, and medicines (Akpan, 2000). Some other 



Chapter 1                                                           

Evolutionary dynamics and phylogeny of family Malvaceae                                                              13 

molecular based studies also focused on barcoding and resolving of phylogenetic relationships 

of Hibiscus, but these studies have been inconclusive (Koopman and Baum, 2008; Pfeil et al., 

2002; Poovitha et al., 2016; Small, 2004; Tate et al., 2005). Species of Hibiscus that are widely 

used in horticulture including Hibiscus mutabilis (Confederate Rose), Hibiscus rosa-sinensis 

(tropical hibiscus or china rose), Hibiscus syriacus (Rose of Sharon), Hibiscus moscheutos 

(swamp mallow), and Hibiscus trionum (flower of an hour), Hibiscus subdariffa (roselle, also 

used as food) (Pfeil and Crisp, 2005). The species of high medicinal values of Hibiscus include 

H. cannabinus, H. elatus, H. macaranthus, H. taiwanensis, H. vitifolius, H. rosa-sinensis, H. 

syriacus, and H. subdariffa etc (Vasudeva and Sharma, 2008).  These species have been shown 

to possess broad curative activities including anti-bacterial, anti-fungal (Vasudeva and Sharma, 

2008) and anti-viral activities (Baatartsogt et al., 2016). Moreover, species of the genus 

Hibiscus also showed activity against hypertension, inflammation, hyperlipidemia, obesity and 

anaemia (Riaz and Chopra, 2018; Shen et al., 2017). Anticancer and apoptosis-inducing 

properties of Hibiscus have been also reported (Alam et al., 2018; Goldberg et al., 2017). 

1.6.3.1 Morphology of Genus Hibiscus 

Species of the genus Hibiscus are herbs, subshrubs, shrubs or trees and distributed in tropical 

to temperate regions of the world (Ayanbamiji et al., 2012). Number of morphological 

characters have been provided for Hibiscus by Bayer and Kubitzki (2003). Leaves are simple 

or sometimes parted or lobed, dentate or less commonly subentire, sometimes with abaxial 

foliar nectaries. The flowers are usually solitary or rarely fasciculate with long or short pedicle. 

If present in fasciculate form, then rarely aggregated apically. The epicalyx contains bracts (3–

)8–10(–20), distinct or basally connate, rarely suppressed; calyx 5-lobed; petals sometimes 

large and showy with numerous anthers; branches of stylar are 5 in number, distally free and 

having capitate stigmas. Capsules are oblong or ovoid, 5-locular with several seeds, glabrescent 

to hirsute. According to Linnaeus (1753), the genus Hibiscus includes all the capsular-fruited 

mallows. 

1.6.3.2 Plasticity in morphology of Hibiscus 

Hibiscus shows a high level of plastic morphology, share ‘branching style’ and ‘gossypol 

synthesis absence’ with Decaschistieae, Malvavisceae, and Malveae; ‘staminal column 

covered by five teeth’, ‘carpel number’ and ‘style branch number’ are matching with 

Decaschistieae, Gossypieae and Malveae (Fryxell, 1997; Sivarajan and Pradeep, 1996). 

Therefore, this genus is regularly questioned with various genera often included or excluded. 

Moreover, the inter-genus classification has been unstable despite the existence of some 
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cohesive groups and present identical problems to the revisionary taxonomists (Pfeil et al., 

2002).  

1.6.3.3 Sections and segregates of Hibiscus 

The genus Hibiscus has been divided into sections based on flowers and fruits characters. The 

group of species that showed distinct characters of flowers and fruits were segregated from 

Hibiscus and placed in other genera or as new genera (Hinsley, 2009) such as Hibiscus 

populneus is placed in genus Thespesia which is closely related to Gossypium with name 

Thespesia populnea. Some genera are placed from the start of classification in other genera, 

but molecular studies revealed their placement in Hibiscus (Koopman and Baum, 2008; Pfeil 

et al., 2002; Pfeil and Crisp, 2005). The classifications of sections are not accepted at universal 

level due to absence of recent treatment at molecular level. The recognised sections vary in 

nature, from species-rich groups like Furcaria, to diverse groups like Ketmia, and to small 

closely knit groups such as Muenchhusia (the North American rose-mallows) (Hinsley, 2009). 

The classification of these sections is questionable and therefore the views of researchers are 

different in this regard. Some other sections of Hibiscus have been suggested other than 

mentioned above including Calyphylli, Lilibiscus, Spatula, Muenchhusia, Venusti, Striati, and 

Trionum (Hinsley, 2009).  

1.6.3.4 Inter-genus and intra-genus taxonomic discrepancies in Hibiscus 

The inter and intra-genus classification of Hibiscus is also inconclusive, and many researchers 

presented different views regarding the classification of Hibiscus. The Fioria has been 

considered separate genus by Sivarajan and Pradeep (1996) but not by Waalkes (1966) and 

Thulin (1999). The section Azanzae of Hibiscus were recognized as section (Hochreutiner, 

1900; Waalkes, 1966). However, its segregation from genus Hibiscus and inclusion in genus 

Talipariti was also suggested (Craven et al., 2003). The intra-generic classification of Hibiscus 

has been unstable despite the existence of some cohesive groups.  The composition of sections 

has been controversial due to which different opinions have been present regarding its 

classification and inclusion and removal of some species. The splitting of Hibiscus section 

Trionum was suggested into sections Striati, Muenchhusia, Clypeati, Venusti, and Trionum s.s 

(Joseph, 1977) but the section Trionum was also accepted previously (Fryxell, 1980). 

Furthermore, the merging of Hibiscus section Trichospermum was suggested within Hibiscus 

section Ketmia (Waalkes, 1966). These taxonomic discrepancies arise due to plastic 

morphology. Hence, due to this reason the taxonomic classification of the genus Hibiscus based 

on morphological characters can not be helpful (Pfeil et al., 2002). 

http://www.malvaceae.info/Genera/Hibiscus/Lilibiscus.php
http://www.malvaceae.info/Genera/Hibiscus/Muenchhusia.php
http://www.malvaceae.info/Genera/Hibiscus/Venusti.php
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1.6.3.5 Molecular based studies of genus Hibiscus 

Previously, the taxonomic classification of Hibiscus was done based on morphological 

characters that influenced by environmental factors (Vinutha et al., 2015). The genus Hibiscus 

is a large group that can not be defined by unique morphological characteristics and can lead 

to discrepancies (Pfeil et al., 2002). Moreover, a recent study based on pollen morphology also 

suggested that pollen morphology could not be only used for taxonomic grouping of Hibiscus 

(Bae et al., 2015). Hence, a study based on authentic and effective molecular markers is needed 

for resolving of phylogeny in genus Hibiscus.  

Some researchers used molecular markers to resolve taxonomic discrepancies and elucidate 

phylogeny of genus Hibiscus (Koopman and Baum, 2008; Pfeil et al., 2002; Poovitha et al., 

2016; Small, 2004) but these studies have been inconclusive. Pfeil et al. (2002) used chloroplast 

genome sequences of ndhF and rpl16 intron to describe the phylogeny of tribe Hibisceae and 

the genus Hibiscus with the aim to achieve a monophyletic position of genus Hibiscus. 

However, expected results were not achieved and many segregated genera from Hibiscus were 

embedded within its phylogenetic tree, i.e. Fioria and Abelmoschus. Moreover, some members 

of tribes Decaschistieae and Malvavisceae were also embedded within Hibiscus. Small (2004) 

used nuclear ribosomal internal transcribed sequences (ITS), non-coding part of chloroplast 

DNA (rpl16 intron), and a nuclear coding gene granule-bound starch synthase (GBSSI) but 

insufficiently resolved the phylogeny of Hibiscus. Therefore, the author suggested additional 

data source beyond the commonly used markers.  

The Pfeil and Crisp (2005) further advanced the previous studies by using the molecular 

markers of chloroplast matK and nuclear rpb2 and gave different suggestions for resolution of 

taxonomic discrepancies. 

1. The inclusion of all embedded genera into the genus Hibiscus. 

2. The splitting of Hibiscus into different small genera.  

3. All the species which were embedded in the phylogeny of genus Hibiscus should be placed 

in the respective genera and the genus Hibiscus should be considered as paraphyletic in nature.  

According to Hinsley (2009), all the embedded genera should be included in the Hibiscus, and 

by doing this the number of species of Hibiscus will be raised to about 500. Poovitha et al. 

(2016) used rbcL, matK, ITS, and trnH-psbA to find best suitable loci for barcoding. They 

included sixteen species from nine sections of Hibiscus and revealed that Trichospermum and 

Bombicella were not monophyletic. Moreover, the discrimination power of these markers was 

also compromised and could not resolve Hibiscus platanifolius of section Spatula and Hibiscus 
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lunariifolius of section Trichospermum with the combination of all these markers. These all 

studies revealed the need of new molecular tools as also suggested by the Small (2004).  

1.7 General features of chloroplast genome 

The chloroplast is a self-replicating organelle which plays a vital role in photosynthesis 

(Cooper, 2000). This fundamental organelle in plants sustained life on earth by converting light 

energy into chemical energy in the form of carbohydrates (Daniell et al., 2016). Despite its role 

in photosynthesis, chloroplast also participates in various important biochemical reactions 

including synthesis of nucleotides, amino acids, fatty acids, vitamins and phytohormones 

(Daniell et al., 2016). Chloroplasts are inherited from one parent, maternally in most 

angiosperm species (Daniell, 2007) but paternally in some gymnosperms (Neale and Sederoff, 

1989) as compared to the nuclear genome. Furthermore, chloroplast genome lacks meiotic 

recombination similar to the nuclear genome which takes place between homologues 

chromosomes (Palmer, 1985). Due to these properties, chloroplast genome polymorphism has 

been used for resolving of phylogenetic relationships and taxonomic discrepancies (Daniell et 

al., 2016), species barcoding (Nguyen et al., 2017), population genetics (Ahmed, 2014), 

endangered species conservation (Zhao et al., 2018), enhancement of breeding (Wambugu et 

al., 2015) and in transplastomic studies (Lössl and Waheed, 2011).  

1.8 Chloroplast genome structure 

The chloroplast is a double membrane bound organelle and contains its double strand DNA 

(Palmer, 1985) in up to 107 kb to 218 kb in size (Daniell et al., 2016). The chloroplast genome 

is usually circular  but there are reports about the existence of chloroplast genome in linear 

form (Daniell et al., 2016). The chloroplast genome is mostly a quadripartite, consisting of one 

large single copy (LSC), one small single copy (SSC) and two inverted repeat (IRa and IRb) 

regions (Palmer, 1985). One copy of inverted repeats has been lost in some species, making 

entire genome as single copy (Wu et al., 2011). The contraction and expansion of the inverted 

repeats are also considered an important phenomena and leads to duplication of complete gene 

or generation of pseudogene due to which number of genes sometime varies within the species 

of similar lineages (Menezes et al., 2018). Many mutational events occur within chloroplast 

genomes such as structural rearrangements, insertions and deletions (InDels), inversions, 

translocations and copy number variations (CNVs) (Jheng et al., 2012). Chloroplast genome is 

considered prokaryotic which lost many genes in the course of evolution (Krupinska et al., 

2013). Chloroplast genome of majority of plant species consists of about 120 conserved genes 

including transfer RNAs (tRNA), ribosomal RNAs (rRNA) and protein-coding genes (Daniell 

et al., 2016). Several recent studies have identified that intergenic spacer regions are the most 
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polymorphic regions within the chloroplast genome (Chen et al., 2018; Choi et al., 2016; 

Menezes et al., 2018; Zhang et al., 2016).  

Introns within the genes are also conserved like the number and types of genes in chloroplast 

genome (Daniell et al., 2016). However, loss of introns is also observed in many species of 

angiosperms (monocot and eudicot) and gymnosperms (Downie et al., 1991; Jansen et al., 

2007). Recent studies reported intron loss in Astragalus membranaceus (Lei et al., 2016), 

Lagerstroemia fauriei (Gu et al., 2016) and Lonicera japonica (He et al., 2017). The protein-

coding genes in which loss of intron/introns is/are reported include an RNA polymerase 

(rpoC2), ATP synthase (atpF), ribosomal proteins (rpl2, rps12, and rps16), and a clp protease 

(clpP) (Downie et al., 1991; Gu et al., 2016; He et al., 2017; Jansen et al., 2007; Lei et al., 

2016). 

1.9 Polymorphism in chloroplast genome sequences 

Polymorphisms in chloroplast genome are used for analysing deep divergence (at genus and 

family level) to study population genetics for inferring of phylogeny and domestication of plant 

lineages (Ahmed, 2014; Ahmed et al., 2013; Amiryousefi et al., 2018; Henriquez et al., 2014; 

Jansen et al., 2007; Menezes et al., 2018; Pfeil et al., 2002). The earlier studies of phylogeny 

inferring used partial sequences of the chloroplast genome for the resolution of phylogenetic 

relationships both at genus and family level (Alverson et al., 1999; Baum et al., 2004; Pfeil et 

al., 2002). The use of multiple sequences in phylogeny can provide sufficient information for 

the inferring of phylogeny (Ahmed, 2014). However, previously available information was not 

enough to develop authentic and cost-effective markers to resolve taxonomic discrepancies of 

closely related taxa or taxa with complex taxonomy (Daniell et al., 2016). Now, the availability 

of complete chloroplast genome sequencing provides us the opportunity to identify suitable 

loci for the development of authentic and cost-effective markers. Previously, Ahmed (2014) 

identified suitable loci by comparing two morphotypes of Colocasia esculenta and developed 

suitable markers for the study of population genetics and domestication of Colocasia esculenta. 

So, the polymorphism of chloroplast genome sequences can be used for the identification of 

cultivars and domestication studies. The determination of phylogenetic relationship among the 

domesticated species and their wild species is also important for the enhancement of breeding 

and chloroplast genome polymorphism can be helpful for the identification of compatible wild 

relatives for the transferring of desired genes through breeding (Daniell et al., 2016). 

1.10 Adaptive evolution and domestication 

The information of chloroplast genome sequence is important for understanding the adaptive 

evolution and domestication of plant species (Daniell et al., 2016; Menezes et al., 2018). The 
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chloroplast genome structure of many species of legumes and Citrus sheds light on the 

domestication of these species with the interesting genome rearrangements and inversions.  

The chloroplast genome of legumes is interesting due to multiple rearrangements including 

inversions of large inverted segments and loss of inverted repeats (Palmer et al., 1988). For 

instance, a 51 kb inversion was reported in soybean (Glycine max) (Saski et al., 2005) and other 

species of the subfamily Papilionoideae, family Fabaceae (Cai et al., 2008; Magee et al., 2010; 

Sabir et al., 2014; Sherman-Broyles et al., 2014); A 78 kb inversion was  confirmed in 

Phaseolus and Vigna (Guo et al., 2007; Tangphatsornruang et al., 2010). Moreover, In the 51 

kb inversion of soybean, 36 kb (Martin et al., 2014) and 5.6 kb (Kazakoff et al., 2012) 

inversions were also reported. The regions with these inversions contain many important genes, 

but none of the gene was disturbed due to the rearrangement of the chloroplast genome nor any 

adverse effect was noted on the survival of the species, which revealed the role of these 

inversions in adaptation of the species (Daniell et al., 2016). These unique characteristics are 

useful in inferring of phylogeny (Schwarz et al., 2015) as well as in chloroplast transformation 

of legumes (Daniell et al., 2016). The insight into the chloroplast genome structure might be 

helpful for designing of suitable primers to amplify these sequences for further domestication 

and phylogenetic analysis. 

Citrus is a genus of commercially important fruits. The chloroplast genome of first species of 

Citrus, sweet orange (Citrus sinensis), was published in 2006 (Bausher et al., 2006) which 

provided basis for further research. Phylogenetic analysis of the 28 species of Citrus and 6 

species of Citrus-related genera based on chloroplast genome revealed their origination from a 

common ancestor (Carbonell-Caballero et al., 2015; Caspermeyer, 2015). The high rates of 

substitutions and InDels were observed in four genes (ccsA, matK, ndhF, and ycf1) of these 

species as compared to average that revealed existence of positive selection pressure on these 

genes. The sequence of matK gene is often used for inferring of phylogeny and encodes protein 

maturase that is involved in splicing of type II introns (Carbonell-Caballero et al., 2015). The 

positive selection of matK in the 30 species of Citrus and the other related plants group 

indicated its role in the stresses that are faced by plants in different ecological niches (Chen 

and Xiao, 2010). The ndhF gene encodes a subunit of the chloroplast NAD(P)H dehydrogenase 

(NDH) complex. The NDH monomers of chloroplast genome are sensitive to high light stress. 

Hence, observation suggests the role of ndhF gene in the acclimation of stress (Peng et al., 

2011). Some other studies also relate the ycf1 gene with the stresses and linked positive 

selection pressure of matK, ndhF, and ycf1 to adaptation of species of hot and dry climate 

(Carbonell-Caballero et al., 2015; Caspermeyer, 2015). 
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1.11 Transfer of chloroplast genes to nuclear or mitochondrial genomes and vice versa 

Plant cell contains three distinct genomes: nuclear, mitochondrial and plastid. Mitochondria 

are believed to evolve from a single endosymbiotic event by the uptake of a proteobacterium 

whereas chloroplast evolved from endosymbiosis of a cyanobacterium after which there was a 

massive transfer of genes from the chloroplast to the nucleus (Timmis et al., 2004). The 

translation system varies for these three genomes of plants. Many nuclear encoded genes are 

translated in cytosol and the protein product is then transported to various other organelles for 

functions including chloroplast (Li and Chiu, 2010). The protein encoded by chloroplast are 

directly synthesized within the chloroplast (Daniell et al., 2016). Multi-subunit functional 

protein complexes that are involved in photosynthesis or protein synthesis are also assembled 

within chloroplasts (Daniell et al., 2016). The gene content is mostly conserved in the 

chloroplast genome of angiosperm species (Barrett et al., 2014; Kim et al., 2018) but missing 

of some protein coding genes are also reported (Jansen et al., 2007). However, further studies 

revealed transfer of these genes to the nuclear or mitochondrial genome. This transferring 

provides valuable information for evolutionary studies and phylogenetic analyses and can be 

identified by analyses of complete chloroplast genome sequences (Daniell et al., 2016). The 

infA (translation initiation factor 1) of the chloroplast is a homolog of the infA gene of 

Escherichia coli (Cummings and Hershey, 1994; Millen et al., 2001). This gene initiates 

translation along two nuclear encoded initiation factors to mediate interactions between 

mRNA, ribosomes, and initiator tRNA-Met (Millen et al., 2001). The loss of infA gene has 

been reported from the chloroplast genome of many angiosperms during the course of evolution 

(Daniell et al., 2016; Millen et al., 2001). Furthermore, in many angiosperms’ species the infA 

gene has been encoded by the nuclear genome include soybean (Glycine max), tomato 

(Solanum lycopersicum), Arabidopsis thaliana, and ice plant (Mesembryanthemum 

crystallinum) (Millen et al., 2001). The transfer of essential gene rpl22 was reported from the 

chloroplast genome into the nuclear genome in 57 species of 26 genera (Gantt et al., 1991; 

Jansen et al., 2011). The nuclear encoded rpl22 also contains a transit peptide which is used 

for delivery of this protein from the cytosol of cell to the chloroplast. The transfer of rpl32 gene 

is also reported into the nuclear genome (Cusack and Wolfe, 2007; Park et al., 2015; Ueda et 

al., 2007). The ndh subunits are involved in photosynthesis and mediate cyclic electron 

transport chain (Peltier and Cournac, 2002). These subunits are encoded by 11 ndh genes in 

chloroplast genome but the lack of functional copies of these essential genes was also reported 

in some plant species (Braukmann et al., 2009; Chris Blazier et al., 2011; McCoy et al., 2008; 

Pan et al., 2012; Sanderson et al., 2015; Shahinnia and Sayed-Tabatabaei, 2009; Wakasugi et 

al., 1994; Weng et al., 2014; Wu et al., 2010; Yang et al., 2013), which supports the existence 
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of functional copies of these genes in nuclear or mitochondrial genome. In the genome of 

Orchid, deletion of the entire ndhH gene family has been reported instead of single gene (Lin 

et al., 2015). Furthermore, DNA fragments of the some Orchid ndh genes were identified in 

the mitochondrial genome in form of pseudogene (Lin et al., 2015). However, the observance 

of normal photosynthesis along with production of carbohydrate in these species revealed the 

transferring of these genes to other genomes in functional form (Burrows, 1998; Kofer et al., 

1998; Lin et al., 2015; Ruhlman et al., 2015; Shikanai et al., 1998; Takabayashi et al., 2002). 

The deletion of many other genes from chloroplast genome and its transferring to nuclear or 

mitochondrial genome was also reported in plant species include accD, psaI, rpl20, rpl23, 

rpl33, rps16, rpoA, and, ycf1, ycf2, and ycf4 (Daniell et al., 2016). Despite transferring of genes 

from the chloroplast genome to nuclear and mitochondrial genomes, the transferring of the 

gene of mitochondria or part of DNA of nuclear genome was also reported to the chloroplast 

genome (Ma et al., 2015; Smith, 2014; Wysocki et al., 2015).  

1.12 Role of chloroplast genome in phylogenetic studies 

The chloroplast genome has appropriate polymorphisms, lack meiotic recombination, and 

exhibits uniparental inheritance (Daniell, 2007; Palmer, 1985) which make it a valuable tool 

for inferring of phylogeny from population genetic to deep divergence (Ahmed et al., 2013; 

Henriquez et al., 2014; Nguyen et al., 2018). Previously, complete gene or some part of gene 

or non-coding part of chloroplast genome was employed to infer phylogeny (Alverson et al., 

1999; Koopman and Baum, 2008; Tr et al., 2016). The advancement of Next Generation 

Sequencing (NGS) technology makes it feasible to study the evolutionary dynamics of 

complete chloroplast genome, polyploidy events, domestication, phylogeny and development 

of conservation strategies. The Gossypium species have complex genome and comprise 8 

genome groups from A to G, and K but their evolutionary dynamics, domestication, polyploidy 

events, and phylogeny were successfully analysed based on complete chloroplast genome in 

recent years (Chen et al., 2017; Z. Chen et al., 2016; Wu et al., 2018; Xu et al., 2012). The 

high resolution phylogeny tree of order Bryopsidales based on complete chloroplast genome 

sequences provided new insight into the evolution of many families of the Bryopsidales and 

new classification was proposed for families Rhipiliaceae, Udoteaceae, and Pseudocodiaceae 

(Cremen et al., 2019). The Dipteronia and Acer are two sister genera of the family 

Sapindaceae, but their phylogenetic position was not confirmed. The phylogenetic analyses 

based on complete chloroplast genome data not only resolved the phylogeny of these two 

genera but also identified Dipteronia species among the East Asian flora (Feng et al., 2019). 

Family Ranunculaceae is considered among the early diverging eudicots and consists of 14 
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tribes from which the phylogeny of 11 tribes were controversial (Zhai et al., 2019). The 

phylogenetic analyses of 35 species from 31 genera of 14 tribes, based on complete  chloroplast 

genomes, resolved the discrepancies in phylogeny and revealed the unsuitability of the 

previously used morphological characters for phylogeny due to parallel, convergent or even 

reversal evolution (Zhai et al., 2019).  

Certain taxonomic discrepancies also exist at genus level. Due to advancement of NGS 

technology, many researchers follow a new approach and identify mutational hotspots for the 

development of suitable markers to resolve taxonomic discrepancies by comparison of 

complete chloroplast genomes. Li et al. (2018) compared seven species of Fritillaria and 

suggested mutational hotspots for the development of suitable markers to resolve phylogeny 

of the genus Fritillaria. Cheon et al. (2019) made comparison of four species of Violaceae and 

suggested polymorphic loci for development of authentic and robust molecular markers for the 

resolution of phylogeny. Menezes et al. (2018) compared two species of genus Byrsonima of 

family Malphigeaceae and suggested mutational hotspots for resolution of taxonomic and 

phylogenetic relationships at genus level as well as at family level. The similar approach was 

also used in several other studies (Bi et al., 2018; Choi et al., 2016; Yu et al., 2017). Here, we 

were also interested in the identification of mutational hotspots by comparing species of genera 

Theobroma, Firmiana and Hibiscus to provide a basis for the development of suitable markers 

to resolve taxonomic discrepancies at genus and/or family level. 

1.13 Repeats in chloroplast genome 

Repeats are present in chloroplast genome usually in the form of  oligonucleotide repeats and 

simple sequence repeats (Bi et al., 2018; Z. Chen et al., 2016; Menezes et al., 2018; Qian et 

al., 2013; Wu et al., 2018). The oligonucleotide repeats are usually present in four forms 

including forward, reverse, palindromic and complementary repeats, and are mostly evaluated 

with the minimum repeat size of 20-30 bp in the chloroplast genome (Asaf et al., 2018; Kurtz 

et al., 2001; Menezes et al., 2018; Yu et al., 2017). The role of moderate repeats 14-48 bp were 

suggested in the generation of InDels (Kawata et al., 1997) and inversions (Kim and Lee, 2005; 

Whitlock et al., 2010). Furthermore, based on statistical analyses, the oligonucleotide repeats 

were also suggested as proxy for identification of mutational hotspots (Ahmed et al., 2012). 

Simple sequence repeats (SSRs) are also present in the chloroplast genome. Recent studies of 

chloroplast genome revealed that mononucleotide SSRs are present mostly in 7-16 repeat units, 

dinucleotides in 4 repeat units, trinucleotide, tetranucleotide, pentanucleotide and 

hexanucleotide repeats are mostly present in 3 units. Moreover, the abundance of the repeats 

with composition of A/T having abundance due to the A/T rich chloroplast genome (Dong et 
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al., 2016; He et al., 2016; Ma, 2018; Menezes et al., 2018; Zhang et al., 2016). The SSRs of 

chloroplast genome are used for the studies of population genetics and barcoding of species 

and cultivars (Huang et al., 2018; Joh et al., 2017; Nguyen et al., 2018; Qiu et al., 2013). 

Therefore, different researchers identified and reported SSRs loci in chloroplast genome of 

various species (Curci et al., 2015; Huang et al., 2018; Liu et al., 2018; Qiu et al., 2013; Yu et 

al., 2017). The contraction and expansion of SSRs units are caused by slipped-strand 

mispairing during DNA replication (Levinson and Gutman, 1987).  

1.14 Comparisons of mutation rates among nuclear, mitochondrial and chloroplast 

genome 

Comparative studies of mutation rates among nuclear, chloroplast and mitochondrial DNA 

sequences revealed that rates of silent substitutions of mitochondrial DNA is less than one-

third of chloroplast DNA and the rate of evolution of mitochondrial DNA is half as compared 

to nuclear DNA (Wolfe et al., 1987). This might be due to slower rate of evolution in the 

mitochondrial DNA as compared to the chloroplast DNA (Wolfe et al., 1987). The rate of 

synonymous substitutions is  higher as compared to non-synonymous substitution in the protein 

coding sequences of chloroplast (Choi et al., 2016; Menezes et al., 2018). Furthermore, the 

higher substitution rate has been observed in non-coding sequences as compared to coding 

sequences that might be due to low selection pressure (Cai et al., 2015; Choi et al., 2016; 

Menezes et al., 2018; Saina et al., 2018a; Yang et al., 2016). Lineage directed fluctuations have 

also been described based on comparative analyses of chloroplast genomes (Guo et al., 2007). 

Studies showed reduction in the rate of evolution of chloroplast in dicots after monocots and 

dicot split and reduction in rate of evolution was  more noticeable at non-synonymous sites 

instead of synonymous (Wolfe et al., 1987). Many factors affect the mutation rates including: 

(i) how fast and accurately DNA repair machinery works, (ii) the fidelity of DNA replication; 

and (iii) intrinsic qualities of the nucleotides for being stable and their exposure and responses 

to mutagens. The overall correlation of these factors determines the rate of evolution 

throughout the genome (Baer et al., 2007). 

1.15 Hypotheses about the origination of mutations and their co-occurrence 

Certain hypotheses have been presented about the generation of mutational events in the 

genomes. The time reversible substitution model has been commonly considered as an 

authentic model for the study of evolution in the sequences of chloroplast genome in which 

mutational events occur independently at each site (Drouin et al., 2008). However, some 

studies revealed the complex process of evolution due to occurrence of non-random spatial 

patterns and lineage-specific substitutions (Gruenheit et al., 2008; Liò and Goldman, 1998; 
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Zhong et al., 2011). These studies revealed the significant limitation of the use of chloroplast 

genome sequences for phylogenetic analyses in deep divergence (Gruenheit et al., 2008). In 

comparative analyses of closely related taxa, these studies help to understand the dynamics of 

mutational events taking place in the polymorphic regions of the chloroplast genome (Ahmed 

et al., 2013; Choi et al., 2016; Li et al., 2018). 

Analyses of DNA sequences in prokaryotes and eukaryotes show co-occurrence of 

substitutions and InDels, and several hypotheses have been proposed for its explanation. The 

first hypothesis suggests that some regions are specifically pre-disposed for mutations in the 

form of substitutions and InDels “the regional difference hypothesis” (Hardison et al., 2003; 

Silva and Kondrashov, 2002). This hypothesis was suggested based on presence of higher rate 

of mutation in some regions of genome as compared to other regions. The second hypothesis 

suggests that large InDels induce substitutions during DNA repair process by recruiting error-

prone DNA polymerase (Tian et al., 2008; Zhu et al., 2009). This hypothesis was suggested 

based on the existence of substitutions close to the InDels regions. The third hypothesis 

emphasize that oligonucleotide repeats originate substitutions and InDels by arresting 

replication fork that leads to recruitment of error-prone DNA polymerase (McDonald et al., 

2011). This hypothesis was presented based on the comparative analyses of prokaryotic and 

eukaryotic genomes. In these analyses, McDonald et al. (2011) identified 2/3 of the InDels in 

close association with oligonucleotide repeats. The fourth hypothesis was proposed based on 

statistical analysis and revealed co-occurrence among substitutions, InDels and oligonucleotide 

repeats in chloroplast genomes among species of family Araceae of angiosperms (Ahmed et 

al., 2012) and genus Cephalotaxus of family Cephalotaxaceae, gymnosperms (Yi et al., 2013). 

This fourth hypothesis has since been verified in the limited number of species in monocot 

family Araceae (angiosperms) and family Cephalotaxaceae (gymnosperms).  

1.16 Status of complete chloroplast genome-based research in the family Malvaceae 

The deep comparison of chloroplast genome among the species of the family Malvaceae was 

not reported. Till date (13 November 2019), the intra-genus level comparative analyses in two 

genera were reported. The extensive comparative analyses of about 40 Gossypium species were 

performed and the chloroplast genome structure, polyploidy level, domestication, and 

evolution of repeats were elucidated in different studies (Chen et al., 2017; Z. Chen et al., 2016; 

Ibrahim et al., 2006; Lee et al., 2006; Wu et al., 2018; Xu et al., 2012). The comparative 

analyses among four species of the genus Tilia was performed and an insight was provided 

about the chloroplast genome structure and their phylogeny (Cai et al., 2015). The chloroplast 

genome characteristics of many other species were also reported  without detailed analyses 
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including Bombax ceiba (Gao et al., 2018), Durio zibethinus (Cheon et al., 2017), Heritiera 

parvifolia (Xin et al., 2018), Heritiera angustata (Zhao et al., 2018), Hibiscus syriacus (Kim 

et al., 2019; Kwon et al., 2016) Theobroma cacao (Jansen et al., 2011), Theobroma 

grandiflorum (Kane et al., 2012), Firmiana major (Ya et al., 2017), and Firmiana pulcherrima 

(Wang et al., 2017). Furthermore, the chloroplast genome of five other species are also 

available in GenBank of National Center for Biotechnology information (NCBI) including 

Talipariti hamabo (KR259988.1), Abelmoschus esculentus (KY635876.1), Firmiana simplex 

(MH671308.1), Althaea officinalis (KY085914) and Reevesia thyrsoidea (MH939148.1).  

This data revealed the need of comparative analyses of chloroplast genomes at family level. 

Hence, the detailed comparative analyses of chloroplast genomes along with some other 

species can provide insight into to the evolutionary dynamics of family Malvaceae. Our study 

will be helpful to understand the evolution and phylogeny of family Malvaceae. Furthermore, 

identification of suitable polymorphic loci for development of robust and cost-effective 

markers will provide a basis for the phylogeny inference and resolving of taxonomic 

discrepancies at genera and family levels.   

1.17 Aims and objectives 

The aims and objectives of the current research were to:  

• sequence and/or de novo assemble the complete chloroplast genomes of eight species for 

the enhancement of chloroplast genome resources of the family Malvaceae.   

• perform the comparative analyses of the chloroplast genome structure of the newly 

assembled and previously reported species to get insight into the evolutionary dynamics 

of chloroplast genome in the family Malvaceae. 

• determine the rate of evolution of protein coding genes based on the rate of synonymous 

and non-synonymous substitutions in the studied species of family Malvaceae. 

• evaluate correlations among substitutions, InDels and oligonucleotide repeats to 

understand the evolutionary relationships among these mutational events in the 

chloroplast genomes of family Malvaceae (eudicots). 

• infer phylogeny of the family Malvaceae by reconstruction of high resolutions tree based 

on complete chloroplast genome. 

• perform comparative analyses of three genera: Theobroma, Firmiana and Hibiscus to get 

insight into inter-genus and intra-genus level similarities and variations. 

• identify suitable polymorphic loci for the development of robust, authentic and cost-

effective markers to infer phylogeny and resolve taxonomic discrepancies at genus and 

family level. 
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2.1 Introduction 

The chloroplast is a self-replicating organelle which plays a vital role in photosynthesis 

(Cooper, 2000). Chloroplasts are inherited from single parent, maternally in most angiosperms 

species (Daniell, 2007). However, paternal inheritance in some gymnosperms is also reported 

(Neale and Sederoff, 1989). It is a double membrane bound organelle and contains its double 

stranded DNA in up to 107 kb to 218 kb in size. Chloroplast genome in majority of plant species 

consists of about 120 genes including transfer RNA (tRNA), ribosomal RNA (rRNA), and 

protein-coding genes (Daniell et al., 2016). The chloroplast genome is mostly a quadripartite 

structure, consisting of a large single copy (LSC), a small single copy (SSC), and two inverted 

repeat regions (IRa and IRb) (Palmer, 1985). One copy of inverted repeats has been lost in 

some species, making entire genome as single copy (Wu et al., 2011). Moreover, linear 

chloroplast genome structure was  also  reported (Oldenburg and Bendich, 2016).  

The advancement of NGS technology makes it feasible to sequence and de novo assemble 

complete chloroplast genome in robust and cost-effective way. The sequencing and assembly 

of chloroplast genome were used for the study of evolutionary dynamics polyploidy events, 

domestication, for development of conservation strategies and for resolution of phylogeny  of 

complex taxonomy (Chen et al., 2017; Z. Chen et al., 2016; Cremen et al., 2019; Feng et al., 

2019; Wu et al., 2018; Xu et al., 2012; Zhai et al., 2019).  

Complete chloroplast genome of the species of few Malvaceae genera are available. The 

complete chloroplast genome of 40 species of genus Gossypium (Chen et al., 2017; Z. Chen et 

al., 2016; Ibrahim et al., 2006; Lee et al., 2006; Wu et al., 2018; Xu et al., 2012) and four 

species of genus Tilia are available (Cai et al., 2015). Some other species for which complete 

chloroplast genome has been reported include Bombax ceiba (Gao et al., 2018), Durio 

zibethinus (Cheon et al., 2017), Heritiera parvifolia (Xin et al., 2018), Heritiera angustata 

(Zhao et al., 2018), Hibiscus syriacus (Kim et al., 2019; Kwon et al., 2016) Theobroma cacao 

(Kane et al., 2012), Theobroma grandiflorum (Kane et al., 2012), Firmiana major (Ya et al., 

2017), and Firmiana pulcherrima (Wang et al., 2017). Furthermore, the chloroplast genome of 

five other species is also available in GenBank of NCBI including Talipariti hamabo 

(KR259988.1), Abelmoschus esculentus (KY635876.1), Firmiana simplex (MH671308.1), 

Althaea officinalis (KY085914) and Reevesia thyrsoidea (MH939148.1), as accessed on 08 

April 2019. The broad level study of evolutionary dynamics of family Malvaceae and 

identification of mutational hotspots required more genetic resources. Here, we also sequenced 

and/or de novo assembled chloroplast genomes of eight species to increase genomic resources 

of family Malvaceae. The brief introduction of these species is given below.  
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2.1.1 Hibiscus rosa-sinensis 

Hibiscus rosa-sinensis is commonly known as China rose (Pfeil and Crisp, 2005). This species 

belongs to tribe Hibisceae and subfamily Malvoideae (Pfeil et al., 2002; Pfeil and Crisp, 2005). 

It is grown throughout the tropics and subtropics due to its ornamental and medicinal values 

(Prasad, 2014). Many of its varieties and cultivars are available with same morphology except 

flower colour that ranges from yellow or white to pink or red with single or double petals, but 

the flower is not available throughout the year which makes the identification of the cultivar 

almost impossible (Prasad, 2014). The extensive medicinal activities of H. rosa-sinensis have 

also been reported. For instance, antimicrobial, antioxidant, anti-tumour, anti-diabetic and 

wound healing (Mondal et al., 2016; Prasad, 2014). Different cultivars and varieties varied in 

their antimicrobial and antioxidant activities toward different pathogenic species (Patel et al., 

2012; Prasad, 2014). Therefore, the identification of its cultivars is important in the deciding 

of the herbal medicines and the complete chloroplast genome sequence in this study might 

provide resources for the marker’s development to identify different cultivars of H. rosa-

sinensis.  

2.1.2 Hibiscus mutabilis 

Hibiscus mutabilis is commonly known as Confederate rose (Pfeil and Crisp, 2005). This 

species belongs to tribe Hibisceae and subfamily Malvoideae (Pfeil and Crisp, 2005). It is 

native to China and used as an ornamental due to large and showy flowers (Li et al., 2015). 

Certain medicinal properties of Hibiscus mutabilis are also reported. In particular, its leaves 

are used as an anodyne, antidote, refrigerant, and expectorant (Xie et al., 2011). Leaves of H. 

mutabilis contain the most important bioactive flavonoid glycosides such as Rutin (quercetin-

3-rutinoside) (Yao et al., 1994) which has a significant role in health benefits due to 

antihypertensive, antihyperglycemic, antifungal and antioxidative properties (Han, 2009; Lee 

et al., 2007). Furthermore, it also reduces the risk of cardiovascular and kidney diseases (Hu et 

al., 2009). The reduction in proliferation of HIV-1 virus is also reported due to its inhibitory 

effect on reverse transcriptase of the virus (Lam and Ng, 2009).  

2.1.3 Malva parviflora 

Malva is a genus of tribe Malveae of  subfamily Malvoideae (Hinsley, 2004). According to 

plant list (http://www.theplantlist.org/: accessed on 19 May 2019), Malva genus consists of 31 

accepted species. The species of this genus are distributed in a wide range in the world 

including North Africa, Southern Europe, and Southwest Asia (Bayer and Kubitzki, 2003). 

Malva are short-lived perennial, biennial or annual herbs (Bayer and Kubitzki, 2003). The 

http://www.theplantlist.org/
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flowers are pink to purple or pink to bluish, or white (Bayer and Kubitzki, 2003). The stems 

and foliage are typically downy or hairy (Hinsley, 2004). The fruits consist of a divided capsule 

containing a ring of nutlets (Bayer and Kubitzki, 2003). Many species are used in horticulture 

and medicine (Hinsley, 2004). The species of genus Malva were reported with extensive 

medicinal properties including anti-diabetic, antioxidant, anti-inflammatory, radical scavenger, 

metal chelating and burn healing activities (Akbar et al., 2014; Bouriche et al., 2011; Dalar et 

al., 2012; DellaGreca et al., 2009; Prudente et al., 2013; Razavi et al., 2011; Shale et al., 2005). 

The medicinal properties of Malva parviflora are similar to its genus, including anti-

inflammatory, anti-diabetic, anti-bacterial, free radical scavenger and metal chelating activities 

(Akbar et al., 2014; Bouriche et al., 2011; Shale et al., 2005). Furthermore, Malva parviflora 

is also used as a leafy vegetable (Hinsley, 2008).  

2.1.4 Malvastrum coromandelianum 

Malvastrum belongs to tribe Malveae and subfamily Malvoideae (Bayer and Kubitzki, 2003). 

According to plant list (http://www.theplantlist.org/: accessed on 19 May 2019), this genus 

contains 27 accepted species with distribution in a wide range of the world. The species of this 

genus are herb or subshrubs (Bayer and Kubitzki, 2003). Malvastrum coromandelianum (L.) 

commonly known as false mallow, broom weed and clock plant (Sanghai et al., 2013). Various 

medicinal properties of Malvastrum coromandelianum are reported including hypoglycaemic, 

analgesic, anti-inflammatory, antinociceptive and anti-bacterial activities (Khonsung et al., 

2006; Sanghai et al., 2013; Sittiwet et al., 2008).  

2.1.5 Urena procumbens 

Urena is a genus of tribe Hibisceae and subfamily Malvoideae (Bayer and Kubitzki, 2003). 

According to the plant list (http://www.theplantlist.org/: accessed on 19 May 2019), this genus 

includes 12 accepted species, whereas the taxonomy of about 60 species are still inconclusive. 

The plant of this genus are shrubs and distributed in tropical to subtropical parts of the world 

(Bayer and Kubitzki, 2003). Urena procumbens is native to China and commonly known as 

Fan-tian-hua (L. Chen et al., 2016). It is also grown in many tropical countries including 

America, Australia and South Africa. In traditional Chinese medicine, Urena procumbens is 

used as antipyretics, cough expectorant, diuretic and in the treatment of rheumatic disease (L. 

Chen et al., 2016). 

  

http://www.theplantlist.org/
http://www.theplantlist.org/
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2.1.6 Firmiana colorata 

Firmiana is a small genus that includes sixteen species in accepted state, whereas five species 

are categorised as unresolved (http://www.theplantlist.org/: accessed on December 29, 2018). 

Firmiana genus includes deciduous trees (rarely shrubs) that are distributed in Eastern Africa 

and Eastern-South and East Asia (Kostermans, 1957). Eight species of Firmiana inhabit China 

(Huang et al., 2011). Some species of the genus Firmiana are cultivated for their beautiful 

shape and lovely flowers (Fan et al., 2013). With reference to medicinal perspective, Firmiana 

species had shown antimicrobial (Ajaib et al., 2014), anti-inflammatory (Lim et al., 2017) and 

anti-cancer (Woo et al., 2015) properties. Some species showed neuroprotective (Lim et al., 

2017) and hepatoprotective effects (Kim et al., 2015). Firmiana colorata is used for the 

intestinal dysfunction in some tribes of Bangladesh (Azam et al., 2013). Moreover, the species 

of Firmiana are also used for the caffeine containing teas (Bayer and Kubitzki, 2003).  

2.1.7 Sterculia monosperma 

Sterculia genus belongs to subfamily Sterculioideae (Wilkie et al., 2006). This is a pantropical 

genus and consists of about 200-300 species (Bayer and Kubitzki, 2003). According to plant 

list (http://www.theplantlist.org/: accessed on 19 May 2019), 92 species are accepted so far 

whereas 287 species are categorised as unresolved. Sterculia monosperma is commonly known 

as China-chestnuts (Berry, 1982). This species is used for medicinal purposes in traditional 

Chinese medicines (Lim and Lim, 2012).  

2.1.8 Pterospermum truncatolobatum 

Pterospermum is the genus of subfamily Dombeyoideae and consists of about 18 species 

(Bayer and Kubitzki, 2003). The species of this genus are shrubs or trees and distributed in 

tropical Asia from India to Taiwan and Philippines (Bayer and Kubitzki, 2003). According to 

plant list (http://www.theplantlist.org/: accessed on 19 May 2019), the taxonomy of about 63 

species of Pterospermum is unresolved yet. Pterospermum truncatolobatum is a tree growing 

up to 25 meters tall and reaches up to 80 cm in diameter. This species is distributed in East 

Asia, Southern China and in Southern Vietnam (Bayer and Kubitzki, 2003). In traditional 

medicine, it is used as poultice against itch and to treat wounds. The assemble chloroplast 

genome of this species will act as the first representative of the genus Pterospermum as well 

as for subfamily Dombeyoideae.  

We aimed to assemble chloroplast genomes of eight species of Malvaceae to increase genomic 

resources for this family. We assembled chloroplast genomes for the first time for the species 

of five genera including Malva, Malvastrum, Sterculia, Urena and Pterospermum. 

http://www.theplantlist.org/
http://www.theplantlist.org/
http://www.theplantlist.org/
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Furthermore, the genome of Pterospermum is also the first representative of subfamily 

Dombeyoideae. The sequencing and/or assembly of the complete chloroplast genomes of these 

eight species will further enhance our knowledge about the evolutionary dynamics of family 

Malvaceae at genera, tribes and subfamilies levels.  

2.2 Materials and methods 

2.2.1 Plant collection 

The plants of four species which belong to three genera of family Malvaceae were collected 

from July-September from two different regions of Pakistan. Hibiscus mutabilis was collected 

from a nursery in Islamabad, Pakistan. Malva parviflora grows in wild and was collected from 

Nowshera, Khyber Pakhtunkhwa, Pakistan. Malvastrum coromandelianum also grows in wild 

and was collected from Quaid-i-Azam, University, Islamabad, Pakistan. The species of 

Hibiscus rosa-sinensis is cultivated for ornamental purposes and was collected from Quaid-i-

Azam, University, Islamabad, Pakistan.  

2.2.2 DNA extraction 

Freshly growing leaves without any apparent disease symptoms were used for whole genomic 

DNA extraction. The leaves were washed with double distilled water and ethanol prior to DNA 

extraction. The DNA was extracted following Ahmed et al. (2009) with some modifications. 

The complete procedure as provided as follow: 

1. Prior to DNA extraction, water bath was turned on and set at 65°C.  

2. A small piece of leaf tissue of about 1 cm2 was taken and grind in 2.5 ml extraction buffer.   

3. After careful crushing, 750 µl of the homogeneous solution was taken in microcentrifuge 

tube. The 50 µl SDS (Sodium dodecyl sulphate) and 1 µl 2-Mercaptoethanol were added to 

microcentrifuge tube prior to vertex for 5-10 seconds.   

4. The microcentrifuge tube was incubated for 30 minutes in water bath at 65°C and was 

agitated gently after 5 minutes. 

5. After 30 minutes incubation, 750 µl phenol:chloroform:isoamyl alcohol (25:24:1) was added 

to each sample and centrifuged at 14,000 rpm for 8 minutes. 

6. The supernatant (about 600-650 µl was transferred to a new sterile microcentrifuge tube and 

incubated at 37°C for 20 minutes after addition of 10 µl RNAse (10 mg/ml).  

7. 600-650 µl chloroform:isoamyl alcohol (24:1) was added to the samples for removal of 

RNAse.  
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8. 550-600 µl of supernatant was transferred to a new microcentrifuge and equal amount of 

chilled isopropanol was added for precipitation of DNA.  

9. The sample was incubated for about 30 minutes at -20°C.  

10. The sample was centrifuged at 14,000 rpm for 8 minutes to form pellet.  

11. The solution was removed from the centrifuge and the pellet was washed twice with 70% 

alcohol at 10,000 rpm.  

12. The pellet was air dried and then dissolved in 30-40 µl Tris-EDTA (Tris-HCl: 10 mM, 

EDTA: 1 mM).  

13. The quality and quantity of DNA were confirmed with 1% agarose gel and nanodrop 

(Thermo Scientific).   

2.2.3 Sequencing 

Whole genomic DNA of four species including Hibiscus rosa-sinensis, Hibiscus mutabilis, 

Malva parviflora, and Malvastrum coromandelianum was sent in lyophilized form to 

Novogene, Hong Kong for sequencing after confirmation of the quality and quantity of 

genomic DNA by Nanodrop and 1% agarose gel. The sequencing of whole genomic DNA was 

performed at low coverage depth at Novogene, Hong Kong, where the Illumina HiSeq2500 

was used to generate whole genome shot gun of 150 bp short reads with 350 bp insert size. 

2.2.4 Downloading of SRA data 

Short reads data was downloaded from the SRA (Sequence Read Archive) database of the 

National Center for Biotechnology Information (NCBI) for four species. These species 

included Urena procumbens, Firmiana colorata, Sterculia monosperma and Pterospermum 

truncatolobatum. This data was sequenced by Beijing genomics institute (BGI) using whole 

genome sequencing strategy with insert size of 200 bp and short reads length of 100 bp using 

BGISEQ-500. The data are available under BioProject accession number PRJNA438407 with 

various SRR accession numbers (Table 2.1). 

Table 2.1 Detail of accessions and data downloaded from SRA database 

Species SRR Accessions 
Experiment 

accession 

Downloaded 

data 
Short reads 

Urena procumbens SRR7121570 SRX4043119 11.4 GB 43.5 million 

Firmiana colorata SRR7121997 SRX4043546 12.9 GB 49.1 million 

Sterculia monosperma SRR7121864 SRX4043413 11.7 GB 44.6 million 

Pterospermum 

truncatolobatum 
SRR7122099 SRX4043648 10.3 GB 39.3 million 

https://trace.ncbi.nlm.nih.gov/Traces/sra/?run=SRR7121570
https://www.ncbi.nlm.nih.gov/sra/SRX4043119%5baccn%5d
https://trace.ncbi.nlm.nih.gov/Traces/sra/?run=SRR7121997
https://www.ncbi.nlm.nih.gov/sra/SRX4043546%5baccn%5d
https://trace.ncbi.nlm.nih.gov/Traces/sra/?run=SRR7121864
https://www.ncbi.nlm.nih.gov/sra/SRX4043413%5baccn%5d
https://www.ncbi.nlm.nih.gov/sra/SRX4043648%5baccn%5d
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2.2.5 Chloroplast genomes assembly and annotations 

The quality of the sequencing data (short reads) was assessed using FastQC. The short reads 

were used to assemble the chloroplast genome of eight species (mentioned below) using Velvet 

1.2.10 (Zerbino and Birney, 2008) with kmer 71,81 and 121. The kmer values 71 and 81 were 

used for the de novo assembly of Urena procumbens, Firmiana colorata, Sterculia 

monosperma and Pterospermum truncatolobatum, whereas kmer value 121 was used for 

Hibiscus mutabilis, Hibiscus rosa-sinensis, Malvastrum coromandelianum and Malva 

parviflora. The contigs generated by Velvet were further combined by using de novo assembly 

option of Geneious R8.1 (Kearse et al., 2012) that generated complete chloroplast genomes in 

3-8 long contigs that belonged to large single copy (LSC), small single copy (SSC) and inverted 

repeat (IR) regions. Full length chloroplast genomes were assembled by carefully inspecting 

repeats at the boundary regions of LSC, IR and SSC. The de novo assembled chloroplast 

genomes were annotated by using GeSeq (Tillich et al., 2017) and Dual Organellar Genome 

Annotator (DOGMA) (Wyman et al., 2004) whereas five column table for NCBI submission 

was generated by GB2Sequin (Lehwark and Greiner, 2019). The coverage depth of de novo 

assembled chloroplast genomes were determined by mapping their respective short reads to 

each respective assembled genome using BWA (Li and Durbin, 2009) and visualised by Tablet 

(Milne et al., 2009). The annotated chloroplast genomes sequences of each species were 

submitted to NCBI with specific accession as: Hibiscus rosa-sinensis (MK382984), Hibiscus 

mutabilis (MK820657), Malvastrum coromandelianum (MK860037), Malva parviflora 

(MK860036), Urena procumbens (BK010727), Firmiana colorata (BK010724), Sterculia 

monosperma (BK010726) and Pterospermum truncatolobatum (BK010725). For the last four 

species, short reads data were taken from NCBI and the de novo assembled chloroplast genome 

with full annotations were submitted as third party annotation to GenBank. The main features 

of newly assembled chloroplast genomes were determined by using Geneious R8.1 (Kearse et 

al., 2012) whereas the circular structures of these genomes were drawn by using 

OrganellarGenomeDRAW (Lohse et al., 2007).  

2.3 Results 

2.3.1 DNA extraction 

The extracted DNA of all the samples was run on 1% agarose gel which showed a single intact 

band which showing the integrity of the extracted DNA. Whereas the nanodrop analyses 

revealed the amount of DNA up to 50 ng/µl (Figure 2.1). 
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Figure 2.1 Genomic DNA extraction. L: ladder (10 kb), Hm: Hibiscus mutabilis, Hr: Hibiscus 

rosa-sinensis, Mp: Malva parviflora, and Mc: Malva coromandelianum 

2.3.2 Whole genome shotgun and chloroplast genome assembly 

The sequencing through Illumina Hiseq2500 produced about 13.1 GB (38.94 million reads) 

raw data of 150 bp short reads for Hibiscus mutabilis, 10 GB (28.93 million reads) for Hibiscus 

rosa-sinensis, 12.4 GB (36.85 million reads) for Malva parviflora, and 8.74 GB (25.9 million 

reads) for Malvastrum coromandelianum. The fastQC analyses revealed high quality of the 

data with an average Phred score of 34.2-37. The data was used for de novo assembly of 

chloroplast genomes of these species, and the high coverage depth was observed for de novo 

assembled chloroplast genomes after mapping of short reads. The number of mapped reads  to 

assembled genome and average coverage depths observed for each species were: Hibiscus 

mutabilis (1.56 million, 1428X, respectively), Hibiscus rosa-sinensis (0.79 million, 725X, 

respectively), Malva parviflora (8.96 million, 8437X, respectively), and Malvastrum 

coromandelianum (0.97 million, 891X, respectively).  

The genome assembled from the data downloaded from NCBI also showed high average 

coverage depth. For these four species the number of short reads  mapped to each species and 

average coverage depths observed for each species were: Firmiana colorata (0.5 million, 

310X, respectively), Sterculia monosperma (1.05 million, 650X, respectively), Pterospermum 

truncatolobatum (0.52 million, 323X, respectively), and Urena procumbence (1.03 million, 

639X, respectively).  

2.3.3 Chloroplast genome features 

The de novo assembled chloroplast genome of all eight species exhibited similar quadripartite 

structure in which large single copy (LSC) region, and small single copy region (SSC) was 

separated by the Inverted repeat regions (IRa and IRb). The complete characteristics of the 

chloroplast genome of each species are given below.  
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2.3.4 Chloroplast genome features of Hibiscus rosa-sinensis 

The chloroplast genome size of H. rosa-sinensis was 160,951 bp, comprising of two IRs (IRa 

and IRb, 25,598 bp each), separated by LSC (89,509 bp) and SSC (20,246 bp) that formed the 

quadripartite structure. The GC content of chloroplast genome varied among different regions 

of chloroplast genome such as LSC (34.9%), SSC (31.1%), and IR (42.9%). The GC content 

of the complete chloroplast genome was 37%.  

The chloroplast genome of Hibiscus rosa-sinensis had 113 genes including 79 protein-coding 

genes, 30 tRNA genes, and 4 ribosomal RNA genes excluding truncated gene of ycf1Ψ (Table 

2.2, Figure 2.2). Among these genes, 17 genes were duplicated in the IR regions. The 

duplicated genes in IR regions included 4 rRNA genes, 7 tRNA genes, and 6 protein coding 

genes. Eighteen genes contained introns that included 6 tRNA genes and 12 protein-coding 

genes. The rps12 gene was a trans-spliced gene, therefore, contained 5′ part in the LSC region 

and 3′ part in the IR region, so 3′ part duplicated in the IR regions. Out of 18 genes, 16 genes 

had one intron while two genes (clpP and ycf3) had two introns (Table 2.2). The three protein-

coding genes and two tRNA genes that contained introns were also duplicated in the IR regions. 

We found four partially overlapping genes atpB/atpF and psbD/psbC. The ycf1 gene started 

from IR region and ended in SSC region, leaving a truncated copy of 123 bp in H. rosa-sinensis. 

The GC content of rRNAs (55.5%) was found higher as compared to tRNAs (53.2%) and 

protein coding genes (38.2%).  
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Table 2.2 Chloroplast gene content and functional classification of Malvaceae species 

Category 

for gene 
Group of gene Name of gene Number 

Photosynthesis-

related genes 

Photosystem I psaA psaB psaC psaI psaJ 5 

Photosystem II 

psbA psbB psbC psbD psbE 15 

psbF psbH psbI psbJ psbK  

psbL psbM psbN psbT psbZ  

Cytochrome 

b/f compelx 

petA petB* petD* petG petL 6 

petN      

ATP synthase 
atpI atpH atpA atpF* atpE 6 

atpB      

Cytochrome 

c-type synthesis 
ccsA     1 

Assembly/stability 

of photosystem I 
ycf3** ycf4    2 

NADPH dehydrogenase 

ndhB*,a, ndhH, ndhA* ndhI ndhG 12 

ndhJ ndhE ndhF ndhC ndhK  

ndhD      

Rubisco rbcL     1 

Transcription 

and translation 

related genes 

RNA genes 

Transcription 

Small subunit 

of ribosome 

rpoA rpoC2 rpoC1* rpoB rps16* 5 

rps7a rps15 rps19 rps3 rps8 13 

rps14 rps11 rps12a,* rps18 rps4  

rps2      

Large subunit 

of ribosome 

rpl2a,* rpl23a, rpl32 rpl22, rpl14 11 

rpl33 rpl36 rpl20 rpl16*   

Translational initiation 

factor 
infA     1 

Ribosomal RNA rrn16a, rrn4.5a, rrn5 a, rrn23a  8 

Transfer RNA 

trnV-

GACa 

trnI-

CAUa 

trnA-

UGCa,* 

trnN-

GUUa 

trnP-

UGG 
37 

trnW-

CCA 

trnV-

UAC* 

trnL-

UAA* 

trnF-

GAA 

trnR-

ACGa 
 

trnT-

UGU 

trnG-

UCC* 

trnT-

GGU 

trnR-

UCU 

trnE-

UUC 
 

trnY-

GUA 

trnD-

GUC 

trnC-

GCA 

trnS-

GCU 

trnH-

GUG 
 

trnK-

UUU* 

trnQ-

UUG 

trnfM-

CAU 

trnG-

GCC 

trnS-

UGA 
 

trnS-

GGA 

trnL-

UAG 

trnM-

CAU 

trnL-

CAAa 

trnI-

GAU*,a 
 

Other genes 

RNA processing matK     1 

Carbon metabolism cemA     1 

Fatty acid synthesis accD     1 

Proteolysis clpP**     1 

 Component of TIC complex ycf1     1 

 Hypothetical proteins ycf2a     2 

Total       130 

*contain on intron ** contain two introns a duplicated gene in the IR 
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Figure 2.2 Circular map of chloroplast genome of Hibiscus rosa-sinensis with annotated 

genes. The genes transcribed counter clockwise are shown inside of the circle, whereas the 

genes transcribed clockwise are shown outside of the circle. The borders of chloroplast genome 

are defined with LSC (large single copy), SSC (small single copy), IRa and IRb (inverted 

repeats). Every gene is coded according to its specific function. The dashed grey colour of inner 

circle shows the GC content, whereas the lighter grey colour shows AT content. 
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2.3.5 Chloroplast genome features of Hibiscus mutabilis 

Chloroplast genome size of H. mutabilis was 160,879 bp, comprising of two IR regions (IRa 

and IRb, 26,300 bp each), separated by LSC (89,353 bp) and SSC (18,926 bp) that formed the 

quadripartite structure. The GC content of chloroplast genome was variable among different 

regions of chloroplast genome such as LSC (34.7%), SSC (31.5%) and IR (42.6%). The 

average GC content of complete chloroplast genome was 36.9%.  

The chloroplast genome of H. mutabilis had 113 genes included 79 protein-coding genes, 30 

tRNA genes, and 4 ribosomal RNA genes except truncated gene of ycf1Ψ (Figure 2.3). Among 

these genes, 17 genes were duplicated in the IR regions except truncated gene of ycf1Ψ. The 

duplicated genes in IR regions included 4 rRNA genes, 7 tRNA genes, and 6 protein coding 

genes. The 18 genes contain introns that included seven tRNA genes and 12 protein-coding 

genes. The rps12 gene was a trans-spliced gene, therefore, contain 5′ part in the LSC region 

and 3′ part in the IR regions, so 3′ part was duplicated in the IRs. Out of these 18 genes, 16 

genes had one intron while two genes (clpP and ycf3) had two introns (Table 2.2). The three 

protein-coding genes and two tRNA genes that contain introns were also duplicated in the IR 

regions. We found four partially overlapping genes atpB/atpE and psbD/psbC. The ycf1 gene 

started from IR region and ended in SSC region, leaving a truncated copy of 1107 bp in 

Hibiscus mutabilis. The GC content of rRNAs (55.4%) was found higher as compared to 

tRNAs (53.1%) and protein coding genes (38.1%).  

2.3.6 Chloroplast genome features of Malva parviflora 

Chloroplast genome size of Malva parviflora was 158,412 bp, comprising of two IRs (IRa and 

IRb, 25,107 bp each), separated by LSC (87,086 bp) and SSC (21,112 bp) that formed the 

quadripartite structure. The GC content of chloroplast genome was varying among different 

regions of chloroplast genome such as LSC (34.9%), SSC (32.1%), and IR (43%). The GC 

content of complete chloroplast genome was 37.1%.  

The chloroplast genome of Malva parviflora had 113 genes included 79 protein-coding genes, 

30 tRNA genes and 4 ribosomal RNA genes (Figure 2.4). Among these genes, 17 genes were 

duplicated in the IR regions including 4 rRNA genes, 7 tRNA genes, and 6 protein coding 

genes. The 18 genes contained introns that included seven tRNA genes and 12 protein-coding 

genes. The rps12 gene was a trans-spliced gene, containing 5′ part in the LSC region and 3′ 

part in the IR regions, so 3′ part duplicated in the IRs. Out of 18 genes, 16 genes had one intron 

while two genes (clpP and ycf3) had two introns (Table 2.2). The three protein-coding genes 

and two tRNA genes that contained introns were also duplicated in the IR regions. Two 
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partially overlapping genes psbD/psbC were found. The GC content of rRNAs (55.4%) were 

found higher as compared to tRNAs (52.9%) and protein coding genes (38.1%). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3 Circular map of chloroplast genome of Hibiscus mutabilis with annotated 

genes. The genes transcribed counter clockwise are shown inside of the circle, whereas the 

genes transcribed clockwise are shown outside of the circle. The borders of chloroplast genome 

are defined with LSC (large single copy), SSC (small single copy), IRa and IRb (inverted 

repeats). Every gene is coded according to its specific function. The dashed grey colour of inner 

circle shows the GC content, whereas the lighter grey colour shows AT content. 
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Figure 2.4 Circular map of chloroplast genome of Malva parviflora with annotated genes. 

The genes transcribed counter clockwise are shown inside of the circle, whereas the genes 

transcribed clockwise are shown outside of the circle. The borders of chloroplast genome are 

defined with LSC (large single copy), SSC (small single copy), IRa and IRb (inverted repeats). 

Every gene is coded according to its specific function. The dashed grey colour of inner circle 

shows the GC content, whereas the lighter grey colour shows AT content. 
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2.3.7 Chloroplast genome features of Malvastrum coromandelianum  

Chloroplast genome of Malvastrum coromandelianum was also quadripartite with genome size 

of 159,872 bp, comprising of two IRs (IRa and IRb, 25,506 bp each), separated by LSC (88,106 

bp) and SSC (20,754 bp). The GC content of chloroplast genome was varying among different 

regions of chloroplast genome such as LSC (34.9%), SSC (32.2%), and IR (42.9%). The GC 

content of complete chloroplast genome was 37.1%.  

The chloroplast genome of Malvastrum coromandelianum also consisted of 113 genes included 

79 protein-coding genes, 30 tRNA genes, and 4 ribosomal RNA genes (Figure 2.5). Among 

these genes, 17 genes were duplicated in the IR regions including 4 rRNA genes, 7 tRNA genes, 

and 6 protein coding genes. The 18 genes contained introns that included seven tRNA genes 

and 12 protein-coding genes. The rps12 gene was a trans-spliced gene, therefore, contained 5′ 

part in the LSC region and 3′ part in the IR regions, with 3′ part duplicated in the IRs. Out of 

18 genes, 16 genes had one intron while two genes (clpP and ycf3) had two introns (Table 2.2). 

The three protein-coding genes and two tRNA genes that contained introns were also 

duplicated in the IR regions. We found two partially overlapping genes psbD/psbC. The GC 

content of rRNAs (55.4%) were found higher as compared to tRNAs (53%) and protein coding 

genes (38.2%).  

2.3.8 Chloroplast genome features of Urena Procumbens 

Chloroplast genome size of U. procumbens was 161,541 bp, comprising of two IRs (IRa and 

IRb, 26,668 bp each), separated by LSC (88,991 bp) and SSC (19,214 bp) that formed the 

quadripartite structure. The GC content of chloroplast genome was varying among different 

regions of chloroplast genome such as LSC (34.7%), SSC (30.9%), and IR (42.5%). The GC 

content of complete chloroplast genome was 36.8%.  

The chloroplast genome of Urena procumbens had 113 genes included 79 protein-coding 

genes, 30 tRNA genes, and 4 ribosomal RNA genes except truncated gene of ycf1Ψ (Figure 

2.6). Among these genes, 17 genes were duplicated in the IR regions except truncated gene of 

ycf1Ψ. The duplicated genes in IRs regions including 4 rRNA genes, 7 tRNA genes, and 6 

protein coding genes. The 18 genes contain introns that included seven tRNA genes and 12 

protein-coding genes. The rps12 gene was a trans-spliced gene, therefore, contain 5′ part in the 

LSC region and 3′ part in the IR regions, so 3′ part duplicated in the IRs. Out of 18 genes, 16 

genes have one intron while two genes (clpP and ycf3) had two introns (Table 2.2). The three 

protein-coding genes and two tRNA genes that contain introns were also duplicated in the IR 

regions. We found two partially overlapping genes psbD/psbC. The ycf1 gene started from IR 

region and ended in SSC region, leaving a truncated copy of 1134 bp in U. procumbens. The 
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GC content of rRNAs (55.4%) was found higher as compared to tRNAs (53.1%) and protein 

coding genes (38%).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5 Circular map of chloroplast genome of Malvastrum coromandelianum with 

annotated genes. The genes transcribed counter clockwise are shown inside of the circle, 

whereas the genes transcribed clockwise are shown outside of the circle. The borders of 

chloroplast genome are defined with LSC (large single copy), SSC (small single copy), IRa 

and IRb (inverted repeats). Every gene is coded according to its specific function. The dashed 

grey colour of inner circle shows the GC content, whereas the lighter grey colour shows AT 

content. 
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Figure 2.6 Circular map of chloroplast genome of Urena procumbens with annotated 

genes. The genes transcribed counter clockwise are shown inside of the circle, whereas the 

genes transcribed clockwise are shown outside of the circle. The borders of chloroplast genome 

are defined with LSC (large single copy), SSC (small single copy), IRa and IRb (inverted 

repeats). Every gene is coded according to its specific function. The dashed grey colour of inner 

circle shows the GC content, whereas the lighter grey colour shows AT content. 
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2.3.9 Chloroplast genome features of Firmiana colorata 

Chloroplast genome size of Firmiana colorata was 160,700 bp, comprising of two IRs (IRa 

and IRb, 25,574 bp each), separated by LSC (89,551 bp) and SSC (20,001 bp) forming the 

quadripartite structure. The GC content of chloroplast genome was different among different 

regions of chloroplast genome such as LSC (35%), SSC (31.4%) and IR (42.9%). The GC 

content of complete chloroplast genome was 37.1%.  

The chloroplast genome of Firmiana colorata had 113 genes including 79 protein-coding 

genes, 30 tRNA genes, and 4 ribosomal RNA genes except truncated gene of ycf1Ψ (Figure 

2.7). Among these genes, 17 genes were duplicated in the IR regions except truncated gene of 

ycf1Ψ. The duplicated genes in IRs regions included 4 rRNA genes, 7 tRNA genes, and 6 protein 

coding genes. The 18 genes contain introns that included seven tRNA genes and 12 protein-

coding genes. The rps12 gene was a trans-spliced gene, therefore, contained 5′ part in the LSC 

region and 3′ part in the IR regions, so 3′ part duplicated in the IRs. Out of 18 genes, 16 genes 

had one intron while two genes (clpP and ycf3) had two introns (Table 2.2). The three protein-

coding genes and two tRNA genes that had introns were also duplicated in the IR regions. We 

found six partially overlapping genes rps3/rpl22, atpB/atpE and psbD/psbC. The ycf1 gene 

started from IR region and ended in SSC region, leaving a truncated copy of 33 bp of this gene 

in Firmiana colorata. The GC content of rRNAs (55.5%) was found higher as compared to 

tRNAs (53.2%) and protein coding genes (38.2%).   

2.3.10 Chloroplast genome features of Sterculia monosperma 

Chloroplast genome size of Sterculia monosperma was 161,099 bp, comprising of two IRs (IRa 

and IRb, 25,546 bp each), separated by LSC (89,562 bp) and SSC (20,445 bp) that formed the 

quadripartite structure. The GC content of chloroplast genome differed among different regions 

of chloroplast genome such as LSC (34.8%), SSC (31.4%) and IR (42.9%). The GC content of 

complete chloroplast genome was 36.9%.  

The chloroplast genome of Sterculia monosperma had 113 genes consisting of 79 protein-

coding genes, 30 tRNA genes, and 4 ribosomal RNA genes (Figure 2.8). Among these genes, 

17 genes were duplicated in the IR regions. These duplicated genes in IRs regions included 4 

rRNA genes, 7 tRNA genes, and 6 protein coding genes. The 18 genes contained introns that 

included seven tRNA genes and 12 protein-coding genes. The rps12 gene was a trans-spliced 

gene, therefore, contain 5′ part in the LSC region and 3′ part in the IR regions, so 3′ part 

duplicated in the IRs. Out of 18 genes, 16 genes consisted of one intron while two genes (clpP 

and ycf3) had two introns (Table 2.2). The 3 protein-coding genes and 2 tRNA genes that 
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contained introns were also duplicated in the IR regions. We found six partially overlapping 

genes rps3/rpl22, atpB/atpE and psbD/psbC for of Sterculia monosperma.  The GC content of 

rRNAs (55.5%) was found higher than tRNAs (53.2) and protein coding genes (38.1%). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7 Circular map of chloroplast genome of Firmiana colorata with annotated 

genes. The genes transcribed counter clockwise are shown inside of the circle, whereas the 

genes transcribed clockwise are shown outside of the circle. The borders of chloroplast genome 

are defined with LSC (large single copy), SSC (small single copy), IRa and IRb (inverted 

repeats). Every gene is coded according to its specific function. The dashed grey colour of inner 

circle shows the GC content, whereas the lighter grey colour shows AT content. 
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Figure 2.8 Circular map of chloroplast genome of Sterculia monosperma with annotated 

genes. The genes transcribed counter clockwise are shown inside of the circle, whereas the 

genes transcribed clockwise are shown outside of the circle. The borders of chloroplast genome 

are defined with LSC (large single copy), SSC (small single copy), IRa and IRb (inverted 

repeats). Every gene is coded according to its specific function. The dashed grey colour of inner 

circle shows the GC content, whereas the lighter grey colour shows AT content.  
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2.3.11 Chloroplast genome features of Pterospermum truncatolobatum 

Chloroplast genome size of Pterospermum truncatolobatum was 162,320 bp, comprising of 

two IRs (IRa and IRb, 25,499 bp each), separated by LSC (91,506 bp) and SSC (19,816 bp) 

that formed the quadripartite structure. The GC content of chloroplast genome was varying 

among different regions of chloroplast genome such as LSC (33.9%), SSC (31.2%), and IR 

regions (42.9%). The GC content of complete chloroplast genome was 36.4%.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9 Circular map of chloroplast genome of Pterospermum truncatolobatum with 

annotated genes. The genes transcribed counter clockwise are shown inside of the circle, 

whereas the genes transcribed clockwise are shown outside of the circle. The borders of 

chloroplast genome are defined with LSC (large single copy), SSC (small single copy), IRa 

and IRb (inverted repeats). Every gene is coded according to its specific function. The dashed 

grey colour of inner circle shows the GC content, whereas the lighter grey colour shows AT 

content. 
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The chloroplast genome of Pterospermum truncatolobatum had 113 genes including 79 

protein-coding genes, 30 tRNA genes, and 4 ribosomal RNA genes except truncated gene of 

ycf1Ψ (Figure 2.9). Among these genes, 17 genes were duplicated in the IR regions. The 

duplicated genes in IRs regions included 4 rRNA genes, 7 tRNA genes, and 6 protein coding 

genes. The 18 genes contained introns that included seven tRNA genes and 12 protein-coding 

genes. The rps12 gene was a trans-spliced gene, containing 5′ part in the LSC region and 3′ 

part in the IR regions, thus 3′ part was duplicated in the IRs. Out of 18 genes, 16 genes had one 

intron while two genes (clpP and ycf3) had two introns (Table 2.2). The three protein-coding 

genes and two tRNA genes that contained introns were also duplicated in the IR regions. We 

found six partially overlapping genes rps3/rpl22, atpB/atpE and psbD/psbC. The ycf1 gene 

started from IR region and ended in SSC region, leaving a truncated copy of 60 bp in Firmiana 

colorata. The GC content of rRNAs (55.5%) was found higher than tRNAs (53.1%) and protein 

coding genes (38.1%). 

2.4 Conclusion 

We sequenced and/or de novo assembled chloroplast genomes of eight Malvaceae species. 

These genomic resources will broaden knowledge about the chloroplast genome structure of 

many genera of family Malvaceae and will be helpful for elucidation of evolutionary dynamics 

and phylogeny in family Malvaceae. Moreover, these resources will broaden information about 

the chloroplast genome structure of angiosperms. 
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3.1 Introduction 

Chloroplast genome is double membrane organelle (Palmer, 1985), having genome size 

ranging from 107 kb to 218 kb with about 120 genes (Daniell et al., 2016). The contraction and 

expansion of inverted repeat regions are considered as important phenomena, which lead to 

duplication of complete genes or generation of pseudogenes. Moreover, these also lead to 

variable number of genes within similar lineages (Menezes et al., 2018). The intergenic spacer 

regions are the most polymorphic regions within chloroplast genome (Chen et al., 2018; Choi 

et al., 2016; Menezes et al., 2018; Zhang et al., 2016) and variations in length of intergenic 

spacer regions cause variations in the average length of complete chloroplast genome, LSC, 

SSC, and IRs within same lineages (Choi et al., 2016; Li et al., 2018; Sinn et al., 2018; Zhang 

et al., 2016). Many mutational events occur within chloroplast genome such as translocations, 

structural rearrangements, inversions, insertions and deletions (InDels) and copy number 

variations (CNVs) (Jheng et al., 2012; Xu et al., 2015). The studies of these mutational events 

are important to understand the evolution of chloroplast genome (Kim and Kim, 2014; Palmer, 

1985; Sherman-Broyles et al., 2014; Sinn et al., 2018). Similar to the genes, the intron within 

the genes are also conserved in chloroplast genome (Daniell et al., 2016). However, loss of 

introns were also observed in many species of angiosperms (monocot and eudicot) and 

gymnosperms (Downie et al., 1991; Gu et al., 2016; He et al., 2017; Jansen et al., 2007; Lei et 

al., 2016).  

Plant cells contain three distinct genomes including nuclear, mitochondrial, and plastid. The 

inter transfer of genes or part of genes has been reported in these genomes (Timmis et al., 

2004). Despite conserved genes content, some protein-coding genes of chloroplast genomes 

have been found missing in some species (Barrett et al., 2014; Jansen et al., 2007; Kim et al., 

2018) and further studies revealed transfer of those genes to nuclear and/or mitochondrial 

genomes. The inter-transfer of genes or part of genes in these genomes provides valuable 

information for the studies of evolution and phylogeny, and insights to the transferring events 

can be gained by analyses of complete chloroplast genome sequences (Daniell et al., 2016). 

For instance, several genes of chloroplast genome have been found absent in chloroplast 

genomes of few species, and their transferring was confirmed to other genomes i.e. the infA 

(Daniell et al., 2016; Millen et al., 2001), rpl22, rpl32, (Cusack and Wolfe, 2007; Gantt et al., 

1991; Jansen et al., 2011; Park et al., 2015; Ueda et al., 2007) and ndhH genes (Braukmann et 

al., 2009; Chris Blazier et al., 2011; McCoy et al., 2008; Pan et al., 2012; Sanderson et al., 

2015; Shahinnia and Sayed-Tabatabaei, 2009; Wakasugi et al., 1994; Weng et al., 2014; Wu 

et al., 2010; Yang et al., 2013). The deletion of many other genes from chloroplast genome and 
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its transferring to nuclear or mitochondrial genome was also reported in some plant species 

including accD, psaI, rpl20, rpl23, rpl33, rps16, rpoA, ycf1, ycf2, and ycf4 (Daniell et al., 

2016).  

The analyses of chloroplast genome sequence is important for understanding the adaptive 

evolution and domestication of plant species (Daniell et al., 2016; Menezes et al., 2018). The 

chloroplast genome structure of many species shed light on the domestication of the species 

with the interesting genome rearrangements and inversions. Furthermore, the analyses of the 

synonymous and non-synonymous substitutions of protein coding genes revealed the selection 

pressures on these genes along with their roles in adaptation to certain environmental 

conditions. The large scale genome rearrangements and inversions related to regions of 

essential genes of chloroplast genomes without any adverse effect in many species revealed 

their role in adaption and domestications (Cai et al., 2008; Guo et al., 2007; Kazakoff et al., 

2012; Magee et al., 2010; Martin et al., 2014; Sabir et al., 2014; Saski et al., 2005; Sherman-

Broyles et al., 2014; Tangphatsornruang et al., 2010).  

Instead of genome rearrangement and inversions, high rate of mutational events, substitutions 

and InDels, in protein coding genes of many species, were observed as compared to average 

rate of mutations (Choi et al., 2016; Henriquez et al., 2014; Jansen et al., 2007; Menezes et al., 

2018; Saina et al., 2018a). For instance, the positive selection of matK in the 30 species of 

Citrus and the other related plant groups indicate its role in the stresses that is faced by plants 

in different ecological niches (Chen and Xiao, 2010). The ndhF gene encodes a subunit of the 

chloroplast NAD(P)H dehydrogenase (NDH) complex. The NDH monomers of chloroplast 

genome are sensitive to high light stress. Hence, this observation also suggests the role of ndhF 

gene in the acclimation of stress (Peng et al., 2011). Some studies also relate the ycf1 gene with 

the stress. The studies in Australia also indicated the link of positive selection pressure of matK, 

ndhF, and ycf1 to the adaptation of these species to a hot and dry climate of Australia 

(Carbonell-Caballero et al., 2015; Caspermeyer, 2015). 

In the current study, we aimed to compare the chloroplast genomes structure of family 

Malvaceae, the gene content, genes arrangements, and the effect of IR contraction and 

expansion. Furthermore, to get insight into the adaptation of Malvaceae, we determined 

evolutionary rate of 77 protein coding genes. Our study revealed high similarities in the 

chloroplast genomes of family Malvaceae in context of chloroplast genome structures, gene 

arrangements, gene content and intron content. The analyses of evolutionary rate of 77 protein 

coding genes also showed about 95% similarities. 
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3.2 Materials and Methods 

3.2.1 Genomics features of chloroplast genome in family Malvaceae 

In the current study, we assembled chloroplast genomes of 8 species of family Malvaceae as 

given in chapter 2. Along with these species, we further downloaded chloroplast genome 

sequences of 12 species from NCBI (Table 3.1). The features of chloroplast genomes of 20 

species of family Malvaceae were determined and compared by visualisation in Geneious R8.1 

(Kearse et al., 2012). We took one species from 16 genera of Malvaceae whereas two species 

were included for genera of Hibiscus and Firmiana due to inclusion of our assembled genomes. 

Here, we compared genome structure, number of genes, intron containing genes, and GC 

content of these genomes. The IR contraction and expansion were also determined by 

visualisation of boundary regions of LSC/IRb, IRb/SSC, SSC/IRa and IRa/LSC, and the 

variations that lead to number of genes in different species were determined. 

3.2.2 Rate of evolution of protein coding genes 

 We determined the evolutionary rate of the 77 protein coding genes among 19 species of 

family Malvaceae. For this purpose, we calculated the rate of non-synonymous substitution 

(Ka), synonymous substitutions (Ks) and their ratio (Ka/Ks). Theobroma cacao, a species that 

is basal to family Malvaceae, was used as a reference and protein-coding genes of all the 

species were aligned with T. cacao by Geneious pairwise alignment and analysed in DnaSP 

v.5.10 for Ka and Ks without stop codon (Rozas et al., 2017). 

3.3 Results 

3.3.1 Genome structure and gene content 

All the chloroplast genomes of family Malvaceae showed similarities in genomes structure, 

GC content, and gene content and orders. The chloroplast genome of the Malvaceae species 

contained 113 unique genes including 79 protein-coding genes, 30 tRNAs and 4 rRNAs (as 

describe in table 2.2) except Gossypium herbaceum which lacked infA gene. Seventeen genes 

were also duplicated in the IR regions. Hence, the total genes were 130 including 85 protein 

coding genes, 30 tRNAs, and 8 rRNAs genes in all species except Durio zibethinus, 

Abelmoschus esculentus and Gossypium herbaceum. The Durio zibethinus contained 83 

protein coding genes due to contraction of IR regions due to which single copy of rpl2 and 

rpl23 is present in the genome instead of duplicate copy. In Abelmoschus esculentus, the 

expansion of IR regions leads to duplication of rps19, rpl22, and rps3. Therefore, except these 

two species, other species contained 17 duplicated genes in IR regions. Among 17 genes, 4 

were ribosomal RNAs (rRNAs) genes, 7 transfer RNAs (tRNAs) and 6 were protein coding 
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genes. We also noted about half of the species including in our study had non-functional copy 

of infA gene (Table 3.1). We noted 18 intron containing genes included 12 protein coding genes 

and 6 tRNAs. The protein coding genes that contained introns included petD, petB, atpF, ycf3, 

ndhB, ndhA, rpoC1, rps16, rps12, clpP, rpl2, and rpl16. Among these genes, two genes clpP 

and ycf3 contained 2 introns whereas all other genes contained 1 intron. Three intron containing 

protein coding genes also duplicated in the IR regions which included rps12, rpl2, and ndhB. 

The rps12 gene was a trans-spliced gene, containing 5′ part in the LSC region and 3′ part in the 

IR regions. Hence, 3′ part was duplicated in the IR.  

3.3.2 Length of the chloroplast genome and GC content 

The length of the complete chloroplast genomes also varied among the species and ranged from 

158,412 (Malva parviflora) to 163,974 (Durio zibethinus). The length of the LSC showed high 

variation among the species of family Malvaceae and ranged from 87,086 bp (Malva 

parviflora) to 95,704 bp (Durio zibethinus). The variation in the length of SSC regions was 

inconsistent and interestingly, the length of SSC was found 18,926 bp in Hibiscus mutabilis, 

whereas the length of the SSC regions of Malva parviflora (the genome with smallest size) was 

highest among all the species with 21,112 bp. The length of IR regions was also showed 

interesting results. We noticed that the genome with the largest size, Durio zibethinus, showed 

smallest length of the IR regions with 23,726 bp, whereas the genome of Abelmoschus 

esculentus had highest length of the IR regions with 28,009 bp. 

The GC content of the chloroplast genomes showed highest similarities among the 20 species 

of family Malvaceae (Table 3.1). The GC content of complete chloroplast genome ranged from 

35.8% to 37.2%, LSC was 33.6% to 35.2%, SSC was 30.8% to 32.2%, and IR was 42% to 

43%. The high GC content of IR regions belong to presence of rRNAs and tRNAs that having 

GC content of about 55% and 53%, respectively.  
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Table 3.1 Comparative analyses of the general features of 20 species of family Malvaceae 

 

Species 

Protein 

coding 

genes 

SSC  

(bp) 

GC 

content 

(%) 

IR 

(bp) 

GC 

content 

(%) 

LSC 

(bp) 

GC 

content 

(%) 

Total 

Length  

(bp) 

GC 

content 

(%) 

Accession No. 

Hibiscus mutabilis 85* 18,926 31.5 26,300 42.6 89,353 34.7 160,879 36.9 MK820657 

Hibiscus rosa-sinensis 85* 20,246 31.3 25,598 42.9 89,509 34.9 160,951 37 MK382984 

Hibiscus syriacus 85* 19,831 31.1 25,745 42.8 89,701 34.7 161,022 36.8 KR259989 

Talipariti hamabo 85* 19,570 30.9 26,471 42.7 89,217 34.8 161,729 36.9 NC_030195 

Gossypium herbaceum 84a 20,385 31.7 25,570 42.9 88,779 35.2 160,304 37.2 HQ325742 

Althaea officinalis 85* 21,057 32.2 25,445 43.0 88,040 34.7 159,987 37.0 NC_034701 

Abelmoschus esculentus 88c 19,032 31.5 28,009 42.0 88,071 34.5 163,121 36.7 NC_035234 

Malva parviflora 85* 21,112 32.1 25,107 43 87,086 34.9 158,412 37.1 MK860036 

Malvastrum 

coromandelianum 
85* 20,754 32.2 25,506 42.9 88,106 34.9 159,872 37.1 MK860037 

Urena procumbens 85* 19,214 30.9 26,668 42.5 88,991 34.7 161,541 36.8 BK010727 

Reevesia thyrsoidea 85* 20,289 31.5 25,466 43 90,565 34.6 161,786 36.8 MH939148 

Tilia amurensis 85 20,397 31.0 25,597 42.9 91,124 34.1 162,715 36.5 KT894772 

Theobroma cacao 85 20,187 31.2 25,511 43.0 89,395 34.7 160,604 36.9 HQ336404 

Firmiana colorata 85 20,001 31.4 25,574 42.9 89,551 35 160,700 37.1 BK010724 

Firmiana major 85 20,038 31.3 25,543 42.9 90,178 34.7 161,302 36.9 NC_037242 

Heritiera parvifolia 85 19,964 31.5 25,588 43.0 89,053 34.9 160,193 37.1 NC_038057 

Sterculia monosperma 85 20,445 31.4 25,546 42.9 89,562 34.8 161,099 36.9 BK010726 

Durio zibethinus 83b 20,819 30.8 23,726 42.5 95,704 33.6 163,974 35.8 MG138151 

Bombax ceiba 85 21,111 32.0 24,432 42.8 89,022 34.7 158,997 36.8 MG569974 

Pterospermum 

truncatolobatum 
85 19,816 31.2 25,499 42.9 91,506 33.9 162,320 36.4 BK010725 

* infA gene is non-functional   a infA gene is absent        b contraction of IR regions leads to single copy of rpl2 and rpl23     c expansion of IR 

regions leads to duplication of rps3, rpl22, and rps19.  8 ribosomal RNAs and 37 tRNAs were present in chloroplast genome of each species, 

thus not mentioned. 
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3.3.3 IR contraction and expansion 

We compared boundary regions of chloroplast genomes among the mentioned 20 species of 

Malvaceae (Figure 3.1). The gene ycf1 was in junction of SSC/IR in 12 species due to which a 

pseudogene of ycf1Ψ was generated at 5′ end at IRa/IRb junctions. The size of ycf1Ψ 

(pseudogene) ranged from 33 bp (in Firmiana colorata) to 1134 bp (in Urena procumbens). 

Both species of genus Hibiscus possessed large difference in size of ycf1Ψ. In H. rosa-sinensis 

ycf1Ψ gene was 123 bp whereas in H. syriacus the ycf1Ψ was 621 bp. The size of ycf1Ψ showed 

similarities. In F. major ycf1Ψ was 66 bp and in F. colorata the ycf1Ψ was 66 bp. The eight 

species in which ycf1 gene was located within IR only, showed that ycf1 gene was located as 

closed to boundary as a single base pair difference was not present (in Malva parviflora) to as 

far as 1225 bp (in Bombax ceiba). The ndhF gene that was present at the border of IR/SSC 

crossed SSC and entered IR junction in Bombax ceiba with 99 bp and in Theobroma cacao 

with 6 bp. In all other species, the ndhF gene was completely present in SSC and away from 

the junction: 6 bp in Reevesia thyrsoidea to 908 bp in Althaea officinalis. In both species of 

Hibiscus, ndhF gene was found 150 bp away from the junction whereas in Firmiana species 

differences existed. In Firmiana major the distance of ndhF was 139 bp from the border 

whereas in Firmiana colorata the distance was 177 bp. The junction of LSC/IRb showed 

variation to some extent. The rps19 gene was mostly present in LSC integrated into LSC/IR 

junction in 14 species from 2-14 bp, while in three species found away from the junction: 2 bp 

in Gossypium herbaceum and 101 bp in H. rosa-sinensis.  

Among these twenty species, two species showed other than rps19 gene near the border of IR. 

The rpl16 gene was present in Abelmoschus esculentus that was also integrated into IRb with 

66 bp and the rpl23 present in Durio zibethinus was far away from the junction with 64 bp. 

The IR expansion in Abelmoschus esculentus lead to complete duplication of rps19, rpl22, 

rps3, and a pseudogene of rpl16 at 5′ end in the IR region. On the other side, the contraction 

of IR and expansion of the LSC region lead to existence of single copy of rpl2 and rpl23 in 

Durio zibenthus, whereas these genes were duplicated in all other plants. In species of genus 

Hibiscus, we noted that rps19 gene was 101 bp away from the junction in  H. rosa-sinensis 

whereas in H. syriacus the rps19 integrated into IRb with 3 bp. In both species of Firmiana, 

the rps19 was integrated into IRb with 6 bp. At the junction of IRa/LSC, trnH-GUG was present 

completely in LSC.  

 

 



Chapter 3                                                                                

Evolutionary dynamics and phylogeny of family Malvaceae                                                              53 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 3                                                                                

Evolutionary dynamics and phylogeny of family Malvaceae                                                              54 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 Comparative analyses of boundary regions: inverted repeat regions (IR), small 

single copy (SSC), and large single copy (LSC) among 20 species of Malvaceae. HR: H. 

rosa-sinensis, HS: H. syriacus, HM: H. mutabilis, AE: A. esculentus; TH: T. hamabo, BC: B. 

ceiba; DZ: D. zibethinus, FM: F. major, FC: F. colorata, HP: H. parvifolia; TC: T. cacao; TA: 

T. amurensis; MP: M. parviflora, MC: M. coromandelianum, UP: U. procumbens, RT: R. 

thyrsoidea, SM: S. monosperma, PT: P. truncatolobatum, GH: G. herbaceum, and AO: A. 

officinalis. Species of Hibiscus were presented at top of figure to show variations in both 

species. Hibiscus species revealed clear differences based on position of the genes from borders 

and in size of the ycf1 pseudogene. All genes with reverse direction were given at the top of 

lines whereas genes with positive direction were given below line. ycf1 present at the border 

of IRb and SSC represent truncated copy. The numbers of the bp indicate the distance from the 

boundary regions or part of the gene that cross the borderline among two locations of 

chloroplast. To get clear understanding of all species, we reversed direction of small single 

copy of some species. 
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3.3.4 Comparative analyses of evolutionary rate of protein coding genes 

In the current study, we analysed non-synonymous and synonymous substitution rate of 77 

protein-coding among the 19 species of family Malvaceae.  This study revealed that evolution 

rate varied among the 19 species of family Malvaceae (Table 3.2). The Ka/Ks value was found 

less than 0.5 in about 95% of genes. The genes related to photosynthesis showed the lowest 

evolutionary rate whereby maximum genes showed only synonymous substitutions. The 

average values were Ks = 0.048, Ka = 0.0023, and Ka/Ks = 0.047. Eight genes (rps16, rpoC2, 

rbcL, cemA, rps11, and rpl14, psbK, and psbJ) had Ka/Ks rate higher than 0.5 and lower than 

1 in one species, three genes (rps14, rps4, and rpl20) in two species, four genes (rps2, rps18, 

ndhC, and ndhG) in three species, two genes (clpP and psbT) in four species, three genes (accD,  

ycf2, and ycf1) in six species, one gene (rpl22) in seven species, and one gene (matK) in eight 

species. Five genes (psbI, psbT, rpl23, matK and rps7) showed Ka/Ks value greater than 1 in 

at least one species, rpl22 in two species, and clpP was present at this higher rate in eight 

species. The evolutionary rate was similar in the 40 (52%) genes among two species of Hibiscus 

whereas 37 genes (about 48%) had the difference in Ka/Ks more than 5%. The 18 genes (atpA, 

rpoC1, rpoB, psaA, rps4, ndhK, ndhC, atpB, accD, ycf4, cemA, rpl20, clpP, rps11, rps8, rpl22, 

ndhF, ndhI) in H. rosa-sinensis evolved faster whereas 19 genes (psbA, atpI, rps2, rpoC2, 

rps14, psaB, ycf3, rbcL, petA, rpl33, psbT, rpoA, rps3, rps19, ycf2, ycf1, ndhG, ndhA and ndhH) 

evolved faster in H. syriacus. In genus Firmiana, evolutionary rate was similar in the 34 

(44.2%) genes among two species of Firmiana whereas 43 genes (about 55.8%) had the 

differences in Ka/Ks more than 5%. We found 15 genes (psaB, rbcL, accD, clpP, psbT, rpoA, 

rps8, rps3, rpl22, ycf1, ndhF, rpl32, ccsA, ndhH, and rps15) fast evolving in Firmiana major 

whereas 28 genes (psbA, matK, psbK, atpA, atpF, rps2, rpoC1, psbM, psaA, rps4, ndhK, ndhC, 

atpE, atpB, ycf4, cemA, petA, rps18, rpl20, psbB, petB, petD, rps11, rpl14, rpl2, ycf2, ndhD, 

ndhH) were fast evolving in Firmiana colorata.  
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Table 3.2 Comparison of evolutionary rates of 77 protein coding genes among 

Malvaceae species 

Gene Species Ks Ka Ka/Ks Gene Species Ks Ka Ka/Ks 

PsbA 

HS 0.0411 0.0025 0.0608 

petG 

HS 0.0364 0 0 

RS 0.067 0.0025 0.0373 RS 0 0 0 

FM 0.0496 0.0025 0.0504 FM 0 0 0 

FC 0.0453 0.0025 0.0551 FC 0 0 0 

MP 0.067 0.0012 0.0179 MP 0 0 0 

MC 0.0627 0.0012 0.0191 MC 0 0 0 

RT 0.0327 0.0025 0.0764 RT 0 0 0 

UP 0.0497 0.0012 0.0241 UP 0 0 0 

SM 0.0496 0.0012 0.0241 SM 0.0364 0 0 

PT 0.0411 0.0012 0.0291 PT 0 0 0 

TA 0.0369 0.0012 0.0325 TA 0 0 0 

BC 0.0474 0.0026 0.0548 BC 0.0364 0 0 

GH 0.054 0.0012 0.0222 GH 0 0 0 

AO 0.0583 0.0012 0.0205 AO 0 0 0 

AE 0.054 0.0012 0.0222 AE 0 0 0 

HP 0.0539 0.0025 0.0463 HP 0 0 0 

DZ 0.0411 0.0012 0.0291 DZ 1 0.0122 0.0122 

TH 0.066 0.003 0.0454 TH 0.0365 0 0 

matK 

HS 0.0753 0.0368 0.4887 

psaJ 

HS 0.0667 0 0 

RS 0.0866 0.0444 0.5127 RS 0.0667 0 0 

FM 0.0688 0.0294 0.4273 FM 0.0667 0 0 

FC 0.0689 0.0329 0.4775 FC 0 0 0 

MP 0.0995 0.0435 0.4371 MP 0.0667 0 0 

MC 0.1099 0.0416 0.3785 MC 0.0667 0 0 

RT 0.0576 0.0316 0.5486 RT 0.1024 0 0 

UP 0.0837 0.0434 0.5185 UP 0.1024 0 0 

SM 0.0767 0.0371 0.4837 SM 0.1024 0 0 

PT 0.0287 0.0347 1.209 PT 0.0667 0 0 

TA 0.045 0.0236 0.5244 TA 0.0667 0 0 

BC 0.0609 0.0317 0.5205 BC 0.1024 0 0 

GH 0.0956 0.0508 0.5313 GH 0.0667 0 0 

AO 0.0995 0.0426 0.4281 AO 0.0667 0 0 

AE 0.0898 0.0397 0.442 AE 0.667 0 0 

HP 0.0608 0.0325 0.5345 HP 0.1024 0 0 

DZ 0.0559 0.0321 0.5742 DZ 0.0667 0 0 

TH 0.0766 0.0353 0.4608 AE 0.667 0 0 

rps16 

HS 0.0466 0 0 

rpl33 

HS 0.0709 0.0134 0.1889 

RS 0.0152 0 0 RS 0.0709 0 0 

FM 0 0 0 FM 0 0.0065 N/A 

FC 0.0152 0 0 FC 0 0.0065 N/A 

MP 0.0307 0 0 MP 0.0462 0.0132 0.2857 

MC 0.0307 0.0051 0.1661 MC 0.0462 0.0132 0.2857 

RT 0.0153 0.0051 0.3333 RT 0.0229 0 0 
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UP 0.0466 0 0 UP 0.0465 0 0 

SM 0.0151 0.0102 0.6754 SM 0 0.0131 N/A 

PT 0 0.0051 N/A PT 0 0.0131 N/A 

TA 0 0 0 TA 0.023 0.0065 0.2826 

BC 0.0308 0.0051 0.1655 BC 0.0229 0 0 

GH 0.0305 0.0154 0.5049 GH 0.0709 0 0 

AO 0.0307 0 0 AO 0.0462 0.0132 0.2857 

AE 0.0466 0 0 AE 0.0465 0 0 

HP 0.0307 0.0051 0.1661 HP 0 0.0065 N/A 

DZ 0.0632 0.0052 0.0822 DZ 0 0.0131 N/A 

TH 0.0308 0 0 TH 0.0711 0 0 

psbK 

HS 0.0524 0.007 0.1335 

rps18 

HS 0.0143 0 0 

RS 0.0524 0.007 0.1335 RS 0.0143 0 0 

FM 0.0524 0.007 0.1335 FM 0.0143 0.0044 0.3076 

FC 0.052 0.0141 0.2711 FC 0.0144 0.013 0.9027 

MP 0.0808 0.007 0.0866 MP 0.0435 0.0043 0.0988 

MC 0.0741 0 0 MC 0.0435 0.0043 0.0988 

RT 0.027 0.0218 0.8074 RT 0.0143 0.0087 0.6083 

UP 0.0801 0.0212 0.2646 UP 0.0143 0 0 

SM 0.0799 0.0141 0.1764 SM 0.0288 0.0043 0.1493 

PT 0.0801 0.007 0.0873 PT 0.0288 0.0087 0.302 

TA 0.0524 0 0 TA 0.0286 0 0 

BC 0.0524 0.007 0.1335 BC 0.0143 0 0 

GH 0.0524 0.007 0.1335 GH 0.0288 0.0043 0.1493 

AO 0.0801 0 0 AO 0.0435 0.0087 0.2 

AE 0.0524 0.007 0.1335 AE 0.0143 0 0 

HP 0.0794 0.0141 0.1775 HP 0.0143 0.0043 0.3006 

DZ 0.0522 0.0141 0.2701 DZ 0.0471 0.019 0.4033 

TH 0.0801 0.007 0.0873 TH 0.0144 0 0 

psbI 

HS 0.079 0 0 

rpl20 

HS 0.0601 0.0153 0.2545 

RS 0.079 0 0 RS 0.0909 0.0173 0.1903 

FM 0.0385 0 0 FM 0.0555 0.0244 0.4396 

FC 0.0385 0 0 FC 0.043 0.0245 0.5697 

MP 0.1219 0 0 MP 0.0733 0.0152 0.2073 

MC 0.1219 0 0 MC 0.0859 0.0114 0.1327 

RT 0.0385 0 0 RT 0.0998 0.0308 0.3086 

UP 0.1697 0 0 UP 0.0727 0.0192 0.264 

SM 0.079 0 0 SM 0.0683 0.0205 0.3001 

PT 0 0 0 PT 0.0481 0.023 0.4781 

TA 0 0 0 TA 0.0355 0.0114 0.3211 

BC 0 0 0 BC 0.048 0.0191 0.3979 

GH 0.0385 0 0 GH 0.1319 0.0172 0.1304 

AO 0.1219 0 0 AO 0.073 0.0114 0.1561 

AE 26.67 0 0 AE 0.0509 0.0159 0.3123 

HP 0.0385 0 0 HP 0.0679 0.0244 0.3593 

DZ 0.0355 0.1085 3.0563 DZ 0.0646 0.0599 0.9272 
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TH 0.0423 0 0 TH 0.0603 0.0114 0.189 

atpA 

HS 0.0736 0.0044 0.0597 

rps12 

HS 0 0.0037 N/A 

RS 0.0617 0.0052 0.0842 RS 0 0.0037 N/A 

FM 0.0501 0.007 0.1397 FM 0 0 0 

FC 0.0416 0.007 0.1682 FC 0 0 0 

MP 0.0214 0 0 MP 0 0 0 

MC 0.0675 0.0079 0.117 MC 0 0.0037 N/A 

RT 0.0502 0.0025 0.0498 RT 0 0.0037 N/A 

UP 0.0826 0.0035 0.0423 UP 0 0.0037 N/A 

SM 0.0473 0.0044 0.093 SM 0.0208 0.0037 N/A 

PT 0.0502 0.0035 0.0697 PT 0 0 0 

TA 0.0388 0.0044 0.1134 TA 0 0 0 

BC 0.0473 0.0035 0.0739 BC 0 0 0 

GH 0.0588 0.0053 0.0901 GH 0 0.0037 N/A 

AO 0.0588 0.007 0.119 AO 0 0.0037 N/A 

AE 0.0619 0.0052 0.084 AE 0 0.0037 N/A 

HP 0.036 0.0053 0.1472 HP 0 0.0037 N/A 

DZ 0.0456 0.0036 0.0789 DZ 0 0 0 

TH 0.0765 0.0044 0.0575 TH 0 0.0037 N/A 

atpF 

HS 0.058 0.0142 0.2448 

clpP 

HS 0.0518 0.0296 0.5714 

RS 0.0669 0.0166 0.2481 RS 0.0518 0.0319 0.6158 

FM 0.0412 0.0047 0.114 FM 0.0219 0.1637 7.4748 

FC 0.0413 0.0071 0.1719 FC 0.0367 0.1446 3.94 

MP 0.0512 0.0246 0.4804 MP 0.0677 0.0319 0.4711 

MC 0.0582 0.019 0.3264 MC 0.0598 0.0295 0.4933 

RT 0.0497 0.0023 0.0462 RT 0.0446 0.0534 1.1973 

UP 0.0754 0.0142 0.1883 UP 0.0597 0.0226 0.3785 

SM 0.0412 0.0047 0.114 SM 0.0325 0.1113 3.4246 

PT 0.0672 0.0047 0.0699 PT 0.0295 0.0365 1.2372 

TA 0.0502 0.0118 0.235 TA 0.0368 0.0203 0.5516 

BC 0.0582 0.0094 0.1615 BC 0.0368 0.018 0.4891 

GH 0.0579 0.0094 0.1623 GH 0.0597 0.018 0.3015 

AO 0.0414 0.0194 0.4685 AO 0.0597 0.0296 0.4958 

AE 0.0842 0.0166 0.1971 AE 0.0486 0.0565 1.1625 

HP 0.0495 0.0142 0.2868 HP 0.0183 0.101 5.5191 

DZ 0.0495 0.0118 0.2383 DZ 0.176 0.2107 1.1971 

TH 0.0667 0.0142 0.2128 TH 0.0367 0.0296 0.8065 

atpH 

HS 0.0632 0 0 

psbB 

HS 0.0696 0.0009 0.0129 

RS 0.0469 0 0 RS 0.0724 0.0009 0.0124 

FM 0.0803 0 0 FM 0.0544 0.0009 0.0165 

FC 0.0632 0 0 FC 0.0694 0.0017 0.0244 

MP 0.0166 0 0 MP 0.0846 0.0017 0.02 

MC 0.0632 0 0 MC 0.0908 0.0017 0.0187 

RT 0.0632 0 0 RT 0.0543 0.0009 0.0165 

UP 0.0799 0 0 UP 0.0785 0.0009 0.0114 

SM 0.0799 0 0 SM 0.0574 0.0017 0.0296 
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PT 0.0469 0 0 PT 0.0544 0.0009 0.0165 

TA 0.0469 0 0 TA 0.0397 0.0009 0.0226 

BC 0.0632 0 0 BC 0.0455 0.0009 0.0197 

GH 0.0799 0 0 GH 0.0574 0.0017 0.0296 

AO 0.0632 0 0 AO 0.0818 0.0017 0.0207 

AE 0.0471 0 0 AE 0.0755 0.0009 0.0119 

HP 0.062 0 0 HP 0.0484 0.0017 0.0351 

DZ 0.0468 0.0057 0.1217 DZ 0.0426 0.0026 0.061 

TH 0.0632 0 0 TH 0.0724 0.0009 0.0124 

atpI 

HS 0.0486 0.0063 0.1296 

psbT 

HS 0.042 0.0135 0.3214 

RS 0.0515 0.0036 0.0699 RS 0.0864 0.0135 0.1562 

FM 0.0516 0.0036 0.0697 FM 0.0406 0.0255 0.628 

FC 0.0516 0.0036 0.0697 FC 0.0834 0.0255 0.3057 

MP 0.0668 0.0135 0.202 MP 0.0883 0.0411 0.4654 

MC 0.0698 0.0126 0.1805 MC 0.0883 0.0411 0.4654 

RT 0.0282 0 0 RT 0.0864 0.0135 0.1562 

UP 0.0515 0.0036 0.0699 UP 0.042 0.0135 0.3214 

SM 0.0514 0.0072 0.14 SM 0.0406 0.0255 0.628 

PT 0.0225 0.0018 0.08 PT 0.042 0.0135 0.3214 

TA 0.0282 0.0036 0.1276 TA 0.0834 0.0255 0.3057 

BC 0.0397 0.0036 0.0906 BC 0.0406 0.0255 0.628 

GH 0.0827 0.0054 0.0652 GH 0.0406 0.052 1.2807 

AO 0.0637 0.0126 0.1978 AO 0.0883 0.0411 0.4654 

AE 0.0634 0.0054 0.0851 AE 0.042 0.0135 0.3214 

HP 0.0398 0.0036 0.0904 HP 0.0406 0.0255 0.628 

DZ 0.0456 0.0036 0.0789 DZ 0.0406 0.0255 0.628 

TH 0.0456 0.0036 0.0789 TH 0.042 0.0135 0.3214 

rps2 

HS 0.0244 0.0093 0.3811 

psbN 

HS 0.0663 0 0 

RS 0.0245 0.0074 0.302 RS 0.0663 0 0 

FM 0.0307 0.0074 0.241 FM 0.0324 0 0 

FC 0.0183 0.0074 0.4043 FC 0.0324 0 0 

MP 0.037 0.0056 0.1513 MP 0.0324 0 0 

MC 0.037 0.0056 0.1513 MC 0.0324 0 0 

RT 0.0182 0.0074 0.4065 RT 0.0324 0 0 

UP 0.0245 0.0074 0.302 UP 0.1019 0 0 

SM 0.0308 0.0093 0.3019 SM 0.0324 0 0 

PT 0.0306 0.0056 0.183 PT 0.0324 0 0 

TA 0.0244 0.0018 0.0737 TA 0.0324 0 0 

BC 0.0121 0.0074 0.6115 BC 0.0324 0 0 

GH 0.0497 0.0074 0.1488 GH 0.0663 0 0 

AO 0.037 0.0056 0.1513 AO 0.0324 0 0 

AE 0.0245 0.0093 0.3795 AE 0.1019 0 0 

HP 0.0183 0.0149 0.8142 HP 0.1019 0 0 

DZ 0.0121 0.0112 0.9256 DZ 0.1021 0 0 

TH 0.0244 0.0112 0.459 TH 0.1019 0 0 

rpoC2 HS 0.0611 0.0165 0.27 psbH HS 0.0568 0.0185 0.3257 
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RS 0.0708 0.0166 0.2344 RS 0.0565 0.0185 0.3274 

FM 0.0332 0.0117 0.3524 FM 0 0.0123 N/A 

FC 0.0428 0.0145 0.3387 FC 0.0185 0.0123 0.6648 

MP 0.064 0.0147 0.2296 MP 0.0568 0.0123 0.2165 

MC 0.0724 0.0142 0.1961 MC 0.0767 0.0123 0.1603 

RT 0.0424 0.011 0.2594 RT 0 0.0123 N/A 

UP 0.0686 0.0182 0.2653 UP 0.0374 0.0185 0.4946 

SM 0.0334 0.012 0.3592 SM 0.0183 0.0248 1.3551 

PT 0.0502 0.0168 0.3346 PT 0.0279 0.0154 0.5519 

TA 0.029 0.0093 0.3206 TA 0 0.0123 N/A 

BC 0.0397 0.0099 0.2493 BC 0 0.0185 N/A 

GH 0.0588 0.0187 0.318 GH 0.0187 0.0061 0.3262 

AO 0.0629 0.0153 0.2432 AO 0.0568 0.0123 0.2165 

AE 0.0672 0.0179 0.2663 AE 0.0568 0.0185 0.3257 

HP 0.0395 0.0158 0.4 HP 0 0.0248 N/A 

DZ 0.0257 0.0154 0.5992 DZ 0.0374 0.0185 0.4946 

TH 0.0641 0.0176 0.2745 TH 0.0374 0.0185 0.4946 

rpoC1 

HS 0.0681 0.01 0.1468 

petB 

HS 0.0799 0 0 

RS 0.0579 0.0097 0.1675 RS 0.0941 0 0 

FM 0.0514 0.0071 0.1381 FM 0.0729 0.0021 0.0288 

FC 0.0493 0.0077 0.1561 FC 0.0591 0.0021 0.0355 

MP 0.0447 0.009 0.2013 MP 0.087 0.0041 0.0471 

MC 0.0513 0.009 0.1754 MC 0.0799 0.0021 0.0262 

RT 0.0426 0.0071 0.1666 RT 0.066 0 0 

UP 0.0536 0.0103 0.1921 UP 0.1157 0 0 

SM 0.049 0.0045 0.0918 SM 0.0598 0 0 

PT 0.058 0.0045 0.0775 PT 0.066 0 0 

TA 0.036 0.0039 0.1083 TA 0.0591 0 0 

BC 0.0426 0.0084 0.1971 BC 0.0524 0 0 

GH 0.0512 0.0123 0.2402 GH 0.0799 0.0021 0.0262 

AO 0.0468 0.0097 0.2072 AO 0.0799 0.0021 0.0262 

AE 0.0535 0.0097 0.1813 AE 0.1084 0 0 

HP 0.0469 0.009 0.1918 HP 0.0539 0.0041 0.076 

DZ 0.0425 0.011 0.2588 DZ 0.0525 0.0041 0.078 

TH 0.0491 0.0097 0.1975 TH 0.1231 0 0 

rpoB 

HS 0.0453 0.0049 0.1081 

petD 

HS 0.0525 0 0 

RS 0.0425 0.0057 0.1341 RS 0.0525 0 0 

FM 0.0326 0.0045 0.138 FM 0.0346 0 0 

FC 0.034 0.0045 0.1323 FC 0.0527 0.0028 0.0531 

MP 0.0502 0.0043 0.0856 MP 0.0525 0 0 

MC 0.0513 0.0047 0.0916 MC 0.0435 0 0 

RT 0.0466 0.0053 0.1137 RT 0.0435 0 0 

UP 0.0483 0.0078 0.1614 UP 0.0617 0.0055 0.0891 

SM 0.0298 0.009 0.302 SM 0.0258 0 0 

PT 0.0467 0.0061 0.1306 PT 0.0435 0 0 

TA 0.0257 0.0037 0.1439 TA 0.0258 0 0 
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BC 0.0244 0.0041 0.168 BC 0.0346 0 0 

GH 0.0501 0.0059 0.1177 GH 0.0525 0 0 

AO 0.0474 0.0043 0.0907 AO 0.0525 0 0 

AE 0.0353 0.0061 0.1728 AE 0.0434 0 0 

HP 0.0313 0.0061 0.1948 HP 0.0346 0.0028 0.0809 

DZ 0.0299 0.0086 0.2876 DZ 0.0346 0 0 

TH 0.0424 0.0069 0.1627 TH 0.0614 0 0 

petN 

HS 0.0496 0 0 

rpoA 

HS 0.1097 0.0132 0.1203 

RS 0.0496 0 0 RS 0.1097 0.0119 0.1084 

FM 0.0496 0 0 FM 0.061 0.0232 0.3803 

FC 0 0 0 FC 0.0711 0.0218 0.3066 

MP 0.107 0 0 MP 0.0989 0.0172 0.1739 

MC 0.1599 0 0 MC 0.0962 0.0179 0.186 

RT 0 0 0 RT 0.0633 0.0105 0.1658 

UP 0.0496 0 0 UP 0.0988 0.0092 0.0931 

SM 0 0 0 SM 0.0782 0.0145 0.1854 

PT 0 0 0 PT 0.0634 0.0092 0.1451 

TA 0 0 0 TA 0.0482 0.0079 0.1639 

BC 0.0496 0 0 BC 0.0679 0.0132 0.1944 

GH 0.0496 0 0 GH 0.0912 0.0179 0.1962 

AO 0.1027 0 0 AO 0.0882 0.0172 0.195 

AE 0.0496 0 0 AE 0.099 0.0132 0.1333 

HP 0 0 0 HP 0.0784 0.0132 0.1683 

DZ 0 0 0 DZ 0.0579 0.0079 0.1364 

TH 0.0496 0 0 TH 0.1043 0.0105 0.1006 

psbM 

HS 0.0411 0 0 

rps11 

HS 0.0781 0.0066 0.0845 

RS 0.0411 0 0 RS 0.0679 0.0165 0.243 

FM 0.0411 0 0 FM 0.0578 0.0066 0.1141 

FC 0.0406 0.0132 0.3251 FC 0.0578 0.0099 0.1712 

MP 0.1298 0 0 MP 0.068 0.0066 0.097 

MC 0.1298 0 0 MC 0.0993 0.0066 0.0664 

RT 0.0411 0 0 RT 0.068 0.0099 0.1455 

UP 0.0406 0.0132 0.3251 UP 0.0781 0.0099 0.1267 

SM 0.1308 0 0 SM 0.0479 0.0099 0.2066 

PT 0.1327 0.013 0.0979 PT 0.0578 0.0066 0.1141 

TA 0.0846 0 0 TA 0.0478 0.0066 0.138 

BC 0.0406 0.0132 0.3251 BC 0.0478 0.0066 0.138 

GH 0.0411 0 0 GH 0.0991 0.0099 0.0998 

AO 0.1298 0 0 AO 0.0783 0.0099 0.1264 

AE 0.0411 0 0 AE 0.0782 0.0132 0.1687 

HP 0.411 0 0 HP 0.0383 0.0132 0.3446 

DZ 0.0846 0 0 DZ 0.0725 0.0421 0.5806 

TH 0.0834 0.0132 0.1582 TH 0.0991 0.0099 0.0998 

psbD 

HS 0.0379 0 0 

rpl36 

HS 0.0392 0.0119 0.3035 

RS 0.0498 0 0 RS 0.0392 0.0119 0.3035 

FM 0.0286 0 0 FM 0 0 0 
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FC 0.0328 0 0 FC 0 0 0 

MP 0.0583 0 0 MP 0.0806 0.0119 0.1476 

MC 0.0584 0 0 MC 0.0806 0.0119 0.1476 

RT 0.0286 0 0 RT 0 0 0 

UP 0.0498 0.0012 0.024 UP 0.0392 0.0119 0.3035 

SM 0.037 0 0 SM 0.0795 0 0 

PT 0.0162 0 0 PT 0 0.0119 N/A 

TA 0.0162 0 0 TA 0.0806 0 0 

BC 0.0328 0 0 BC 0 0 0 

GH 0.0583 0 0 GH 0.0814 0.0118 0.1449 

AO 0.0627 0.0012 0.0191 AO 0.0806 0.0119 0.1476 

AE 0.0627 0.0012 0.0191 AE 0.0392 0.0119 0.3035 

HP 0.0286 0.0012 0.0419 HP 0 0 0 

DZ 0.0329 0 0 DZ 0.0385 0.012 0.3116 

TH 0.0498 0 0 TH 0.0392 0.0119 0.3035 

psbC 

HS 0.0721 0 0 

rps8 

HS 0.0618 0.01 0.1618 

RS 0.0809 0 0 RS 0.0619 0.0168 0.2714 

FM 0.0443 0 0 FM 0.01 0.0033 0.33 

FC 0.0413 0.0009 0.0217 FC 0.0201 0.0033 0.1641 

MP 0.0534 0.0009 0.0168 MP 0.0728 0.0168 0.2307 

MC 0.0473 0.0019 0.0401 MC 0.0728 0.0168 0.2307 

RT 0.0322 0 0 RT 0.02 0.0067 0.335 

UP 0.069 0 0 UP 0.0304 0.0134 0.4407 

SM 0.0414 0.0028 0.0676 SM 0.0201 0.01 0.4975 

PT 0.0535 0 0 PT 0.0406 0.01 0.2463 

TA 0.0263 0.0009 0.0342 TA 0.01 0.0033 0.33 

BC 0.0352 0 0 BC 0.0303 0.0067 0.2211 

GH 0.0534 0 0 GH 0.0619 0.0168 0.2714 

AO 0.0443 0.0009 0.0203 AO 0.0728 0.0168 0.2307 

AE 0.069 0.0009 0.013 AE 0.0303 0.01 0.33 

HP 0.0383 0 0 HP 0.0199 0.0067 0.3366 

DZ 0.0412 0 0 DZ 0.02 0.01 0.5 

TH 0.0596 0 0 TH 0.0303 0.01 0.33 

psbZ 

HS 0.0677 0 0 

rpl14 

HS 0.046 0.0036 0.0782 

RS 0.0914 0.0072 0.0787 RS 0.0702 0 0 

FM 0.0917 0 0 FM 0.0227 0.0036 0.1585 

FC 0.1165 0 0 FC 0.0226 0.0073 0.323 

MP 0.0219 0 0 MP 0.0277 0 0 

MC 0.0219 0 0 MC 0.0344 0 0 

RT 0.0445 0 0 RT 0.0462 0 0 

UP 0.0445 0 0 UP 0.0462 0.0036 0.0779 

SM 0.1165 0 0 SM 0.0299 0.0131 0.4381 

PT 0.0445 0 0 PT 0.022 0 0 

TA 0.0445 0 0 TA 0.0229 0.0036 0.1572 

BC 0.0218 0.0072 0.3302 BC 0.0344 0 0 

GH 0.0219 0 0 GH 0.058 0.0036 0.062 
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AO 0.0219 0 0 AO 0.0113 0 0 

AE 0.0445 0 0 AE 0.0462 0 0 

HP 0.0914 0.0072 0.0787 HP 0.0344 0 0 

DZ 0.0219 0 0 DZ 0.0344 0.0183 0.5319 

TH 0.0445 0 0 TH 0.046 0.0073 0.1586 

rps14 

HS 0.03 0.0087 0.29 

rpl16 

HS 0.0517 0 0 

RS 0.03 0.0043 0.1433 RS 0.0411 0.0033 0.0802 

FM 0.0148 0.0043 0.2905 FM 0.0306 0 0 

FC 0.0148 0.0043 0.2905 FC 0.0411 0 0 

MP 0.0774 0.0043 0.0555 MP 0.0411 0.0066 0.1605 

MC 0.0774 0.0043 0.0555 MC 0.0306 0.0066 0.2156 

RT 0.0454 0.0043 0.0947 RT 0.0517 0 0 

UP 0.0454 0.0043 0.0947 UP 0.0847 0.0033 0.0389 

SM 0.0299 0.0131 0.4381 SM 0.0399 0 0 

PT 0.0149 0.0087 0.5838 PT 0.0502 0 0 

TA 0.03 0.0043 0.1433 TA 0.0306 0 0 

BC 0.03 0.0043 0.1433 BC 0.0411 0 0 

GH 0.0612 0.0043 0.0702 GH 0.0842 0 0 

AO 0.0774 0.0043 0.0555 AO 0.0306 0.0066 0.2156 

AE 0.0452 0.0087 0.1924 AE 0.0517 0 0 

HP 0.0148 0.0043 0.2905 HP 0.0516 0.0033 0.0639 

DZ 0.0299 0.0175 0.5852 DZ 0.0411 0.0066 0.1605 

TH 0.0454 0.0043 0.0947 TH 0.0412 0.0033 0.08 

psaB 

HS 0.0406 0.003 0.0738 

rps3 

HS 0.1254 0.0139 0.1108 

RS 0.0511 0.0035 0.0684 RS 0.1333 0.0139 0.1042 

FM 0.0395 0.0027 0.0683 FM 0.0905 0.0069 0.0762 

FC 0.0458 0.0027 0.0589 FC 0.0983 0.0069 0.0701 

MP 0.066 0.0041 0.0621 MP 0.0715 0.0099 0.1384 

MC 0.0703 0.0041 0.0583 MC 0.0641 0.0119 0.1856 

RT 0.0302 0.003 0.0993 RT 0.0869 0.0079 0.0909 

UP 0.049 0.003 0.0612 UP 0.1013 0.016 0.1579 

SM 0.05 0.005 0.1 SM 0.1355 0.0099 0.073 

PT 0.0427 0.0024 0.0562 PT 0.0866 0.0139 0.1605 

TA 0.0302 0.0024 0.0794 TA 0.0795 0.0079 0.0993 

BC 0.0323 0.0024 0.0743 BC 0.0641 0.0079 0.1232 

GH 0.0596 0.0024 0.0402 GH 0.1138 0.0169 0.1485 

AO 0.0681 0.0041 0.0602 AO 0.0717 0.0119 0.1659 

AE 0.0511 0.003 0.0587 AE 0.1054 0.015 0.1423 

HP 0.0406 0.0035 0.0862 HP 0.0869 0.0059 0.0678 

DZ 0.0302 0.0024 0.0794 DZ 0.1098 0.0201 0.183 

TH 0.066 0.003 0.0454 TH 0.1013 0.016 0.1579 

psaA 

HS 0.0531 0.0006 0.0112 

rpl22 

HS 0.093 0.0799 0.8591 

RS 0.0633 0.0012 0.0189 RS 0.0788 0.0754 0.9568 

FM 0.0329 0.0006 0.0182 FM 0.0517 0.0257 0.497 

FC 0.0429 0.0012 0.0279 FC 0.0739 0.0259 0.3504 

MP 0.0531 0.0006 0.0112 MP 0.0798 0.0509 0.6378 
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MC 0.0592 0.0006 0.0101 MC 0.0797 0.092 1.1543 

RT 0.0449 0.0006 0.0133 RT 0.0763 0.0359 0.4705 

UP 0.0571 0.0006 0.0105 UP 0.0702 0.0845 1.2037 

SM 0.0499 0.0006 0.012 SM 0.0306 0.0359 1.1732 

PT 0.0389 0 0 PT 0.0625 0.0388 0.6208 

TA 0.0251 0.0006 0.0239 TA 0.0315 0.0164 0.5206 

BC 0.0389 0.0006 0.0154 BC 0.0603 0.0462 0.7661 

GH 0.053 0.0017 0.032 GH 0.0354 0.0326 0.9209 

AO 0.051 0 0 AO 0.0634 0.0554 0.8738 

AE 0.0551 0.0006 0.0108 AE 0.0809 0.0872 1.0778 

HP 0.031 0.0012 0.0387 HP 0.031 0.0226 0.729 

DZ 0.033 0 0 DZ 0.0702 0.0845 0.729 

TH 0.0551 0.0006 0.0108 TH 0.0701 0.0802 1.144 

ycf3 

HS 0.0531 0.0026 0.0489 

rps19 

HS 0.1059 0.0047 0.0443 

RS 0.0624 0.0026 0.0416 RS 0.1251 0.0047 0.0375 

FM 0.0436 0.0052 0.1192 FM 0.0511 0.0047 0.0919 

FC 0.0436 0.0052 0.1192 FC 0.0511 0.0047 0.0919 

MP 0.035 0.0026 0.0742 MP 0.0689 0.0047 0.0682 

MC 0.035 0.0026 0.0742 MC 0.0689 0.0047 0.0682 

RT 0.0348 0 0 RT 0.0872 0.0047 0.0538 

UP 0.0531 0.0052 0.0979 UP 0.1661 0.0093 0.0559 

SM 0.062 0.0026 0.0419 SM 0.0689 0.0093 0.1349 

PT 0.0529 0.0026 0.0491 PT 0.0689 0.0047 0.0682 

TA 0.0348 0 0 TA 0.0872 0.0047 0.0538 

BC 0.0348 0 0 BC 0.0689 0.0093 0.1349 

GH 0.0808 0.0026 0.0321 GH 0.1251 0.0093 0.0743 

AO 0.044 0.0026 0.059 AO 0.0689 0.0047 0.0682 

AE 0.0624 0.0026 0.0416 AE 0.1452 0.0141 0.0971 

HP 0.0347 0.0026 0.0749 HP 0.0511 0.0188 0.3679 

DZ 0.0172 0 0 DZ 0.0693 0.0239 0.3448 

TH 0.0531 0.0052 0.0979 TH 0.1251 0.0047 0.0375 

rps4 

HS 0.0499 0.0088 0.1763 

rpl2 

HS 0.0098 0 0 

RS 0.0429 0.0088 0.2051 RS 0.0092 0 0 

FM 0.0211 0.0132 0.6255 FM 0 0.0065 N/A 

FC 0.0281 0.0199 0.7081 FC 0.0098 0.0049 0.5 

MP 0.0875 0.0066 0.0754 MP 0.0098 0.0033 0.3367 

MC 0.0646 0.006 0.0928 MC 0.0098 0.0016 0.1632 

RT 0.0353 0.0088 0.2492 RT 0.0049 0 0 

UP 0.0461 0.0077 0.167 UP 0.0098 0 0 

SM 0.0281 0.0132 0.4697 SM 0 0.0033 N/A 

PT 0.0427 0.011 0.2576 PT 0.0049 0.0016 0.3265 

TA 0.021 0.0088 0.419 TA 0.0098 0 0 

BC 0.021 0.0088 0.419 BC 0.0049 0 0 

GH 0.0499 0.011 0.2204 GH 0.0297 0 0 

AO 0.0722 0.0066 0.0914 AO 0.0098 0.0016 0.1632 

AE 0.0389 0.0077 0.1979 AE 0.0098 0 0 
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HP 0.0139 0.0066 0.4748 HP 0 0.0049 N/A 

DZ 0.0352 0.0132 0.375 DZ 0.0147 0.0016 0.1088 

TH 0.0461 0.0077 0.167 TH 0.0147 0 0 

ndhJ 

HS 0.1079 0 0 

rpl23 

HS 0 0.0047 N/A 

RS 0.1183 0 0 RS 0 0.0094 N/A 

FM 0.0869 0.0027 0.031 FM 0 0.0047 N/A 

FC 0.0869 0.0027 0.031 FC 0 0.0094 N/A 

MP 0.1077 0 0 MP 0 0.0047 N/A 

MC 0.0972 0 0 MC 0 0.0096 N/A 

RT 0.0767 0.0083 0.1082 RT 0 0.0047 N/A 

UP 0.1079 0.0027 0.025 UP 0 0.0142 N/A 

SM 0.0667 0 0 SM 0 0.0047 N/A 

PT 0.1077 0.0027 0.025 PT 0.0154 0.0047 0.3051 

TA 0.0667 0 0 TA 0 0.0047 N/A 

BC 0.0767 0 0 BC 0 0.0047 N/A 

GH 0.0972 0.0027 0.0277 GH 0 0 0 

AO 0.1077 0 0 AO 0 0.0047 N/A 

AE 0.1185 0 0 AE 0 0.0142 N/A 

HP 0.0767 0 0 HP 0 0.0047 N/A 

DZ 0.0869 0 0 DZ 0.0153 0.019 1.2418 

TH 0.0974 0 0 TH 0 0.0047 N/A 

ndhK 

HS 0.1179 0.0079 0.067 

ycf2 

HS 0.0513 0.031 0.6042 

RS 0.1038 0.0099 0.0953 RS 0.0082 0.0042 0.5121 

FM 0.0571 0.002 0.035 FM 0.0088 0.0025 0.284 

FC 0.0772 0.0039 0.0505 FC 0.006 0.0032 0.5333 

MP 0.1108 0.0079 0.0712 MP 0.0079 0.0053 0.6708 

MC 0.111 0.0079 0.0711 MC 0.0086 0.0043 0.5 

RT 0.0838 0.0098 0.1169 RT 0.0054 0.0025 0.4629 

UP 0.125 0.0099 0.0792 UP 0.0106 0.0047 0.4433 

SM 0.0636 0.0079 0.1242 SM 0.0053 0.0021 0.3962 

PT 0.0634 0.0039 0.0615 PT 0.008 0.005 0.625 

TA 0.0571 0.0039 0.0683 TA 0.0026 0.0019 0.7307 

BC 0.0573 0.0059 0.1029 BC 0.006 0.0017 0.2833 

GH 0.104 0.0059 0.0567 GH 0.01 0.0047 0.47 

AO 0.1108 0.0079 0.0712 AO 0.0073 0.0039 0.5342 

AE 0.0969 0.0079 0.0815 AE 0.0097 0.0046 0.4742 

HP 0.0571 0.0039 0.0683 HP 0.004 0.0026 0.65 

DZ 0.0703 0 0 DZ 0.0435 0.0377 0.8666 

TH 0.1108 0.0079 0.0712 TH 0.0086 0.0039 0.4534 

ndhC 

HS 0.0235 0.0037 0.1574 

ndhB 

HS 0.0081 0.0009 0.1111 

RS 0.0116 0.0074 0.6379 RS 0.0081 0.0009 0.1111 

FM 0.0234 0.0037 0.1581 FM 0.0054 0 0 

FC 0.0166 0.0037 0.2228 FC 0.0054 0 0 

MP 0.0354 0.0037 0.1045 MP 0.0054 0.0017 0.3148 

MC 0.0117 0.0073 0.6239 MC 0.0054 0.0017 0.3148 

RT 0 0.0073 N/A RT 0.0054 0.0009 0.1666 
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UP 0.0117 0.0037 0.3162 UP 0.0054 0.0009 0.1666 

SM 0 0.0074 N/A SM 0.0027 0 0 

PT 0 0.0111 N/A PT 0.0081 0.009 1.1111 

TA 0.0116 0.0037 0.3189 TA 0.0027 0 0 

BC 0 0.0037 N/A BC 0.0027 0 0 

GH 0 0.0074 N/A GH 0.0027 0.0009 0.3333 

AO 0.0117 0.0073 0.6239 AO 0.0081 0.0017 0.2098 

AE 0 0.0074 N/A AE 0.0054 0.0017 0.3148 

HP 0 0.0074 N/A HP 0.0081 0 0 

DZ 0 0.0037 N/A DZ 0.0054 0.0017 0.3148 

TH 0.0116 0.0037 0.3189 TH 0.0081 0.0009 0.1111 

atpE 

HS 0.1036 0 0 

rps7 

HS 0.0268 0 0 

RS 0.1156 0.0037 0.032 RS 0.027 0 0 

FM 0.091 0.0033 0.0362 FM 0.0088 0 0 

FC 0.079 0.0033 0.0417 FC 0.0088 0 0 

MP 0.0912 0.0033 0.0361 MP 0.0088 0 0 

MC 0.1034 0.0033 0.0319 MC 0.0177 0.0029 0.1638 

RT 0.0795 0.0099 0.1245 RT 0.0088 0 0 

UP 0.1291 0.0033 0.0255 UP 0.0178 0 0 

SM 0.0671 0.0099 0.1475 SM 0.0088 0 0 

PT 0.1036 0 0 PT 0.0088 0 0 

TA 0.0793 0.0033 0.0416 TA 0.0088 0 0 

BC 0.1292 0 0 BC 0.0088 0 0 

GH 0.1036 0 0 GH 0.0088 0 0 

AO 0.0912 0.0033 0.0361 AO 0.0088 0 0 

AE 0.1036 0 0 AE 0.0178 0 0 

HP 0.0789 0.0066 0.0836 HP 0.0088 0 0 

DZ 0.0804 0.0265 0.3296 DZ 0.008 0.0261 3.2625 

TH 0.1286 0 0 TH 0.0178 0 0 

atpB 

HS 0.065 0.0027 0.0415 

ycf1 

HS 0.0918 0.0616 0.671 

RS 0.0704 0.0045 0.0639 RS 0.1164 0.0596 0.512 

FM 0.0559 0.0036 0.0644 FM 0.0681 0.0538 0.79 

FC 0.0589 0.0063 0.1069 FC 0.0802 0.0533 0.6645 

MP 0.0768 0.0073 0.095 MP 0.1111 0.047 0.423 

MC 0.0768 0.0073 0.095 MC 0.1115 0.0502 0.4502 

RT 0.0501 0.0045 0.0898 RT 0.0827 0.0364 0.4401 

UP 0.0662 0.0059 0.0891 UP 0.1124 0.0521 0.4635 

SM 0.0736 0.0063 0.0855 SM 0.0909 0.0582 0.6402 

PT 0.0588 0.0027 0.0459 PT 0.0984 0.0597 0.6067 

TA 0.053 0.0036 0.0679 TA 0.0674 0.0318 0.4718 

BC 0.0443 0.0027 0.0609 BC 0.0649 0.0364 0.5608 

GH 0.0734 0.0054 0.0735 GH 0.1179 0.0484 0.4105 

AO 0.0798 0.0036 0.0451 AO 0.1115 0.0473 0.4242 

AE 0.0792 0.0027 0.034 AE 0.1111 0.0501 0.4509 

HP 0.0558 0.0045 0.0806 HP 0.054 0.0527 0.9759 

DZ 0.05 0.0099 0.198 DZ 0.1609 0.1229 0.7638 
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TH 0.0792 0.0027 0.034 TH 0.1109 0.0468 0.422 

rbcL 

HS 0.0512 0.031 0.6054 

ndhF 

HS 0.0984 0.0245 0.2489 

RS 0.059 0.0257 0.4355 RS 0.1001 0.0336 0.3356 

FM 0.0328 0.0065 0.1981 FM 0.0713 0.0237 0.3323 

FC 0.039 0.0055 0.141 FC 0.0756 0.0231 0.3055 

MP 0.0658 0.0126 0.1914 MP 0.1138 0.0281 0.2469 

MC 0.0686 0.0191 0.2784 MC 0.1059 0.0241 0.2275 

RT 0.0359 0.0065 0.181 RT 0.0917 0.0189 0.2061 

UP 0.0627 0.0208 0.3317 UP 0.0928 0.0247 0.2661 

SM 0.0373 0.006 0.1608 SM 0.0821 0.0231 0.2813 

PT 0.0512 0.0112 0.2187 PT 0.0893 0.017 0.1903 

TA 0.0327 0.0074 0.2262 TA 0.0607 0.0141 0.2322 

BC 0.042 0.0056 0.1333 BC 0.0678 0.0171 0.2522 

GH 0.0561 0.0134 0.2388 GH 0.0931 0.0321 0.3447 

AO 0.0548 0.0131 0.239 AO 0.1037 0.0254 0.2449 

AE 0.0627 0.0237 0.3779 AE 0.0995 0.026 0.2613 

HP 0.0327 0.0074 0.2262 HP 0.0671 0.0276 0.4113 

DZ 0.0379 0.0114 0.3007 DZ 0.0651 0.0258 0.3963 

TH 0.0611 0.0222 0.3633 TH 0.1029 0.0243 0.2361 

accD 

HS 0.0714 0.0253 0.3543 

rpl32 

HS 0 0.0161 N/A 

RS 0.0572 0.0253 0.4423 RS 0 0.0161 N/A 

FM 0.0367 0.0183 0.4986 FM 0.0569 0.0243 0.427 

FC 0.0401 0.0184 0.4588 FC 0.0572 0.0165 0.2884 

MP 0.0575 0.0341 0.593 MP 0.0583 0.0082 0.1406 

MC 0.0613 0.0317 0.5171 MC 0.0282 0.0248 0.8794 

RT 0.0503 0.0192 0.3817 RT 0.0282 0.0165 0.5851 

UP 0.0472 0.0254 0.5381 UP 0.0277 0.025 0.9025 

SM 0.0482 0.0222 0.4605 SM 0.0305 0.0089 0.2918 

PT 0.0572 0.0271 0.4737 PT 0.0281 0.0242 0.8612 

TA 0.0331 0.0165 0.4984 TA 0 0.0082 N/A 

BC 0.0399 0.0165 0.4135 BC 0.0576 0.0082 0.1423 

GH 0.0644 0.0353 0.5481 GH 0.1046 0.0123 0.1175 

AO 0.0577 0.027 0.4676 AO 0.0282 0.0082 0.2907 

AE 0.054 0.0244 0.4518 AE 0 0 0 

HP 0.0346 0.0178 0.5144 HP 0.0285 0.0084 0.2947 

DZ 0.0544 0.0392 0.7205 DZ 0 0.0591 N/A 

TH 0.0504 0.0244 0.4841 TH 0 0.0161 N/A 

psaI 

HS 0 0 0 

ccsA 

HS 0.0769 0.0179 0.2327 

RS 0 0 0 RS 0.0673 0.015 0.2228 

FM 0.0385 0.0001 0.0025 FM 0.0471 0.0178 0.3779 

FC 0 0 0 FC 0.0619 0.015 0.2423 

MP 0 0 0 MP 0.1029 0.0137 0.1331 

MC 0 0 0 MC 0.0871 0.0164 0.1882 

RT 0 0 0 RT 0.0526 0.0193 0.3669 

UP 0 0 0 UP 0.1026 0.0191 0.1861 

SM 0 0 0 SM 0.0421 0.0219 0.5201 
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PT 0.0395 0.0119 0.3012 PT 0.0669 0.0177 0.2645 

TA 0 0 0 TA 0.0375 0.015 0.4 

BC 0.0385 0 0 BC 0.0718 0.0109 0.1518 

GH 0.0385 0 0 GH 0.1052 0.0141 0.134 

AO 0 0 0 AO 0.0975 0.0137 0.1405 

AE 0 0.0242 N/A AE 0.0874 0.0164 0.1876 

HP 0 0 0 HP 0.0427 0.0191 0.4473 

DZ 0 0 0 DZ 0.0472 0.0136 0.2881 

TH 0 0 0 TH 0.867 0.0108 0.0124 

ycf4 

HS 0.0832 0.0047 0.0564 

ndhD 

HS 0.086 0.012 0.1395 

RS 0.1012 0.0071 0.0701 RS 0.0844 0.0115 0.1362 

FM 0.0404 0.0047 0.1163 FM 0.0602 0.0053 0.088 

FC 0.0613 0.0083 0.1353 FC 0.0692 0.0071 0.1026 

MP 0.0744 0.0024 0.0322 MP 0.0876 0.0106 0.121 

MC 0.0744 0.0024 0.0322 MC 0.0967 0.0115 0.1189 

RT 0.0403 0.0071 0.1761 RT 0.0484 0.0062 0.128 

UP 0.0922 0.0071 0.077 UP 0.0945 0.0138 0.146 

SM 0.0486 0.0071 0.146 SM 0.0632 0.0124 0.1962 

PT 0.0572 0.0024 0.0419 PT 0.0784 0.0088 0.1122 

TA 0.0487 0.0047 0.0965 TA 0.0483 0.0044 0.091 

BC 0.0527 0.0024 0.0455 BC 0.0585 0.012 0.2051 

GH 0.1011 0 0 GH 0.0904 0.0115 0.1272 

AO 0.0744 0.0024 0.0322 AO 0.0845 0.0133 0.1573 

AE 0.092 0.0047 0.051 AE 0.0783 0.0106 0.1353 

HP 0.0572 0.0024 0.0419 HP 0.0662 0.0071 0.1072 

DZ 0.0403 0 0 DZ 0.0665 0.0088 0.1323 

TH 0.0744 0.0047 0.0631 TH 0.0875 0.0097 0.1108 

cemA 

HS 0.0704 0.0094 0.1335 

psaC 

HS 0.0736 0 0 

RS 0.0741 0.0122 0.1646 RS 0.0731 0.0054 0.0738 

FM 0.0487 0.0093 0.1909 FM 0.0736 0 0 

FC 0.0483 0.0131 0.2712 FC 0.0931 0 0 

MP 0.0858 0.0075 0.0874 MP 0.0736 0 0 

MC 0.0631 0.0056 0.0887 MC 0.0545 0 0 

RT 0.0343 0.0075 0.2186 RT 0.0359 0 0 

UP 0.0703 0.0112 0.1593 UP 0.0945 0.0138 0.146 

SM 0.0524 0.0065 0.124 SM 0.1132 0 0 

PT 0.0631 0.0019 0.0301 PT 0.0545 0 0 

TA 0.0415 0.0075 0.1807 TA 0.0177 0 0 

BC 0.0488 0.0056 0.1147 BC 0.0177 0 0 

GH 0.0926 0.015 0.1619 GH 0.0736 0 0 

AO 0.082 0.0103 0.1256 AO 0.0545 0 0 

AE 0.0704 0.0056 0.0795 AE 0.0545 0 0 

HP 0.0555 0.015 0.2702 HP 0.0731 0 0 

DZ 0.0483 0.0284 0.5879 DZ 0.0177 0 0 

TH 0.0778 0.0056 0.0719 TH 0.0736 0 0 

petA HS 0.0694 0.011 0.1585 ndhG HS 0.0395 0.0076 0.1924 
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RS 0.0693 0.0082 0.1183 RS 0.0558 0.005 0.0896 

FM 0.0408 0.0055 0.1348 FM 0.0395 0.0076 0.1924 

FC 0.0362 0.0068 0.1878 FC 0.0315 0.0076 0.2412 

MP 0.0454 0.0124 0.2731 MP 0.0392 0.0178 0.454 

MC 0.0549 0.011 0.2003 MC 0.0313 0.0178 0.5686 

RT 0.0647 0.011 0.17 RT 0.0234 0.005 0.2136 

UP 0.0693 0.0124 0.1789 UP 0.056 0.01 0.1785 

SM 0.055 0.011 0.2 SM 0.0234 0.005 0.2136 

PT 0.0695 0.0096 0.1381 PT 0.0395 0.0076 0.1924 

TA 0.0362 0.0082 0.2265 TA 0.0234 0.0076 0.3247 

BC 0.0549 0.0082 0.1493 BC 0.0155 0.0076 0.4903 

GH 0.079 0.0096 0.1215 GH 0.0476 0.005 0.105 

AO 0.0408 0.011 0.2696 AO 0.0313 0.0178 0.5686 

AE 0.0502 0.0082 0.1633 AE 0.0473 0.0101 0.2135 

HP 0.0408 0.0055 0.1348 HP 0.0155 0.0152 0.9806 

DZ 0.0311 0.011 0.3536 DZ 0.0234 0.0152 0.6495 

TH 0.0501 0.011 0.2195 TH 0.0557 0.0076 0.1364 

psbJ 

HS 0.0311 0 0 

ndhI 

HS 0.0447 0.0052 0.1163 

RS 0.0311 0.0116 0.3729 RS 0.0356 0.0078 0.2191 

FM 0 0 0 FM 0.0541 0.0104 0.1922 

FC 0 0 0 FC 0.0542 0.0104 0.1918 

MP 0.0632 0.0166 0.2626 MP 0.0847 0.008 0.0944 

MC 0.0632 0.0166 0.2626 MC 0.0827 0.0131 0.1584 

RT 0.0309 0 0 RT 0.0266 0.0052 0.1954 

UP 0.0311 0 0 UP 0.0634 0.0052 0.082 

SM 0.0309 0 0 SM 0.0729 0.0026 0.0356 

PT 0.0308 0.0234 0.7597 PT 0.0447 0.0026 0.0581 

TA 0.0309 0 0 TA 0.0265 0.0026 0.0981 

BC 0 0 0 BC 0.0447 0.0026 0.0581 

GH 0 0 0 GH 0.073 0.0104 0.1424 

AO 0.0632 0.0116 0.1835 AO 0.0825 0.0157 0.1903 

AE 0.0311 0 0 AE 0.0635 0.0078 0.1228 

HP 0 0 0 HP 0.0634 0.0052 0.082 

DZ 0 0 0 DZ 0.0357 0.0052 0.1456 

TH 0.0311 0 0 TH 0.0729 0.0052 0.0713 

psbL 

HS 0 0 0 

ndhA 

HS 0.0969 0.008 0.0825 

RS 0 0 0 RS 0.0926 0.0092 0.0993 

FM 0.0423 0 0 FM 0.0663 0.0098 0.1478 

FC 0.0871 0 0 FC 0.0744 0.011 0.1478 

MP 0.0871 0 0 MP 0.0864 0.0086 0.0995 

MC 0.0423 0 0 MC 0.0865 0.0111 0.1283 

RT 0 0 0 RT 0.0581 0.0073 0.1256 

UP 0.0423 0 0 UP 0.0826 0.0148 0.1791 

SM 0.0871 0 0 SM 0.0785 0.0073 0.0929 

PT 0 0 0 PT 0.0784 0.0073 0.0931 

TA 0 0 0 TA 0.0661 0.0061 0.0922 
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BC 0 0 0 BC 0.0621 0.0061 0.0982 

GH 0 0 0 GH 0.1118 0.0135 0.1207 

AO 0.0423 0 0 AO 0.0823 0.0086 0.1044 

AE 0.0423 0 0 AE 0.0863 0.0123 0.1425 

HP 0.0423 0 0 HP 0.0825 0.0073 0.0884 

DZ 0 0 0 DZ 0.0741 0.0086 0.116 

TH 0.0423 0 0 TH 0.0805 0.0142 0.1763 

psbF 

HS 0.0328 0 0 

ndhH 

HS 0.0717 0.0066 0.092 

RS 0 0 0 RS 0.0843 0.0044 0.0521 

FM 0.0328 0 0 FM 0.043 0.0077 0.179 

FC 0.0328 0 0 FC 0.0491 0.0082 0.167 

MP 0 0 0 MP 0.0633 0.0088 0.139 

MC 0 0 0 MC 0.051 0.0077 0.1509 

RT 0 0 0 RT 0.0591 0.0077 0.1302 

UP 0 0 0 UP 0.0716 0.0055 0.0768 

SM 0 0 0 SM 0.0676 0.0088 0.1301 

PT 0 0 0 PT 0.0593 0.0077 0.1298 

TA 0 0 0 TA 0.031 0.0077 0.2483 

BC 0 0 0 BC 0.0474 0.0044 0.0928 

GH 0 0 0 GH 0.0799 0.0055 0.0688 

AO 0.0328 0 0 AO 0.055 0.0077 0.14 

AE 0 0 0 AE 0.0633 0.0055 0.0868 

HP 0 0 0 HP 0.0389 0.0066 0.1696 

DZ 0 0 0 DZ 0.0591 0.0033 0.0558 

TH 0.0328 0 0 TH 0.0714 0.0066 0.0924 

psbE 

HS 0.0352 0 0 

rps15 

HS 0.0699 0.0096 0.1373 

RS 0.0534 0 0 RS 0.1078 0.0144 0.1335 

FM 0.0352 0 0 FM 0.1078 0.0144 0.1335 

FC 0.0534 0 0 FC 0.1272 0.0144 0.1132 

MP 0.0725 0 0 MP 0.1268 0.0144 0.1135 

MC 0.0534 0 0 MC 0.1073 0.0096 0.0894 

RT 0.0352 0 0 RT 0.0701 0.0144 0.2054 

UP 0.0352 0 0 UP 0.1073 0.0144 0.1342 

SM 0.0174 0 0 SM 0.0887 0.0341 0.3844 

PT 0.0534 0 0 PT 0.0342 0.0291 0.8508 

TA 0.0174 0 0 TA 0.1078 0.0193 0.179 

BC 0.0721 0 0 BC 0.0702 0.0193 0.2749 

GH 0.0352 0 0 GH 0.1253 0.0243 0.1939 

AO 0.0725 0 0 AO 0.1268 0.0096 0.0757 

AE 0.0352 0 0 AE 0.0887 0.0144 0.1623 

HP 0.0174 0 0 HP 0.0701 0.0144 0.2054 

DZ 0.0353 0.0053 0.1501 DZ 0.0703 0.0193 0.2745 

TH 0.0352 0 0 TH 0.0886 0.0144 0.1625 

petL 

HS 0.0414 0 0 
 

   0 

RS 0.0414 0 0     

FM 0 0 0     
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FC 0 0 0 

 

    

MP 0.0414 0 0     

MC 0.0414 0 0     

RT 0.0408 0 0     

UP 0.0414 0 0     

SM 0 0 0     

PT 0 0 0     

TA 0 0 0     

BC 0.0414 0 0     

GH 0.0414 0 0     

AO 0.0414 0 0     

AE 0.0414 0.0148 0.3574     

HP 0 0 0     

DZ 0 0.015 N/A     

TH 0.0414 0 0     

RS: H. rosa-sinensis, HS: H. syriacus, HM: H. mutabilis, AE: A. esculentus; TH: T. hamabo, BC: B. ceiba; DZ: 

D. zibethinus, FM: F. major, FC: F. colorata, HP: H. parvifolia; TC: T. cacao; TA: T. amurensis; MP: M. 

parviflora, MC: M. coromandelianum, UP: U. procumbens, RT: R. thyrsoidea, SM: S. monosperma, PT: P. 

truncatolobatum, GH: G. herbaceum, and AO: A. officinalis. 

2.4 Conclusion 

We conclude that chloroplast genome of Malvaceae is highly conserved in terms of genes 

content, genes order, GC content and introns content. The intergenic spacer regions showed 

variations in the length which thus caused variation in the length of chloroplast genomes of the 

family Malvaceae species. The IRs contraction and expansion lead to variable number of total 

genes. Moreover, origination of pseudogene was also observed at the junction of chloroplast 

genomes. The rate of synonymous and non-synonymous substitutions showed 95% similarities. 

However, the higher rate of synonymous substitutions than non-synonymous substitutions was 

observed. Certain genes were identified with positive selection pressure which revealed these 

genes might be important for these species in their ecological niches. 
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4.1 Introduction 

Several models have been proposed to explain the underlying mechanisms of molecular 

evolution: JC69 (Jukes and Cantor, 1969), HKY (Hasegawa et al., 1985), K2P (Kimura, 1980), 

GTR (Tavaré, 1986). Among these, generalized time reversible (GTR) substitution model has 

been commonly considered as the best model to explain molecular evolution. A fundamental 

assumption of this model is the independent occurrence of  mutational events at each site 

(Drouin et al., 2008). However, some studies revealed complex processes of evolution due to 

occurrence of non-random spatial patterns and lineage-specific substitutions (Gruenheit et al., 

2008; Liò and Goldman, 1998; Zhong et al., 2011). Certain parts of chloroplast genomes 

undergo slower rate of mutations (Palmer, 1985) compared to others (Ahmed et al., 2013; Bi 

et al., 2018; Menezes et al., 2018; Zhang et al., 2015). 

The co-occurrence of mutational events has previously been reported in prokaryotic and 

eukaryotic genomes. Alternate hypotheses have been suggested to explain this co-occurrence. 

“The regional difference hypothesis” (Hardison et al., 2003; Silva and Kondrashov, 2002) 

suggests that some genomic regions are specifically pre-disposed to be the mutational hotspots. 

A second hypothesis “the indel induced hypothesis” considers that error prone DNA 

polymerases are recruited to repair DNA damage in Insertion-Deletion (InDels) regions, 

inducing nucleotide substitutions (SNPs) during the repair process (Tian et al., 2008; Zhu et 

al., 2009). This hypothesis is supported by the observations of strong association between 

InDels and SNPs in eukaryotic genomes including mammals, fruit fly, primates, rodent, yeast, 

rice and Arabidopsis (Chen et al., 2009; Longman-Jacobsen et al., 2003; Tian et al., 2008; 

Yang et al., 2009; Zhang et al., 2008) and prokaryotic genomes (Zhu et al., 2009). McDonald 

et al. (2011) reported the associations among oligonucleotide repeats, InDels and substitutions 

in the genomes of prokaryotic and eukaryotic species (Escherichia coli, Saccharomyces 

paradoxus and Drosophila). They hypothesized that the oligonucleotide repeats are the reason 

for inducing the InDels and SNPs, rather than the InDels per se, putting more emphasis on the 

“regional difference hypothesis” rather than the “indel induced hypothesis”. The high-fidelity 

DNA polymerase are stalled in regions with higher repeat frequencies, thereby error-prone 

DNA polymerases are recruited to repair the DNA damage, and the adjacent sequences are 

replicated at higher than average error rate (McDonald et al., 2011).  

Chloroplast genome is prokaryotic in origin (Palmer, 1985). Associations among mutational 

events including repeats, InDels, substitutions and inversions have been reported for the 

specific genes or loci in different lineages (Graham et al., 2000; Lockhart et al., 2001; 

McLenachan et al., 2000; Mes et al., 2000). Some other studies also reported the role of repeats 
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in generation of InDels (Kawata et al., 1997) and inversions (Kim and Lee, 2005; Whitlock et 

al., 2010). All these findings were based on the analyses of some specific loci rather than based 

on the analyses of complete chloroplast genomes. Ahmed et al. (2012) systematically studied 

the extent of correlations among oligonucleotide repeats, InDels and SNPs in pair-wise 

alignments, as well as SNPs as a function of distance from InDel location points in multiple 

sequence alignment in aroid chloroplast genomes. They reported that mutually non-exclusive, 

multiple hypotheses explain the mutational dynamics in chloroplast genomes. Ahmed et al. 

(2012) also suggested that the distribution of oligonucleotide repeats could be used as a proxy 

for mutational hotspots. Following the methodology proposed by Ahmed et al. (2012), 

correlations were successively reported in genus Cephalotaxus of family Cephalotaxaceae, 

gymnosperm (Yi et al., 2013). We aimed to explore such correlations in the widely distributed 

and diverse species of family Malvaceae, eudicot (angiosperms). 

The aim was to investigate correlations among three types of mutational events in eudicot plant 

family Malvaceae. We investigated the correlations by selecting species from 14 genera across 

Malvaceae. Our findings revealed weak to strong correlations with high regression. Hence, we 

hypothesize that such correlations among the mutations might be a common characteristic of 

chloroplast genomes in all plant lineages and repeats could be used as proxy to identify 

mutational hotspots.  

4.2 Materials and methods 

4.2.1 Correlations among substitutions, InDels and oligonucleotide repeats 

We determined correlations among substitutions, InDels, and oligonucleotide repeats in 

chloroplast genomes of 18 species of family Malvaceae. We evaluated these mutational events 

in far diverse species of family level as well as in closely related species of genus level. Details 

for all the species included in these comparisons have been provided in chapter 3. Here, for 

genus level comparison, we also downloaded chloroplast genome sequences of three other 

species including Firmiana pulcherrima (NC_036395), Gossypium barbadense (HQ901198), 

Tilia mandshurica (KT894773), and Theobroma grandiflorum (JQ228388) from NCBI. 

The correlations among substitutions, InDels, and oligonucleotide repeats were determined by 

following Ahmed et al. (2012) with some modifications. We performed comparisons at genus 

and family levels. For the family level comparisons, one species from each genus was pair-

wise aligned with Theobroma cacao chloroplast genome (basal to Malvaceae) using MAFFT 

alignment (Katoh et al., 2005). For the genus level comparison, the species of five genera were 

pairwise aligned by randomly selecting one of the two species of that genus as a reference 
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genome. In this way, Firmiana major, Gossypium herbaceum, Hibiscus mutabilis, Tilia 

amurensis, and Theobroma cacao were used as references for their comparisons with Firmiana 

pulcherrima, Gossypium barbadense, Hibiscus syriacus, Tilia mandshurica, and Theobroma 

grandiflorum, respectively. Genes  located close to the junctions of LSC/IR and SSC/IR were 

removed from the alignment to avoid rate heterotachy (Wu et al., 2011). In addition, all the 

inversions from the alignments were removed in order to reduce noise in the alignment, and to 

avoid false positive results.  

All the deletions in the reference genome were removed by deleting that specific portion of the 

pairwise alignment after noting their positions, as these deletions were counted in the final 

analyses. The removal of deletions from reference genome enabled us to fix the coordinate 

positions of oligonucleotide repeats for further analyses. Alignment of complete chloroplast 

genome including regions of tRNAs, rRNAs, protein coding sequences, intronic regions as well 

as intergenic spacer regions were used in the correlation’s analyses. Each pairwise alignment 

of complete chloroplast genome was divided into mutually exclusive bins of 250 bp each to 

count number of InDels and SNPs. Total number of bins ranged from 433–500 for all 

alignments. 

We counted the InDels including the previously removed deletions from the reference genome 

and insertions in the reference genome. All the InDels were differentiated into SSRs and non-

SSRs InDels and were manually allocated to each bin. The criteria that were considered for 

SSRs included: 7 repeat units for mono-, 4 for di-, and 3 for tri-, tetra-, penta-, and 

hexanucleotide SSRs. 

We calculated and allocated substitutions to each bin by using a custom-made Perl script. 

Oligonucleotide repeats were counted only in the reference genomes for family and genus level 

comparisons using REPuter (Kurtz et al., 2001). The repeats (forward and reverse) with 

minimum size of 14 bp and no mismatch between the two copies of a repeat were included in 

the companions. Oligonucleotide repeats were assigned to their respective bins using a custom-

made python script. We also showed the procedure of SNPs, InDels, and repeats counting in 

the bins in Figure. 4.1. Normality tests on our data of substitutions, InDels and oligonucleotide 

repeats revealed that the data did not follow normal distribution. Therefore, Spearman's Rho 

correlations were calculated among substitutions, InDels, and oligonucleotide repeats using 

Minitab v. 18. We also determined the regression of “SNPs on InDels”, “SNPs on repeats”, 

“InDels on repeats” in these comparisons. Strengths of the  correlations were expressed 

following Akoglu (2018), as follows: negligible or very weak (0.10.19), weak (0.20-0.29), 

moderate (0.30-0.39), strong (0.4-0.69), very strong (0.70-0.99), and perfect (1.0). The 

probability (p) of significance of correlations was tested at 0.05 α-level. 
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Figure 4.1 Methodology of SNPs, InDels and repeats counting for correlation. (A) Two 

genomes were aligned by considering one genome as reference. For family level comparison, 

Theobroma cacao was considered as reference whereas for genus level comparison the species 

that aligned to T. cacao was considered as reference for another member of the genus. (B) The 

deletions events that existed in reference genome were removed from the alignment as shown 

as point “a” whereas insertions events of reference genome were left in the alignment as shown 

as point “b”. (C) The complete chloroplast genomes were divided into multiple bins of 250 bp 

each after removal of deletions of reference genome. The number of InDels were counted 

manually whereas the number of substitutions were determined and allocated by custom made 

perl script and number of repeats were determined only in the reference genome and allocated 

to each bin by custom made Phyton script. The bins which has been shown in figure contains 

two SNPs, three InDels, and one oligonucleotide repeats. The same method was applied 

throughout the genome.  

  

(A) 
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4.3 Results 

4.3.1 Correlations among substitutions, InDels and repeats 

In total, 18 pairwise alignments were used to find correlations among oligonucleotide repeats, 

InDels and substitutions. Among these, 13 alignments were used to find correlations at family 

level (using Theobroma cacao as reference), and five alignments were used to calculate 

correlations at genus level.  

4.3.1.1 Correlations and regressions among mutational events at family level 

At family level, our analyses revealed fluctuations in correlations at different levels of 

comparison. The SNPs with InDels revealed strong correlations in nine species, moderate 

correlations in two species, weak correlation in one species, and negligible or very weak 

correlations in one species. These all correlations values were statistically very significant (p 

< 0.001). The correlation between oligonucleotide repeats and InDels was strong in five 

species, moderate in six species, and weak in two species. The lowest correlations were found 

between SNPs and repeats as compared to “SNP and InDels” and “InDels and repeats”. So, 

substitutions and repeats revealed weak correlations in eight species and very weak or 

negligible correlations in five species (Figure 4.2A). All these correlations were observed with 

high significance. The average of correlations was stronger between “SNPs and InDels” 

followed by “InDels and repeats” and then by “SNPs and repeats”. The average value of 

correlations between SNPs and InDels was 0.435, between InDels and repeats was 0.359, and 

between SNPs and repeats was 0.212. At family level comparison, within the species, we 

observed highest correlations for “substitutions and InDels”, followed by “repeats and InDels” 

and then by “repeats and substitutions” except for Tilia amurensis and for Gossypium 

herbaceum for which correlations of “repeats and InDels” were stronger than the other two 

comparisons, as given in Figure 4.2A. 

We determined regression value to evaluate role of InDels and repeats in generation of SNPs, 

and the role of repeats in generation of InDels (Fig. 4.2B). The average regression value was 

highest for “SNPs on InDels” with 20.87%, followed by “InDels on repeats” with 11.02% and 

then by “SNPs on repeats” with 5.19%. The regression values ranged from 1.58%-37.9% for 

“SNPs on InDels”, 1.93%-19.03% for “InDels on repeats”, and from 0.4%-12.13% for “SNPs 

on repeats”. The observation of high regression value confirms the role of InDels in generation 

of SNPs whereas the role of repeats was confirmed in the generation of SNPs and InDels. 

compared to “SNPs on SSR InDels”. The average value of regression was found 21.28% for 

“SNPs on non-SSR InDels” whereas the regression value of 2.66% was observed “SNPs on 

SSR InDels”.  
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Figure 4.2 Represents the correlations and regression values at family level comparison. (A) Correlations among mutational events. The Y-axis 

shows the correlations whereas X-axis shows the species of family Malvaceae to which the correlations belong. (B) Regression up to which the InDels 

regress SNPs and repeats regress both InDels and SNPs.  



Chapter 4                                                                                

Evolutionary dynamics and phylogeny of family Malvaceae                                                              78 

4.3.1.2 Correlations and regressions among mutational events at genus level 

Correlations at genus level also exhibited variations. We observed moderate correlations 

between SNPs and InDels in two species, and weak correlations in three species. The 

correlations between InDels and repeats were found strong in two species, moderate in two 

species and very weak in one species. The correlations between SNPs and repeats were found 

moderate in one species, weak in three species, and very weak or negligible in one species. 

Comparisons at genus level, within the species, showed differences in correlations among three 

types of mutational events. In Firmiana, Gossypium and Hibiscus, we observed strong 

correlations for “repeats and InDels” followed by “substitutions and InDels” and then by 

“repeats and substitutions”. The genus Tilia showed strong correlation for “repeats and InDels” 

followed by “repeats and substitutions” and “substitutions and InDels”. For the genus 

Theobroma, we observed strongest correlation for “repeat and SNPs” followed by “InDels and 

substitutions” and then by “InDels and repeats”. The average value of all genus level 

correlations revealed strong correlation between “InDels and repeats” with 0.357 followed by 

“SNPs and InDels” with 0.288, and then by “SNPs and repeats” with 0.254 (Figure 4.3).  

The regression values also support the result of correlations. The average value of regression 

remained 17.27% for “InDels on repeats”, followed by 10.97% for “SNPs on InDels”, and   

8.05% for “SNPs on repeats”. The regression value ranged from 3.3% to 35.89% for “InDels 

on repeats” 5.72%-15.32% for “SNPs on InDels”, and 0.22%-23.39% for “SNPs on repeats”. 

These analyses showed the role of InDels in generation of SNPs as well as the role of repeats 

in generation of both InDels and SNPs (Figure 4.3). 

4.3.2 Correlations and regression analyses of substitutions with SSR and non-SSR InDels 

Since SSR and non-SSR indels differ in their mode of generation. Therefore, we also separately 

studied correlations of substitutions and repeats with SSR and non-SSR InDels.  

At family level, the analyses revealed weak correlations between SNPs and SSR InDels. We 

found weak correlations in four species, and very weak to negligible correlations in nine 

species. The average value of correlation was 0.172. Except three species, all these 

observations were highly significant having p ≤ 0.001 (Table 4.1).  

The analyses of correlations between SNPs and non-SSR InDels revealed strong correlation 

with the average correlation value of 0.431. The correlations were found strong in nine species, 

moderate in two species, weak in one species, and very weak or negligible in one species. These 

observations were strongly significant at p < 0.001 except one species, Tilia amurensis, for 

which p = 0.001. Regression values were also stronger in “SNP on non-SSR InDels” as  
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At genus level comparison, average value of correlation and regression between SNPs on non-

SSRs InDels” remained 0.21% and 11.24%, respectively, about half of the values at the family 

level comparison. The correlation between SNPs and SSR InDels were found weak for 2 

species and very weak for 3 species, whereas the correlation between SNPs and non-SSRs 

InDels were found moderate between 2 species and very weak or negligible in 3 species.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 Represents the correlations and regression values at genus level comparison  

(A) Represents the correlations among mutational events of two species of the same genus. The 

X-axis shows the species in which the correlations have been evaluated whereas the Y-axis 

shows the extent of correlations. (B) Represents the extent of regression up to which the InDels 

regress SNPs and repeats regress both InDels and SNPs at genus level comparison. 
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Table 4.1 Correlations and regression of SNPs with SSR and non-SSR InDels 

Species 
SNPs with SSRs InDels SNPs with Non-SSR InDels 

r r2 p r r2 p 

Comparison of correlations among mutational events at family level 

Abelmoschus esculentus 0.164 2.47 <0.001 0.569 33.30 <0.001 

Althaea officinalis 0.125 1.75 0.007 0.595 39.15 <0.001 

Bombax ceiba 0.2 2.98 <0.001 0.509 28.43 <0.001 

Durio zibethinus 0.104 0.63 0.028 0.275 8.42 <0.001 

Firmiana major 0.154 1.26 0.001 0.469 23.54 <0.001 

Gossypium herbaceum 0.078 1.55 0.105 0.359 20.84 <0.001 

Heritiera parvifolia 0.252 5.68 <0.001 0.510 24.93 <0.001 

Hibiscus mutabilis 0.173 2.03 <0.001 0.497 29.25 <0.001 

Reevesia thyrsoidea 0.208 3.10 <0.001 0.444 17.11 <0.001 

Talipariti hamabo 0.152 2.50 0.001 0.445 21.08 <0.001 

Tilia amurensis 0.176 1.11 <0.001 0.154 0.98 0.001 

Malvastrum 

coromandelianum 
0.186 2.84 

<0.001 
0.304 7.65 

<0.001 

Malva parviflora 0.262 6.62 <0.001 0.473 22.0 <0.001 

Average 0.172 2.66  0.431 21.28  

Comparison of correlations among mutational events at genus level 

Firmiana pulcherrima 0.228 4.14 <0.001 0.307 11.42 <0.001 

Gossypium barbadense 0.166 1.52 <0.001 0.151 4.75 0.001 

Hibiscus syriacus 0.177 2.99 <0.001 0.336 11.63 <0.001 

Tilia mandshurica 0.240 2.86 <0.001 0.138 14.49 0.002 

Theobroma grandiflorum 0.143 0.14 0.001 0.138 14.97 0.002 

Average 0.191 2.33  0.214 11.45  

Strength of correlation: negligible or very weak (0.1-0.19), weak (0.20-0.29), moderate (0.30-0.39), strong (0.4-

0.69)  

4.3.3 Correlations and regression analyses of repeats with SSR and non-SSR InDels 

The correlations between repeats and non-SSRs InDels were stronger as compared to repeats 

and SSR InDels. The correlations between repeats and non-SSR InDels were found moderate 

in eight species, weak in four species and very weak in one species (Table 4.2). The average 

correlation between repeats and non-SSR InDels remained moderate at 0.316. The correlation 

between repeats and SSR InDels were found moderate in three species, weak in six species and 

very weak in four species (Table 4.2). The average correlation between repeats and SSR InDels 

remained weak at 0.236. The average regression value between repeats and SSR InDels was 

5.52%, whereas regression value between repeats and non-SSR InDels remained 8.4%.  Except 

for one comparison, the observations were highly significant at p < 0.001.  

At genus level comparison, between repeats and SSR InDels, three species showed moderate 

correlation, one species showed weak correlations and one species showed very weak 
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correlations. Average correlation between repeats and SSRs InDels remained 0.277, slightly 

higher than that in family level comparisons. On the other hand, for repeats and non-SSRs 

InDels, two species showed moderate correlations, two species showed weak correlations and 

one species showed very weak correlations (Table 4.2). Average of correlation in this case 

remained 0.259, slightly lower than that observed in family level comparisons. Interestingly, 

the analyses of regression showed inverse results in comparison to correlations and we found 

the higher regression value of 11.05% for “non-SSR InDels on repeats” as compared to that of 

8.12% for “SSR InDels on repeats” (Table 4.2).  

Table 4.2 Correlations and regression of SSR and non-SSR InDels with repeats 

Species 
SSR InDels with Repeats Non-SSR InDels with Repeats 

r r2 p r r2 p 

Comparison of correlations among mutational events at family level 

Abelmoschus esculentus 0.203 3.89 <0.001 0.354 10.52 <0.001 

Althaea officinalis 0.161 1.64 <0.001 0.391 18.34 <0.001 

Bombax ceiba 0.302 14.32 <0.001 0.39 12.32 <0.001 

Durio zibethinus 0.175 1.83 <0.001 0.137 0.63 0.004 

Firmiana major 0.234 4.61 <0.001 0.331 6.19 <0.001 

Gossypium herbaceum 0.303 11.67 <0.001 0.265 1.79 <0.001 

Heritiera parvifolia 0.275 3.76 <0.001 0.359 8.94 <0.001 

Hibiscus mutabilis 0.276 5.09 <0.001 0.369 12.31 <0.001 

Reevesia thyrsoidea 0.250 4.22 <0.001 0.277 8.19 <0.001 

Talipariti hamabo 0.194 2.10 <0.001 0.342 8.30 <0.001 

Tilia amurensis 0.171 3.17 <0.001 0.253 5.48 <0.001 

Malvastrum 

coromandelianum 
0.218 3.05 <0.001 0.279 6.44 <0.001 

Malva parviflora 0.3 12.42 <0.001 0.355 9.80 <0.001 

Average 0.236 5.52  0.316 8.40  

Comparison of correlations among mutational events at genus level 

Firmiana pulcherrima 0.363 12.96 <0.001 0.310 4.24 <0.001 

Gossypium barbadense 0.224 5.76 <0.001 0.245 20.47 <0.001 

Hibiscus syriacus 0.315 5.77 <0.001 0.331 5.78 <0.001 

Tilia mandshurica 0.346 15.21 <0.001 0.295 21.98 <0.001 

Theobroma grandiflorum 0.138 0.90 0.002 0.115 2.77 0.011 

Average 0.277 8.12  0.259 11.05  
Strength of correlation: negligible or very weak (0.1-0.19), weak (0.20-0.29), moderate (0.30-0.39), strong (0.4-

0.69)  

4.4 Conclusion 

We determined very weak to strong correlations among substitutions, InDels and repeats in the 

plant family Malvaceae eudicot, angiosperms. Since, such observations were also observed 

previously in monocots (angiosperms) and gymnosperms, we hypothesis that this might be the 

common phenomenon for all plant lineages. Further confirmation in other families could 

suggest the change of well-known model of phylogeny inferring, the GTR model. 



 

 

 

 

 

 

Chapter 5 

Comparative analyses of chloroplast 

genomes of Theobroma cacao and 

Theobroma grandiflorum



Chapter 5                                                                                

Evolutionary dynamics and phylogeny of family Malvaceae                                                              82 

5.1 Introduction 

The Genus Theobroma L. belongs to subfamily Byttnerioideae (Malvaceae). According to 

“The plant list” (http://www.theplantlist.org/: accessed on 10 January 2019), the genus 

Theobroma consists of 91 taxa in which 51 are considered synonymous, 25 are accepted as 

species and 15 are unresolved. Family Malvaceae is basal to genus Theobroma (Richardson et 

al., 2015). This evergreen crop is native of the South American rainforest (Bartley, 2005). 

Cacao tree (Theobroma cacao) and Cupuassu tree (Theobroma grandiflorum) are the 

economically important species of genus Theobroma and native to Brazil (Cuatrecasas 1964). 

Cacao is grown in about fifty countries throughout the humid tropic region (Motamayor et al. 

2013) and their enclosed seeds within pods (fruits) are used in confectionary, chocolate 

production and cosmetics. These are also used in  ice creams, juices, chocolate-like product 

(cupulate), , candies, desserts, yogurt, liquor and domestic jellies and jams (Cavalcante 1991).  

Previously, several molecular studies evaluated genetic diversity, nuclear genome structure, 

domestication, phylogeny and ultra-barcoding of Theobroma cacao and Theobroma 

grandiflorum (Alves et al., 2007; Kane et al., 2012; Richardson et al., 2015). The studies that 

accessed the genetic diversity mostly used the restriction fragment length polymorphisms 

(RFLPs), SNPs (single nucleotide polymorphisms) and simple sequence repeats (SSRs) of the 

nuclear genome (Gopaulchan et al., 2019; Kim et al., 2017; Motamayor et al., 2008, 2002; 

Osorio-Guarín et al., 2017; Thomas et al., 2012). These studies aimed at conservation of the 

plants, identification of suitable cultivars for breeding purposes and to evaluate the 

domestication process of the Cacao.  

Some studies also used chloroplast genome-based markers for the genetic diversity, population 

genetics and phylogenetic studies of Cacao. Yang et al. (2011) designed nine SSRs markers 

and assessed diversity of 95 hybrids of Theobroma cacao. In other studies, SNPs-based 

markers of chloroplast regions trnH-psbA has been used for identification of haplotypes of 

Cacao (Gutiérrez-López et al., 2016), whereas the sequence of ndhF has been used for the 

phylogenetics and for the determination of time of divergence of genus Theobroma, 

specifically Cacao (Richardson et al., 2015). Kane et al. (2012) analysed chloroplast genomes 

of Theobroma cacao and Theobroma grandiflorum for ultra-barcoding and suggested five 

barcoding regions. However, the authors did not perform comparative chloroplast structure 

analysis such as SSRs, oligonucleotide repeats, putative RNA editing site analysis, codon usage 

and amino acid frequency. None of the studies carried out detailed comparative analysis of 

chloroplast genomes of T. cacao and T. grandiflorum to resolve taxonomic discrepancies that 

can play a significant role in inferring phylogeny.  

http://www.theplantlist.org/
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Chloroplast genome exhibits uniparental inheritance and is slow evolving compared to nuclear 

genome (Palmer 1985), which makes it highly valuable for phylogenetics, plant barcoding and 

species identification (Daniell et al., 2016). According to Daniell et al. (2016), success of the 

breeding program is dependent on the selection of genetically compatible species and 

chloroplast genome can serve as valuable tool for the identification of genetically compatible 

and closely related species. The efforts of understating of genetic relationships between 

cultivated crops and their wild relative help to introduce specific advantageous traits in the 

cultivated crops. Markers based on complete chloroplast genome sequence can be authentic, 

cost-effective and robust (Ahmed et al., 2013; Nguyen et al., 2018). Recently, many 

researchers focused on identification of suitable polymorphic loci based on genomic data for 

development of authentic, suitable and cost effective markers for  inferring of phylogeny 

(Menezes et al., 2018; Yu et al., 2019).  

In the current study, we aimed to carry out comparative structural analyses of chloroplast 

genomes of Theobroma cacao and Theobroma grandiflorum to get broad insights into the 

evolutionary pattern of the species that exist at basal to Malvaceae. We identified polymorphic 

loci that might be helpful to design molecular markers for resolving phylogeny of the genus 

Theobroma. This could also help in selection of genetically compatible and closely related 

species for the breeding purposes to introduce beneficial characters in the cultivated crops of 

Theobroma cacao and Theobroma grandiflorum for high production and high resistance 

against disease causing pathogens of these species. 

5.2 Materials and Methods 

5.2.1 Reannotation and comparative analyses of chloroplast genomes 

The chloroplast genome of Theobroma cacao (HQ336404) and Theobroma grandiflorum 

(JQ228388) were downloaded from NCBI. Dual Organellar Genome Annotator (DOGMA) 

(Wyman et al., 2004) and GeSeq (Tillich et al., 2017) were used to check and correct annotation 

errors, as published genomes are prone to errors (Amiryousefi et al., 2018). Codon usage and 

amino acid frequency were analysed with Geneious R8.1 (Kearse et al., 2012). The putative 

RNA editing sites in the coding sequences were predicted by predictive RNA editor for plants 

(PREP) suite (Mower, 2009). 

5.2.2 Repeats analysis in Theobroma chloroplast genomes 

SSRs were identified with the online available software MIcroSAtellite (MISA) (Thiel et al., 

2003) by setting the values 10, 5, 4, 3, 3, 3 for mono-, di-, tri-, tetra-, penta- and hexa- SSR 

motifs, respectively. The REPuter program (Kurtz et al., 2001) was used to find forward (F), 
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palindromic (P), reverse (R) and complement (C) oligonucleotide repeats with the minimum 

repeat size of 30 bp, edit distance 3, and maximum computing repeats 500.  

5.2.3 Substitutions and InDels analysis 

Substitutions and InDels were determined among the two species by paired-end MAFFT 

(Multiple Alignment using Fast Fourier Transform) alignment (Katoh et al., 2005) extension 

in Geneious R8.1. The numbers of substitutions and InDels were counted in chloroplast 

genomes manually and exact location within the genome was noted.    

5.3 Results 

5.3.1 Genome organisation and features of Theobroma species 

After the correction of errors in annotations, T. cacao and T. grandiflorum showed similar gene 

structure and organisation. Both exhibited the same gene content with 113 unique genes that 

included 30 tRNA, 4 rRNA, and 79 protein-coding genes. Among these, 17 genes were 

duplicated in the IR region of the genome (Table 5.1) comprising six protein-coding genes, 

four (rRNA) and seven tRNA. The only difference observed in the genome was for infA that 

was a pseudogene in T. grandiflorum while functional in T. cacao. The LSC, IR, and SSC had 

similar lengths with a slight difference in size of 62 bp, 35 bp, and 7 bp, respectively. The GC 

content was almost similar between both species but varied within chloroplast regions. The 

maximum GC content of IR was contributed by tRNA and rRNA that had GC content up to 

55.5% and 53%, respectively (Table 5.1). 

5.3.2 Amino acids frequency and codon usage 

We analysed amino acid frequency and relative synonymous codon usage (RSCU). The 

protein-coding regions consisted of 78,852 bp (26,284 codons) in T. cacao and 78,651 bp 

(26,217 codons) in T. grandiflorum. Amino acid frequency and codon usage showed a high 

level of similarities. The leucine and isoleucine were the most abundant amino acids and had 

frequency of 10.6% and 8.9% in T. cacao and 10.4% and 8.6% in T. grandiflorum, respectively. 

The cysteine had the lowest frequency that was 1.2% (Figure 5.1). The RSCU (Relative 

synonymous codon usage) value of the codons revealed that codons having A/T at 3ʹ end were 

in abundance. Except three codons, all other codons had RSCU value more than 1 whereas the 

codons having C/G at 3ʹ end showed value less than 1 (Table 5.2). 
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Table 5.1 General features and comparison of the chloroplast genomes of Theobroma 

cacao and Theobroma grandiflorum 

Characteristics Theobroma cacao Theobroma grandiflorum 

Size (base pair; bp) 160,604 160,619 

LSC length (bp) 89,395 89,333 

SSC length (bp) 20,187 20,194 

IR length (bp) 25,511 25,546 

Number of genes 130 130 

Protein-coding genes 85 85 

tRNA genes 37 37 

rRNA genes 8 8 

Duplicate genes 17 17 

GC content 

Total (%) 36.9% 36.8% 

LSC (%) 34.7% 34.7% 

SSC (%) 31.2% 31.1% 

IR (%) 43% 42.9% 

CDS (%) 37.9% 37.9% 

rRNA (%) 55.5% 55.5% 

tRNA (%) 53% 52.9% 

All gene % 39.5% 39.5% 

Protein coding part (CDS) (%bp) 49.08% 48.96% 

All gene (%bp) 69.65% 69.19% 

Non-coding region (%bp) 30.35% 30.81% 

 

 

 

 

 

 

 

 

 

Figure 5.1 Frequency of amino acids in T. cacao and T. grandiflorum 

The figure shows the amino acids on X-axis and their frequencies on Y-axis. 
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Table 5.2 Relative synonymous codon usage comparison of Theobroma cacao and 

Theobroma grandiflorum 

Relative synonymous codon usage Relative synonymous codon usage 

Codon Amino acid Tc Tg Codon Amino acid Tc Tg 

GCA A 1.09 1.08 CCA P 1.108 1.16 

GCC A 0.68 0.68 CCC P 0.788 0.73 

GCG A 0.46 0.48 CCG P 0.568 0.54 

GCT A 1.77 1.76 CCT P 1.536 1.57 

TGC C 0.5 0.49 CAA Q 1.528 1.54 

TGT C 1.51 1.51 CAG Q 0.472 0.46 

GAC D 0.39 0.38 AGA R 1.806 1.83 

GAT D 1.61 1.62 AGG R 0.666 0.65 

GAA E 1.48 1.48 CGA R 1.368 1.36 

GAG E 0.52 0.52 CGC R 0.456 0.45 

TTC F 0.7 0.71 CGG R 0.426 0.42 

TTT F 1.3 1.29 CGT R 1.254 1.29 

GGA G 1.56 1.58 AGC S 0.348 0.35 

GGC G 0.39 0.39 AGT S 1.182 1.19 

GGG G 0.73 0.74 TCA S 1.236 1.22 

GGT G 1.29 1.29 TCC S 0.96 0.97 

CAC H 0.52 0.52 TCG S 0.53 0.53 

CAT H 1.48 1.48 TCT S 1.72 1.72 

ATA I 0.94 0.95 ACA T 1.24 1.25 

ATC I 0.59 0.59 ACC T 0.75 0.74 

ATT I 1.46 1.46 ACG T 0.44 0.43 

AAA K 1.49 1.49 ACT T 1.57 1.57 

AAG K 0.51 0.51 GTA V 1.49 1.5 

CTA L 0.83 0.82 GTC V 0.49 0.49 

CTC L 0.4 0.4 GTG V 0.6 0.59 

CTG L 0.41 0.41 GTT V 1.43 1.42 

CTT L 1.25 1.26 TGG W 1 1 

TTA L 1.85 1.84 TAC Y 0.38 0.39 

TTG L 1.26 1.26 TAT Y 1.61 1.61 

ATG M 1 1 TAA * 1.62 1.64 

AAC N 0.46 0.45 TAG * 0.74 0.71 

AAT N 1.54 1.55 TGA * 0.64 0.64 
Tc: Theobroma cacao, Tg: Theobroma grandiflorum, * stop codon  
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5.3.3 Putative RNA editing sites 

We observed 100% identity in putative RNA editing sites among T. cacao and T. grandiflorum. 

PREP predicted 57 putative RNA editing sites in 23 protein-coding genes. A high number of 

editing sites existed in ndhB (11), ndhD (6), rpoB and ndhF (4), and matK (3) (Table 5.3). The 

high level of conversion was found in codons of serine (S) with 47.36%; serine (S) to leucine 

(L): 43.86% and serine (S) to phenylalanine (F): 3.5 %. On second and third number, codon 

conversion was observed for histidine 12.28% and proline 10.52%, respectively. The 

nucleotide substitutions occurred at first and second nucleotide of codons and did not occur at 

third nucleotide of codons. Out of 57 RNA editing sites, 43 codons (68%) were substituted at 

the second nucleotide and 14 codons (32%) were substituted at the first nucleotide. All RNA 

editing sites except three lead to hydrophobic product including leucine, isoleucine, 

methionine, phenylalanine, tyrosine, tryptophan, and valine. Other three RNA editing sites 

converted the apolar amino acid proline (P) to polar amino acid serine (S). 

Table 5.3 Putative RNA editing site in Theobroma cacao and Theobroma grandiflorum 

Gene 
Nucleotide 

Position 

Amino acid 

Position 

Codon 

conversion 

Amino acid 

conversion 
Score 

matK 

457 153 CAC > TAC H > Y 1 

634 212 CAT > TAT H > Y 1 

1237 413 CAC > TAC H > Y 1 

atpA 
914 305 TCA > TTA S > L 1 

1148 383 TCA > TTA S > L 1 

atpF 92 31 CCA > CTA P > L 0.86 

Atpl 
76 26 CTC > TTC L > F 0.86 

629 210 TCA > TTA S > L 1 

rps2 
248 83 TCA > TTA S > L 1 

325 109 CCC > TCC P > S 1 

rpoC2 
2287 763 CGG > TGG R > W 1 

3155 1052 CCC > CTC P > L 0.86 

rpoC1 
41 14 TCA > TTA S > L 1 

1261 421 CCG > TCG P > S 0.86 

rpoB 

338 113 TCT > TTT S > F 1 

551 184 TCA > TTA S > L 1 

566 189 TCG > TTG S > L 1 

2426 809 TCA > TTA S > L 0.86 

rps14 
80 27 TCA > TTA S > L 1 

149 50 TCA > TTA S > L 1 

atpB 403 135 CCC > TCC P > S 0.86 

accD 97 266 TCG > TTG S > L 0.8 
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1406 469 CCG > CTG P > L 1 

psaI 83 28 TCT > TTT S > F 0.86 

psbF 77 26 TCT > TTT S > F 1 

rpl20 308 103 TCA > TTA S > L 0.86 

clpP 559 187 CAT > TAT H > Y 1 

petB 418 140 CGG > TGG R > W 1 

rpoA 
329 110 GCC > GTC A > V 0.86 

830 277 TCA > TTA S > L 1 

ndhB 

149 50 TCA > TTA S > L 1 

467 156 CCA > CTA P > L 1 

542 181 ACG > ATG T > M 1 

586 196 CAT > TAT H > Y 1 

611 204 TCA > TTA S > L 0.8 

737 246 CCA > CTA P > L 1 

746 249 TCT > TTT S > F 1 

830 277 TCG > TTG S > L 1 

836 279 TCA > TTA S > L 1 

1255 419 CAT > TAT H > Y 1 

1481 494 CCA > CTA P > L 1 

ndhF 

290 97 TCA > TTA S > L 1 

1570 524 CTT > TTT L > F 1 

1859 620 ACA > ATA T > I 0.8 

1925 642 GCA > GTA A > V 0.8 

ccsA 
383 128 GCG > GTG A > V 1 

644 215 ACT > ATT T > I 0.86 

ndhD 

2 1 ACG > ATG T > M 1 

383 128 TCA > TTA S > L 1 

674 225 TCG > TTG S > L 1 

878 293 TCA > TTA S > L 1 

1298 433 TCA > TTA S > L 0.8 

1310 437 TCA > TTA S > L 0.8 

ndhG 
166 56 CAT > TAT H > Y 0.8 

314 105 ACA > ATA T > I 0.8 

ndhA 
341 114 TCA > TTA S > L 1 

566 189 TCA > TTA S > L 1 
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5.3.4 Analyses of simple sequence repeats and oligonucleotide repeats 

The MISA result of SSRs revealed a similar evolutionary pattern. T. cacao having 96 SSRs, 

and T. grandiflorum having 98 SSRs. The mononucleotide SSRs (A/T) was abundant with a 

frequency of up to 65% (Figure 5.2A) whereas C/G comprised 3.8% SSRs. Polyadenine (poly 

A) comprised 21.5%, and polythymine (poly T) comprised 41.5% of mononucleotide SSRs 

whereas as the polycytosine (poly C) comprised 0.2%, and polyguanine (poly G) contained 0% 

SSRs. The dinucleotide and trinucleotide SSRs were also abundant and comprised about 21% 

of total SSRs. The AT/TA motifs were abundant and comprised about 87% of dinucleotide 

SSRs whereas the TC/TG comprised only 13%. The trinucleotide SSRs existed in four types 

of motifs: AAT, TTA, ATT and TAA. All SSRs loci varied in number of repeat units (Table 

5.4). LSC contained 70% of SSRs, SSC 21.5% SSRs and IR 6% (Figure 5.2B).  

Table 5.4 Simple sequence repeats in T. cacao and T. grandiflorum 

SSRs in T. cacao 

Repeats 3 4 5 6 7 8 9 10 11 12 13 14 Total 

A/T - - - - 142 85 51 35 15 6 4 1 339 

C/G - - - - 12 4 2 1     19 

AC/GT -  1          1 

AG/CT - 11 1          12 

AT/AT - 32 7 4 1 1       45 

AAC/GTT 6            6 

AAG/CTT 16            16 

AAT/ATT 22 6  1         29 

ACC/GGT 1            1 

ACT/AGT 3            3 

AGC/CTG 5            5 

ATC/ATG 1            1 

AAAT/ATTT 6            6 

AACT/AGTT 1            1 

AATC/ATTG 1            1 

AATG/ATTC 1            1 

AAAGT/ACTTT  1          1 

AAATG/ATTTC 1            1 

AAATT/AATTT 1            1 

AATAT/ATATT 1            1 

 Total 490 

SSRs in T. grandiflorum 

A/T - - - - 141 84 51 33 18 6 3 2 338 

C/G - - - - 11 4 1 2     18 

AC/GT -  1          1 

AG/CT - 10 1          11 
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AT/AT - 33 6 4 1 1       45 

AAC/GTT 6            6 

AAG/CTT 16            16 

AAT/ATT 23 6  1         30 

ACC/GGT 1            1 

ACT/AGT 2            2 

AGC/CTG 5            5 

ATC/ATG 1            1 

AAAG/CTTT 1            1 

AAAT/ATTT 5            5 

AACT/AGTT 1            1 

AATC/ATTG 1            1 

AATG/ATTC 1            1 

AAAGT/ACTTT         1   1  

AAATG/ATTTC 1            1 

AAATT/AATTT 1            1 

AATAT/ATATT 1            1 

 Total 486 

 

REPuter screening determined four types of oligonucleotide repeats: Forward (F), Reverse (R), 

Palindromic (P), and Complementary (C) (Table 5.5). The repeats distribution in chloroplast 

showed that LSC region had maximum oligonucleotide repeats, followed by SSC and then IR 

regions (Figure 5.2C). Theobroma cacao contained 46 oligonucleotide repeats (F=21; R=13; 

P=11; C=1) and T. grandiflorum contained 53 oligonucleotide repeats (F=22; R=13; P=13; 

C=5) (Figure 5.2D). Oligonucleotide repeats size ranged from 30-58, and maximum numbers 

of oligonucleotide repeats existed in range of 30-34 (Figure 5.2E). Most of repeat pairs were 

found in the intergenic spacer region, 31 in T. cacao and 42 in T. grandiflorum (Figure 5.2F). 

The protein-coding genes rbcL, ycf2, psaA and psaB genes had repeats motifs in the genic 

region, whereas the rps16, clpP, rpoC1, ycf3, ndhA and rpl16 had repeats motif in the intronic 

region (Table 5.5).  
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Figure 5.2 Comparison of repeats in Theobroma cacao and Theobroma grandiflorum  

(A) Represent types of SSR by size. Total: all types of SSR present in the genome; mono: 

mononucleotide SSR; Di: dinucleotide SSR; tri: trinucleotide SSR; tetra: tetranucleotide SSR, 

and penta: pentanucleotide SSR. (B) Represents distribution of chloroplast genome in the large 

single copy (LSC), small single copy (SSC) and inverted repeat region (IR). (C) Distribution 

of oligonucleotide repeats motifs. LSC, SSC and IR stand for those oligonucleotides which are 

fully present in these regions whereas LSC/SSC, LSC/IR, and SSC/IR stand for those repeats 

which are dispersed in both locations, i.e. one copy of repeat existed in one location while the 

second copy was in another location. (D) Four types of oligonucleotide repeats exist in the 

genome. Forward (F), palindromic (P), reverse (R) and complementary (C). (E) The range of 

numbers shows the size of oligonucleotide repeats in that specific range. For instance, 30-34 

stands for those oligonucleotide repeats which have the size from 30-34 bp. (F) Distribution of 

repeats based on function regions. IGS: Intergenic spacer regions, CDS: coding DNA 

sequences; Intron: Intronic regions. 

(B) 
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Table 5.5 Oligonucleotide repeats in Theobroma species 

S.No Type Location Region 
CDSa/IGSb/

Intronc Size Sequence 

Oligonucleotide repeats in T. cacao 

1. P LSC trnH-psbA/psbZ-trnG IGS 32 TTTTTTACTTTTTTTTTTATTTTCATTTTAT 

2. F LSC trnS-trnG IGS 30 TTATATAGATATATACAACTTTTATATAGATA 

3. P LSC trnG-trnR IGS 58 
TTTATTAATTCAATTCAATGATGCATTAATTAATGCATCATT

GAATTGAATTAATAAA 

4. R LSC trnR-atpA/psbZ-trnG IGS 31 TTATTATAATATAATTTTATTATTATTATTA 

5. p LSC atpF-atpH IGS 38 TTTAATAATTAATAAATTATTAATTTATTATTATTAAA 

6. F LSC atpF-atpH/psbZ-trnG IGS 31 TAATTAATAAATTATTAATTTATTATTATTA 

7. P LSC rps2-rpoC2 IGS 33 TCTCTTTTTTTTTTAAGTAAAAAAAAAAAGAGA 

8. F LSC rpoC1/rpl16 Intron 30 TCGGACATGAGAGTTTCCTCTCATCCGGCT 

9. P LSC trnC-petN IGS 31 GTAGACACTCCACTACTAATGGAGTGTCTAC 

10. P LSC/IR psbM-trnD/rps12-trnV IGS 31 AAAATAGAAAGGAAAAAAAGAAATAAAAAAA 

11. F LSC trnT-psbD IGS 31 TATATGGATAATAATTATATGGATAATAATT 

12. R LSC psbZ-trnG IGS  AAAGAAAATAATAAAATAGAAAATAATAAA 

13. R LSC psbZ-trnG/rpl32-trnL IGS  ATTAATAAATAATATAGTAATAAATAATAT 

14. P LSC psbZ-trnG IGS 34 AAATATATTAATATATATTTATATTAATATAAAT 

15. F LSC psaB/psaA CDS 49 
AAAAGAAATGCAATAGCTAAATGATGGTGTGCAATATCAG

TCAGCCATA 

16. F LSC/SSC ycf3/ndhA Intron/ 41 TCCAAAACCGTACGTGAGATTTTCACCTCATACGGCTCCTC 

17. F LSC/IR ycf3/rps12-trnV Intron/IGS 36 AACCGTACGTGAGATTTTCACCTCATACGGCTCCTC 

18. R LSC trnT-trnL/atpB-rbcL IGS 30 TTTTAATATTTATATATTTATTTATATATT 

19. R LSC trnT-trnL IGS 30 TTTAATATTTATATATTTATTTATATATTATA 

20. R LSC trnT-trnL IGS 38 TTTAATATTTATATATTTATTTATATATTATATAATTT 

21. F LSC trnT-trnL/ndhC-trnV IGS 31 ATATTTATATATTTATTTATATATTATATAA 
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22. R LSC trnT-trnL IGS 33 ATATTTATATATTTATTTATATATTATATAATT 

23. R LSC trnT-trnL/atpB-rbcL IGS 31 TATTTATATATTTATTTATATATTATATAAT 

24. F LSC trnT-trnR IGS 56 
ATTTATATATTTATTTATATATTATATAATTTAATTTATATA

ATTATTTATATATT 

25. F LSC trnT-trnL/atpB-rbcL IGS 30 ATTTAATTTATATAATTATTTATATATTAT 

26. R LSC trnF-ndhJ IGS 38 TTTATTTATTTTTATTTTTTATTTATTTTTATTTATTT 

27. P LSC ndhC-trnV IGS 40 TATAGTAATAGTATAAATATATATTTATACTATTACTATA 

28. F LSC/IR ndhC-trnV/rps12-trnV IGS 32 TTCTATTCTATTTTTTCTATTAGAATATATT 

29. F LSC ndhC-trnV/atpB-rbcL IGS 30 TATATTTATATATTAATATATATATTATTT 

30. P LSC ndhC-trnV IGS 30 ATATATATATTATTTAAATAATATATATAT 

31. C LSC atpB-rbcL/petA-psbJ IGS 31 TTTATATTATAATATTTTATAATTTATATTA 

32. R LSC atpB-rbcL IGS 30 ATATTATAATTATATATTTATTTATATATA 

33. F LSC 
atpB-rbcL/rpl33-

rps18 
IGS 30 ATATTTATTTATATATATTATTATATATAT 

34. R LSC atpB-rbcL IGS 32 TTTATTTATATATATTATTATATATATTATTT 

35. F LSC rbcL/rbcL-accD CDS/IGS 32 ATCAAATTTGAATTCGAAGCAATGGATACTTT 

36. R LSC clpP Intron 30 TTTTTTTTCAAAAAAAAAAGAAAGAAAAAA 

37. F IR ycf2 CDS 31 TCTTTTTGTCCAAGTTACTTCTCTTTTTGTC 

38. F IR ycf2 CDS 56 
CGATATTGATGATAGTGACGATATTGATGCTAGTGACGATA

TTGATGCTAGTGACG 

39. F IR ycf2 CDS 34 TAGTGACGATATTGATGCTAGTGACGATATTGAT 

40. P LSC psbT-psbN IGS 48 
AATTGAAGTAATGAGCCTCCCAATATTGGGAGGCTCATTAC

TTCAATT 

41. F IR/SSC rps12-trnV/ndhA IGS/Intron 38 AACCGTACATGAGATTTTCACCTCATACGGCTCCTCGT 

42. R IR rps12-16S rRNA/ IGS  TATTATTTTTTTTCCCCCTCTTTTTTTTAT 

43. F IR rps12-trnV IGS 39 TTCTATTATATTAGTATTAGATTAGTATTA 

44. F IR rrn4.5-rrn5 CDS 34 CATTGTTCAACTCTTTGACAACACGAAAAACCCA 

45. P SSC ndhF-rpl32 IGS 33 ACTAAAAAAAAAAAGAATTCTTTTTTTTTTAGT 
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46. F IR rpl32-trnL IGS 44 
ATAATTAAATAAAAGGATAATTAAATAAAAGGATAAATAA

ATAA 

Oligonucleotide repeats in T. grandiflorum 

1. P LSC trnK-rps16 IGS 33 ATCTATTCTGAACATTCAATGTTCAGATTAGAT 

2. R LSC rps16/clpP Intron 31 TTTTTTCGAATAAAAAAAAAAGAAGAAAAAA 

3. F LSC trnS-trnG IGS 30 TTATATAGATATATACAACTTTTATATAGA 

4. P LSC trnG-trnR IGS 58 
TTTATTAATTCAATTCAATGATGCATTAATTAATGCATCATT

GAATTGAATTAATAAA 

5. R LSC trnR-atpA/psbZ-trnG IGS 31 TTATTATAATATAATTTTATTATTATTATTA 

6. P LSC atpF-atpH IGS 38 TTTAATAATTAATAAATTATTAATTTATTATTATTAAA 

7. F LSC atpF-atpH/psbZ-trnG IGS 31 TAATTAATAAATTATTAATTTATTATTATTA 

8. P LSC rps2-rpoC2 IGS 33 TCTCTTTTTTTTTTAAGTAAAAAAAAAAAGAGA 

9. F LSC rpoC1/rpl16 Intron 31 TCGGACATGAGAGTTTCCTCTCATCCGGCTC 

10. P LSC trnC-petN IGS 31 GTAGACACTCCACTACTAATGGAGTGTCTAC 

11. P LSC psbM-trnD/rps12-trnV IGS 34 TTTCCACTTCCACCGTTTACAAATAAACCCCAAC 

12. F LSC trnT-psbD IGS 31 TATATGGATAATAATTATATGGATAATAATT 

13. P LSC trnD-psbD IGS 32 GCAGTGCACGAGAAATCAAATCATACATAAAA 

14. R LSC psbZ-trnG IGS 31 AAAGAAAATAATAAAATAGAAAATAATAAAA 

15. R LSC psbZ-trnG/rpl32-trnL IGS 31 ATTAATAAATAATATAGTAATAAATAATATA 

16. P LSC psbZ-trnG/trnT-trnL IGS 32 AAATATATTAATATATATTTATATTAATATAA 

17. P LSC psbZ-trnG IGS 36 AAATATATTAATATATATTTATATTAATATAAATAT 

18. C LSC psbZ-trnG/trnT-trnL IGS 31 AATATATTAATATATATTTATATTAATATAA 

19. F LSC psaB-psaA CDS 49 
AAAAGAAATGCAATAGCTAAATGATGGTGTGCAATATCAG

TCAGCCATA 

20. F LSC/SSC ycf3/ndhA Intron 41 TCCAAAACCGTACGTGAGATTTTCACCTCATACGGCTCCTC 

21. F LSC/IR ycf3/rps12-trnV Intron/IGS 36 AACCGTACGTGAGATTTTCACCTCATACGGCTCCTC 

22. R LSC trnT-trnL/atpB-rbcL IGS 30 TTTTAATATTTATATATTTATTTATATATT 

23. R LSC trnT-trnL IGS 32 TTTAATATTTATATATTTATTTATATATTATA 
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24. R LSC trnT-trnL IGS 38 TTTAATATTTATATATTTATTTATATATTATATAATTT 

25. R LSC trnT-trnL IGS 30 ATATTTATATATTTATTTATATATTATATAATT 

26. F LSC trnT-trnL/ndhC-trnV IGS 31 ATATTTATATATTTATTTATATATTATATAA 

27. R LSC trnT-trnL IGS 32 TATTTATATATTTATTTATATATTATATAATT 

28. F LSC trnT-trnL IGS 54 
ATTTATATATTTATTTATATATTATATAATTTAATTTATATA

ATTATTTATATATT 

29. F LSC trnT-trnL/atpB-rbcL IGS 30 ATTTAATTTATATAATTATTTATATATTATA 

30. F LSC trnF-ndhJ/ndhK-ndhJ IGS 32 TTATTTATTTTTATTTTTTATTTCTTTTTATT 

31. P LSC ndhC-trnV IGS 34 AGTAATAGTATAAATATATATTTATACTATTACT 

32. F LSC/IR ndhC-trnV/rps12-trnV IGS 31 TTCTATTCTATTTTTTCTATTAGAATATATT 

33. F LSC ndhC-trnV/atpB-rbcl IGS 30 TATATTTATATATTAATATATATATTATTT 

34. C LSC atpB-rbcL/petA-psbJ IGS 34 TTTATATTATAATATTTTATAATTTATATTATAA 

35. R LSC atpB-rbcL IGS 30 ATATTATAATTATATATTTATTTATATATA 

36. R LSC atpB-rbcL IGS 32 TTTATTTATATATATTATTATATATATTATTT 

37. C LSC/IR atpB-rbcL/trnA-rrn23 IGS 31 ATTTCTATTTCATTTATTTCATTTTCATTT 

38. F LSC rbcL/rbcL*-accD CDS/IGS 32 TCAAATTTGAATTCGAAGCAGTGGATACTTTA 

39. C LSC petA-psbJ/rpl33-rps18 IGS 30 ATATATTAAGTATAAAATAAGTATAAATAA 

40. R LSC clpP Intron 30 TTTTTTTCAAAAAAAAAAGAAAGAAAAAAT 

41. P LSC psbT-psbN* IGS 48 
ATTGAAGTAATGAGCCTCCCAATATTTGGAGGCTCATTACT

TCAATTA 

42. C LSC/SSC 
petD-rpoA/ndhF-

rpl32 
IGS 30 TTTTTTTTCTAAAGTAAAAAAAAAATGAAA 

43. F IR ycf2 CDS 31 TCTTTTTGTCCAAGTTACTTCTCTTTTTGTC 

44. F IR ycf2 CDS 56 
CGATATTGATGATAGTGACGATATTGATGCTAGTGACGATA

TTGATGCTAGTGACG 

45. F IR/SSC rps12-trnV/ndhA IGS/Intron 38 AACCGTACATGAGATTTTCACCTCATACGGCTCCTCGT 

46. R IR rps12-trnV IGS 31 TATTATTTTTTTTCCCCCTCTTTTTTTTATT 

47. F IR rps12-trnV IGS 30 TTCTATTATATTAGTATTAGATTAGTATTA 
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48. F IR trnA-rrn23 IGS 48 
TAAAGTAAAGTAAAGTAAAGTAAAGTAAAGTAAAGTAAAG

TAAAGTAA 

49. F IR rrn4.5-rrn5 IGS 34 CATTGTTCAACTCTTTGACAACACGAAAAACCCA 

50. P SSC ndhF-rpl32 IGS 34 ACTAAAAAAAAAAAGAATTCTTTTTTTTTTTAGT 

51. F SSC rpl32-trnL IGS 33 TTAAGTGATCTCTAAAAATCCTATTTTTTTATA 

52. F SSC rpl32-trnL IGS 45 
ATAATTAAATAAAAGGATAATTAAATAAAAGGATAAATAA

ATAAA 

53. P SSC ndhA Intron 35 AAAGAATAAAAAAAAAAATTTATTTTTTATTCTTT 

 aCoding DNA sequencing  b intergenic spacer region  cOligonucleotide repeat  present in intronic region 
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5.3.5 Substitutions and InDels analysis in chloroplast genomes of Theobroma cacao and 

Theobroma grandiflorum 

The divergence in chloroplast genomes of Theobroma cacao and Theobroma grandiflorum 

were determined by pairwise MAFFT alignment. Chloroplast genomes of both species were 

identical (99.5%) with few divergences that were visible in protein-coding genes and intergenic 

spacer regions. We observed 99.5% identity with 444 substitutions and 23 InDels. The LSC 

region contained 329 (74.1%) SNPs and 16 (69.57%) InDels, the SSC region had 110 (24.77%) 

SNPs and 6 (26.09%) InDels, and the IRb region contained only 5 (1.13%) SNPs and 1 (4.35%) 

InDels. We determined 155 transition (Ts) substitutions and 289 transversion (Tv) and 

transversion substitution with a Ts/Tv ratio of 0.54. The six types of substitutions are shown in 

Figure 5.3.  

 

 

 

 

 

 

 

 

Figure 5.3 Types of substitutions between T. cacao and T. grandiflorum 

5.3.6 Highly polymorphic regions between Theobroma species 

The regions of chloroplast genomes were variable among the Theobroma species with 

nucleotide diversity (π) ranging from 0.000290 (ycf2 intronic part of the gene) to 0.021277 

(ndhD-psaC IGS region). The IGS showed higher genetic diversity than the protein coding and 

intronic regions (Figure 5.4) whereas tRNA regions proved to be remarkably conserved i.e. 

π=0. Among the 30 polymorphic regions, 22 were included from IGS, 5 from intronic regions, 

and only 1 from protein-coding genes (Table 5.6). The ycf1 gene showed π=0.007231 whereas 

the ndhF gene showed π=0.004032. The protein coding regions were rpl22, ycf1 and 2nd exon 

of clpP, whereas the IGS regions included trnH-psbA, ndhE-ndhG, rpl32-trnL, trnQ-psbK, 

rpl33-rps18, trnP-psaJ and ndhF-rpl32.  
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Figure 5.4 Nucleotide diversity of the chloroplast genome regions. X-axis represents chloroplast genome regions whereas Y-axis represents 

nucleotide diversity of the regions. 
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Table 5.6 Thirty high polymorphic regions among T. cacao and T. grandiflorum 

S.No Region Nucleotide diversity Mutational events Region length 

1. trnH-psbA 0.018987 9 474 

2. ndhE-ndhG 0.016807 4 238 

3. rpl32-trnL-UAG 0.015345 18 1173 

4. trnQ-UUG-psbK 0.014577 5 343 

5. rpl33-rps18 0.011494 4 348 

6. trnP-UGG-psaJ 0.01087 4 368 

7. trnS-GCU-trnG-UCC 0.010526 9 855 

8. ndhF-rpl32 0.010358 11 1062 

9. ycf3-trnS-GGA 0.009709 9 927 

10. clpP intron 1/exon 1 0.009454 9 952 

11. trnA-UGC-rrn23 0.009434 2 212 

12. petD-rpoA 0.009132 2 219 

13. psaA-ycf3 0.008772 8 912 

14. psaJ-rpl33 0.008639 4 463 

15. trnF-GAA-ndhJ 0.00838 6 716 

16. rbcL-accD 0.008322 6 721 

17. ndhC-trnV-UAC 0.008071 10 1239 

18. rpl16 intron 0.007952 12 1509 

19. rps16-trnQ-UUG 0.007505 4 533 

20. trnK-UUU-rps16 0.007353 6 816 

21. atpF intron 0.007308 6 821 

22. trnE-UUC-trnT-GGU 0.007308 6 821 

23. ycf1 0.007231 41 5670 

24. rpl22 0.007143 3 420 

25. ndhA intron 0.007036 8 1137 

26. rps16 intron 0.006865 6 874 

27. psbA-trnK-UUU 0.006849 2 292 

28. clpP exon 2 0.006849 2 292 

29. ndhG-ndhI 0.006696 3 448 

30. ccsA-ndhD 0.006289 2 318 

5.4 Conclusion 

Theobroma cacao and Theobroma grandiflorum chloroplast genomes had similar genome structure, 

gene content, and organisation. The codon usage, amino acid frequency, putative RNA editing sites, 

oligonucleotide repeats, and microsatellite analyses showed similarities in genus Theobroma. 

Transition substitutions are fewer than transversions substitutions. Intergenic spacer regions and 

intronic sequences showed high divergent than coding sequencing. Thirty high polymorphic regions 

identified in current study might be used to develop suitable markers for phylogenetics inference of 

the genus Theobroma. 



 

 

 

 

 

 

Chapter 6 

Comparative analyses of chloroplast 

genomes of Firmiana colorata, 

Firmiana major and Firmiana 

pulcherrima



Chapter 6                                                                                

Evolutionary dynamics and phylogeny of family Malvaceae                                                            100 

6.1 Introduction 

The genus Firmiana belongs to subfamily Sterculioideae of family Malvaceae and includes 

deciduous trees (rarely shrubs) (Bayer et al., 1999; Kostermans, 1957; Wilkie et al., 2006). 

Sixteen taxa of the genus Firmiana has been categorised as accepted whereas five species are 

categorised as unresolved (http://www.theplantlist.org/: accessed 29 December 2018). Species 

of the genus Firmiana exist in Eastern Africa and Eastern-south Asia to Malaysia (Kostermans, 

1957). Some species of this genus are cultivated for their beautiful shape and lovely flowers 

(Fan et al., 2013). Firmiana species had also shown anti-inflammatory (Lim et al., 2017), 

antimicrobial (Ajaib et al., 2014) and anti-cancer (Woo et al., 2015) properties. Some species 

have shown hepatoprotective (Kim et al., 2015) and neuroprotective (Lim et al., 2017) effects. 

Firmiana colorata is used for the intestinal dysfunction in some tribes of Bangladesh (Azam 

et al., 2013).  

The phylogenetic inference of genus Firmiana is ignored due to lack of efficient molecular 

markers (Fan et al., 2013). Up to the best of our knowledge, one study focused on four species 

of Firmiana and evaluated the phylogenetic relationships based on microsatellite markers 

developed by transcriptome assembly (Fan et al., 2013). The published chloroplast genome 

sequences of Firmiana major (Ya et al., 2017) and Firmiana purlcherrima (Wang et al., 2017) 

with the advent of NGS technology provide genomic resources for the molecular evolution 

study of the genus Firmiana. Previous phylogenetic analyses of subfamily Sterculioideae 

showed certain discrepancies in phylogenetics of certain clades (Wilkie et al., 2006). 

Therefore, the authors suggested the use of new molecular tools for the accurate resolution of 

Sterculioideae phylogenetics. 

As discussed in the chapter 5, lack of meiotic recombination and slow evolving nature of 

chloroplast genome as compared to nuclear genome (Daniell et al., 2016; Palmer, 1985) make 

it a suitable source for development of markers for resolving of phylogenetics at genus and 

family level. Previously, robust and authentic molecular markers were developed on the basis 

of complete chloroplast genome for phylogenetics resolving as well as for barcoding purposes 

(Ahmed et al., 2013; Nguyen et al., 2018). 

The de novo assembled chloroplast genome sequence of Firmiana colorata and its comparison 

with chloroplast genomes of Firmiana major (Ya et al., 2017) and Firmiana pulcherrima 

(Wang et al., 2017) will not only be helpful to elucidate chloroplast genome structure of genus 

Firmiana, but the broad comparison of these species will also enable us to identify the 

mutational hotspots regions for development of suitable and authentic markers for resolving of 

phylogenetics of genus Firmiana and subfamily Sterculioideae. 

http://www.theplantlist.org/


Chapter 6                                                                                

Evolutionary dynamics and phylogeny of family Malvaceae                                                            101 

6.2 Materials and Methods 

6.2.1 Chloroplast genome comparative analysis 

Genomic features and organisation of chloroplast genomes of Firmiana species were compared 

using Geneious R8.1 (Kearse et al., 2012). Different types of substitutions and rate of transition 

and transversion of substitutions were also determined from pairwise MAFFT alignment using 

Firmiana major chloroplast genome as reference for Firmiana colorata and Firmiana 

purlcherrima through Geneious R8.1 (Kearse et al., 2012). For rate of substitutions and InDels 

in LSC, SSC and IR, we aligned each part separately and analyses was performed using DnaSP 

(Rozas et al., 2017).  

6.2.2 Amino acids frequency, codon usage, putative RNA editing sites 

We determined amino acids frequency and codon usage using Geneious R8.1. The putative 

RNA editing sites were determined by PREP-cp (Putative RNA Editing Predictor of 

Chloroplast) with default parameters (Mower, 2009).  

6.2.3 Microsatellites and oligonucleotide repeats analysis 

MISA (Thiel et al., 2003) was used to identify microsatellites loci within genomes of Firmiana 

using parameters: 7 for mononucleotide repeats, 4 for Di- and 3 each for tri-, tetra-, penta- and 

hexanucleotide repeats. REPuter (Kurtz et al., 2001) was used to identify four types of repeats: 

forward (F), reverse (R), palindromic (P) and complementary (C), with parameters: 

oligonucleotide repeats size ≥ 30 bp and edit distance of 3 to get minimum sequence similarity 

90% and compute repeats numbers was set to 500.  

6.2.4 Identification of mutational hotspots 

Chloroplast genome of Firmiana colorata was compared with Firmiana major available under 

accession NC_036395 (Ya et al., 2017) and Firmiana purlcherrima available under accession 

NC_037242 (Wang et al., 2017) by multiple alignment using MAFFT (Multiple Alignments 

using Fast Fourier Transform) (Katoh et al., 2005). We compared each region of genomes such 

as intergenic spacer regions (IGS), introns, tRNAs, ribosomal RNAs and protein-coding genes 

determination of nucleotide diversity in Geneious R8.1 (Kearse et al., 2012). 
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6.3 Results 

6.3.1 Chloroplast genome organisation and features of Firmiana 

Chloroplast genome had 113 unique genes whereas seventeen genes were present as duplicates 

in IR regions. Among 113 genes, 79 were protein-coding genes, 30 were tRNA genes (in 

Firmiana pulcherrima 35 tRNAs existed), and 4 were rRNA genes. Among 17 duplicated 

genes in IR region, 6 were protein-coding genes, four rRNA genes and seven were tRNA genes. 

Among these genes, 18 genes had intron that included 12 protein-coding genes and 6 tRNA 

genes. The rps12 gene was a trans-spliced gene, therefore, its 5′ part was present in LSC 

whereas the 3′ parts were present in IR and was duplicated. We found three partially 

overlapping genes atpB/atpF, psbD/psbC, and rps3/rpl22. So, the genome organisation of F. 

colorata was similar to F. major whereas for F. purlcherrima little bit difference was found in 

number of tRNA genes: 35 in F. purlcherrima whereas 37 in F. colorata and F. major. 

Moreover, SSC was inverse in F. pulcherrima as compared to F. colorata and F. major. The 

size of the complete chloroplast genome, LSC, SSC, and IR regions showed variations among 

Firmiana species. The complete chloroplast genome ranged in size from 159,556 bp (in F. 

pulcherrima) to 161,302 bp (in F. major), LSC regions was 88,444 bp (in F. pulcherrima) to 

90,187 bp (in F. major), IR regions (each IRa and IRb) were 25,572 bp (in F. major) to 25,576 

bp (in F. pulcherrima), SSC region was 19,960 bp (in F. pulcherrima) to 20,038 bp (in F. 

major). We also observed similarities among genomes features of Firmiana including GC 

content of LSC, SSC, IR, and complete chloroplast genome. The tRNAs (53.3%) and rRNAs 

(55.5%) had highest GC content. Consequently, IR regions possessed highest GC content 

(about 43%) followed by LSC (about 37%) and SSC (about 31.5%). The differences were 

found in the size of genomes. The complete detail has been provided in Table 6.1. 

6.3.2 Comparative analysis of amino acids frequencies and relative synonymous codon 

usage 

Amino acids frequencies and codon usage showed similarities among species of Firmiana. 

Amino acids leucine and isoleucine were the most abundant in species of Firmiana whereas 

tryptophan was least encoded amino acid (Figure 6.1). Relative synonymous codon usage 

(RSCU) analyses revealed high frequency for codons that had A/T at 3′ end and having RSCU 

value about 1 which indicated that these codons encoded most of amino acids than codons 

having C/G at 3′ end (Table 6.2).  
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Table 6.1 Comparison of chloroplast genomes of F. colorata, F. major and F. pulcherrima 

and their general features 

Characteristics F. colorata F. major F. pulcherrima 

Size (base pair; bp) 160,700 161,302 159,556 

LSC length (bp) 89,551 90,187 88,444 

SSC length (bp) 20,001 20,038 19,960 

IR length (bp) 25,574 25,532 25,576 

Number of genes 130 130 128 

Protein-coding genes 79 79 79 

tRNA genes 30 30 28 

rRNA genes 4 4 4 

Duplicate genes 18 18 18 

  

  

  

 

GC content 

Total (%) 37.1% 36.9% 37.1% 

LSC (%) 35% 34.7% 35% 

SSC (%) 31.4% 31.3% 31.5% 

IR (%) 42.9% 42.9% 42.9% 

CDS (%) 38.2% 38.1% 38.2% 

rRNA (%) 55.5% 55.5% 53.3% 

tRNA (%) 53.3% 53.2% 55.5% 

All gene % 39.7% 39.6% 39.7% 

Protein coding part (CDS) 

(%bp) 

49.24% 49.37% 49.49% 

All gene (%bp) 69.76% 70% 69.72% 

Non-coding region (%bp) 30.34% 30% 30.28% 

 

 

 

 

 

 

 

 

 

Figure 6.1 Comparison of amino acids frequency among Firmiana species.  

The figure shows the amino acids on X-axis and their frequencies on Y-axis. 
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Table 6.2 Relative synonymous codon usage of genus Firmiana species 

Codon 
Amino 

acid 

Relative synonymous 

codon usage 
Codon 

Amino 

acid 

Relative synonymous codon 

 usage 

Fm Fc  Fp  Fm Fc Fp 

GCA A 1.08 1.1 1.09 CCA P 1.13 1.15 1.14 

GCC A 0.68 0.68 0.68 CCC P 0.76 0.74 0.75 

GCG A 0.48  0.47 0.48 CCG P 0.56 0.56 0.56 

GCT A 1.77 1.76 1.76 CCT P 1.55 1.55 1.55 

TGC C 0.49 0.49 0.49 CAA Q 1.54 1.56 1.99 

TGT C 1.51 1.51 1.51 CAG Q 0.46 0.44 0.57 

GAC D 0.40 0.41 0.41 AGA R 1.81 1.80 1.78 

GAT D 1.60 1.59 1.60 AGG R 0.65 0.66 0.64 

GAA E 1.47 1.47 1.48 CGA R 1.41 1.42 1.41 

GAG E 0.52 0.52 0.52 CGC R 0.45 0.44 0.45 

TTC F 0.72 0.73 0.72 CGG R 0.41 0.44 0.42 

TTT F 1.28 1.14 1.27 CGT R 1.27 1.25 1.24 

GGA G 1.60 1.60 1.59 AGC S 0.36 0.39 0.39 

GGC G 0.40 0.41 0.41 AGT S 1.21 1.20 1.18 

GGG G 0.70 0.72 0.73 TCA S 1.22 1.20 1.19 

GGT G 1.30 1.28 1.27 TCC S 0.98 0.99 0.99 

CAC H 0.50 0.50 0.51 TCG S 0.56 0.55 0.55 

CAT H 1.51 1.50 1.50 TCT S 1.67 1.68 1.69 

ATA I 0.94 0.93 0.93 ACA T 1.23 1.23 1.23 

ATC I 0.59 0.60 0.6 ACC T 0.77 0.78 0.79 

ATT I 1.47 1.47 1.47 ACG T 0.45 0.42 0.43 

AAA K 1.48 1.48 1.47 ACT T 1.55 1.53 1.55 

AAG K 0.52 0.52 0.53 GTA V 1.45 1.44 1.44 

CTA L 0.83 0.83 0.83 GTC V 0.49 0.49 0.50 

CTC L 0.42 0.51 0.41 GTG V 0.61 0.60 0.60 

CTG L 0.41 0.51 0.42 GTT V 1.45 1.47 1.46 

CTT L 1.25 1.52 1.24 TGG W 1 1 1 

TTA L 1.86 2.26 1.86 TAC Y 0.401 0.41 0.41 

TTG L 1.23 1.51 1.24 TAT Y 1.59 1.59 1.59 

ATG M 1 1 1 TAA * 1.66 1.72 1.74 

AAC N 0.47 0.47 0.48 TAG * 0.66 0.66 0.66 

AAT N 1.53 1.52 1.52 TGA * 0.68 0.62 0.59 

*Fm: Firmiana major, Fc: Firmiana colorata; and FP: Firmiana pulcherrima 
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6.3.3 Analyses of RNA editing sites in Firmiana genomes 

PREP-cp predicted 65 putative RNA editing sites in 24 genes of F. colorata, 62 editing sites 

in 25 genes of F. major and 65 editing sites in 25 genes of F. pulcherrima (Table 6.3). High 

similarities were present among genes for RNA editing sites except: petD was unique to F. 

colorata and rpl2 was unique to F. major. Among genes, most of RNA editing sites were found 

in ndhB (11), ndhD (6) and rpoB (5) in all Firmiana species. The ndhF gene showed little bit 

variation among species: In F. colorata and F. pulcherrima 7 RNA editing sites were found 

and in F. major 4 RNA editing sites were present. RNA editing sites changed A/T on 1st or 2nd 

nucleotide position of codons whereas position of second nucleotide change was about 4x 

higher than 1st nucleotide position. Most of conversions were observed for Serine to leucine. 

Change of RNA editing sites lead to hydrophobic amino acids, i.e. phenylalanine, leucine, and 

valine.  

Table 6.3 RNA editing sites in Firmiana genomes 

Gene 
Nucleotide 

Position 

Amino acid 

Position 
Codon change 

A. acid 

change 
Score 

RNA editing sites in Firmiana colorata 

accD 
797 266 TCG > TTG S > L 0.8 

1406 469 CCT > CTT  P > L 1 

atpB 403 135 CCT > TCT  P > S 0.86 

atpA 
914 305 TCA > TTA  S > L 1 

1148 383 TCA > TTA  S > L 1 

atpF 92 31 CCA > CTA  P > L 0.86 

atpI 629 210 TCA > TTA  S > L 1 

ccsA 

383 128 ACA > ATA  T > I 0.86 

389 130 GCG > GTG  A > V 1 

650 217 ACT  > ATT  T > I 0.86 

clpP 
196 66 CTT  > TTT  L > F 1 

559 187 CAT  > TAT  H > Y 1 

matK 
634 212 CAT  > TAT  H > Y 1 

1237 413 CAC  > TAC  H > Y 1 

ndhA 

25 42 ACA  > ATA  T > I 0.8 

341 114 TCA  > TTA  S > L 1 

566 189 TCA  > TTA  S > L 1 

ndhB 

149 50 TCA  > TTA  S > L 1 

467 156 CCA  > CTA  P > L 1 

542 181 ACG  > ATG  T > M 1 

586 196 CAT  > TAT  H > Y 1 

611 204 TCA  > TTA  S > L 0.8 

737 246 CCA  > CTA  P > L 1 
 746 249 TCT  > TTT  S > F 1 
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830 277 TCG  > TTG  S > L 1 

836 279 TCA  > TTA  S > L 1 

1255 419 CAT  > TAT  H > Y 1 

1481 494 CCA  > CTA  P > L 1 

ndhD 

2 1 ACG  > ATG  T > M 1 

383 128 TCA  > TTA  S > L 1 

674 225 TCG  > TTG  S > L 1 

878 293 TCA  > TTA  S > L 1 

1298 433 TCA  > TTA  S > L 0.8 

1310 437 TCA  > TTA  S > L 0.8 

ndhF 

253 85 CTT  > TTT  L > F 1 

290 97 TCA  > TTA  S > L 1 

743 248 GCA  > GTA  A > V 1 

1549 517 CTT  > TTT  L > F 1 

1753 585 CCA  > TCA  P > S 1 

1832 611 ACA  > ATA  T > I 0.8 

1898 633 GCG  > GTG  A > V 0.8 

ndhG 
166 56 CAT  > TAT  H > Y 0.8 

314 105 ACA  > ATA  T > I 0.8 

petB 418 140 CGG  > TGG  R > W 1 

psaI 83 28 TCT > TTT  S > F 0.86 

psbF 77 26 TCT  > TTT  S > F 1 

rpl20 308 103 TCA  > TTA  S > L 0.86 

rpoA 
329 110 GCC  > GTC  A > V 0.86 

830 277 TCA  > TTA  S > L 1 

rpoB 

338 113 TCT  > TTT  S > F 1 

551 184 TCA  > TTA  S > L 1 

566 189 TCG  > TTG  S > L 1 

610 204 CTC  > TTC  L > F 1 

2426 809 TCA  > TTA  S > L 0.86 

rpoC1 
41 14 TCA  > TTA  S > L 1 

1261 421 CCG  > TCG  P > S 0.86 

rpoC2 

1972 658 CAC  > TAC  H > Y 1 

2293 765 CGG  > TGG  R > W 1 

3161 1054 CCC  > CTC  P > L 0.86 

4087 1363 CTT  > TTT  L > F 0.86 

rps2 
248 83 TCG  > TTG  S > L 1 

325 109 CCC  > TCC  P > S 1 

rps14 
80 27 TCA  > TTA  S > L 1 

149 50 TCA  > TTA  S > L 1 

ycf3 28 10 CTT  > TTT  L > F 1 

RNA editing sites in Firmiana major 

accD 
541 181 CAT  > TAT  H > Y 0.8 

797 266 TCG  > TTG  S > L 0.8 
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1406 469 CCT  > CTT  P > L 1 

atpB 403 135 CCT  > TCT  P > S 0.86 

atpA 
914 305 TCA  > TTA  S > L 1 

1148 383 TCA  > TTA  S > L 1 

atpF 92 31 CCA  > CTA  P > L 0.86 

atpI 629 210 TCA  > TTA  S > L 1 

ccsA 43 15 CTT  > TTT  L > F 1 

 
389 130 GCG  > GTG  A > V 1 

650 217 ACT  > ATT  T > I 0.86 

clpP 
196 66 CTT  > TTT  L > F 1 

559 187 CAT  > TAT  H > Y 1 

matK 
634 212 CAT  > TAT  H > Y 1 

1237 413 CAC  > TAC  H > Y 1 

ndhA 
341 114 TCA  > TTA  S > L 1 

566 189 TCA  > TTA  S > L 1 

ndhB 

149 50 TCA  > TTA  S > L 1 

467 156 CCA  > CTA  P > L 1 

542 181 ACG  > ATG  T > M 1 

586 196 CAT  > TAT  H > Y 1 

611 204 TCA  > TTA  S > L 0.8 

737 246 CCA  > CTA  P > L 1 

746 249 TCT  > TTT  S > F 1 

830 277 TCG  > TTG  S > L 1 

836 279 TCA  > TTA  S > L 1 

1255 419 CAT  > TAT  H > Y 1 

1481 494 CCA  > CTA  P > L 1 

ndhD 

2 1 ACG  > ATG  T > M 1 

383 128 TCA  > TTA  S > L 1 

674 225 TCG  > TTG  S > L 1 

878 293 TCA  > TTA  S > L 1 

1298 433 TCA  > TTA  S > L 0.8 

1310 437 TCA  > TTA  S > L 0.8 

ndhF 

253 85 CTT  > TTT  L > F 1 

290 97 TCA  > TTA  S > L 1 

1549 517 CTT  > TTT  L > F 1 

1898 633 GCA  > GTA  A > V 0.8 

ndhG 
166 56 CAT  > TAT  H > Y 0.8 

314 105 ACA  > ATA  T > I 0.8 

petB 418 140 CGG  > TGG  R > W 1 

psaI 83 28 TCT  > TTT  S > F 0.86 

psbF 77 26 TCT  > TTT  S > F 1 

rpl2 70 24 CCC  > TCC  P > S 0.86 

rpl20 308 103 TCA  > TTA  S > L 0.86 

rpoA 329 110 GCC  > GTC  A > V 0.86 
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830 277 TCA  > TTA  S > L 1 

rpoB 

338 113 TCT  > TTT  S > F 1 

551 184 TCA  > TTA  S > L 1 

566 189 TCG  > TTG  S > L 1 

610 204 CTC  > TTC  L > F 1 

2426 809 TCA  > TTA  S > L 0.86 

rpoC1 
41 14 TCA  > TTA  S > L 1 

1261 421 CCG  > TCG  P > S 0.86 

rpoC2 

2293 765 CGG  > TGG  R > W 1 

3185 1062 CCC  > CTC  P > L 0.86 

3728 1243 GCA  > GTA  A > V 1 

rps2 
248 83 TCG  > TTG  S > L 1 

325 109 CCC  > TCC  P > S 1 

rps14 
80 27 TCA  > TTA  S > L 1 

149 50 TCA  > TTA  S > L 1 

ycf3 28 10 CTT  > TTT  L > F 1 

RNA editing sites in Firmiana pulcherrima 

accD 
797 266 TCG  > TTG  S > L 0.8 

1406 469 CCT  > CTT  P > L 1 

atpB 403 135 CCT  > TCT  P > S 0.86 

atpA 
914 305 TCA  > TTA  S > L 1 

1148 383 TCA  > TTA  S > L 1 

atpF 92 31 CCA  > CTA  P > L 0.86 

atpI 629 210 TCA  > TTA  S > L 1 

ccsA 

383 128 ACA  > ATA  T > I 0.86 

389 130 GCG  > GTG  A > V 1 

650 217 ACT  > ATT  T > I 0.86 

clpP 
196 66 CTT  > TTT  L > F 1 

559 187 CAT  > TAT  H > Y 1 

matK 
634 212 CAT  > TAT  H > Y 1 

1237 413 CAC  > TAC  H > Y 1 

ndhA 

125 42 ACA  > ATA  T > I 0.8 

341 114 TCA  > TTA  S > L 1 

566 189 TCA  > TTA  S > L 1 

ndhB 

149 50 TCA  > TTA  S > L 1 

467 156 CCA  > CTA  P > L 1 

542 181 ACG  > ATG  T > M 1 

586 196 CAT  > TAT  H > Y 1 

611 204 TCA  > TTA  S > L 0.8 

737 246 CCA  > CTA  P > L 1 

746 249 TCT  > TTT  S > F 1 

830 277 TCG  > TTG  S > L 1 

836 279 TCA  > TTA  S > L 1 

1255 419 CAT  > TAT  H > Y 1 
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1481 494 CCA  > CTA  P > L 1 

ndhD 

20 7 ACG  > ATG  T > M 1 

401 134 TCA  > TTA  S > L 1 

692 231 TCG  > TTG  S > L 1 

896 299 TCA  > TTA  S > L 1 

1316 439 TCA  > TTA  S > L 0.8 

1328 443 TCA  > TTA  S > L 0.8 

ndhF 

253 85 CTT  > TTT  L > F 1 

290 97 TCA  > TTA  S > L 1 

743 248 GCA  > GTA  A > V 1 

1549 517 CTT  > TTT  L > F 1 

1753 585 CCA  > TCA  P > S 1 

1832 611 ACA  > ATA  T > I 0.8 

1898 633 GCG  > GTG  A > V 0.8 

ndhG 
166 56 CAT  > TAT  H > Y 0.8 

314 105 ACA  > ATA  T > I 0.8 

petB 418 140 CGG  > TGG  R > W 1 

petD 395 132 GCT  > GTT  A > V 1 

psaI 83 28 TCT  > TTT  S > F 0.86 

psbF 77 26 TCT  > TTT  S > F 1 

rpl20 308 103 TCA  > TTA  S > L 0.86 

rpoA 
329 110 GCC  > GTC  A > V 0.86 

830 277 TCA  > TTA  S > L 1 

rpoB 

338 113 TCT  > TTT  S > F 1 

551 184 TCA  > TTA  S > L 1 

566 189 TCG  > TTG  S > L 1 

610 204 CTC  > TTC  L > F 1 

2426 809 TCA  > TTA  S > L 0.86 

rpoC1 
41 14 TCA  > TTA  S > L 1 

1261 421 CCG  > TCG  P > S 0.86 

rpoC2 

1972 658 CAC  > TAC  H > Y 1 

2293 765 CGG  > TGG  R > W 1 

3161 1054 CCC  > CTC  P > L 0.86 

rps2 
248 83 TCG  > TTG  S > L 1 

325 109 CCC  > TCC  P > S 1 

rps14 
80 27 TCA  > TTA  S > L 1 

149 50 TCA  > TTA  S > L 1 

ycf3 28 10 CTT  > TTT  L > F 1 
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6.3.4 SSRs and oligonucleotide repeats analyses 

SSRs were detected by MISA in all three species of Firmiana. F. colorata contained 467, F. 

major (472), and F. pulcherrima (459) SSRs. Most of SSRs were mononucleotide followed by 

trinucleotide and then by dinucleotide (Figure 6.2A). The A/T motifs were most abundant in 

mononucleotide SSRs and AT/TA motifs were most abundant in dinucleotide SSRs.  

Mononucleotide SSRs motifs varies from 7-22 units repeats, dinucleotide SSRs motif varies 

from 4-8 unit, repeats whereas other types of SSRs existed mostly in 3 unit repeats (Table 6.4). 

Most of SSRs were present in LSC, followed by SSC and IR (Figure 6.2B).  

REPuter was used to analyse repeats of chloroplast genome in three species of Firmiana. We 

determined four types of repeats: F (forward), P (palindromic), R (reverse), and C 

(complementary). Total 163 oligonucleotide repeats were present in three Firmiana species: 

49 in F. colorata, 65 in F. major and 49 in F. pulcherrima. Forward (F) repeats showed 

abundance in all species: 25 (51%) in F. colorata, 32 (49.23%) in F. major, and 27 (55.1%) in 

F. pulcherrima (Figure. 6.2C). Oligonucleotide repeats ranged in size from 30-49 bp (Figure 

6.2D) and most of repeats existed in range of 30-34 bp. Most of oligonucleotide repeats were 

found in LSC as compared to SSC and IR (Figure 6.2E). LSC region comprised 24 (49%) 

repeats in F. colorata, 44 (68%) in F. major and 26 (53%) in F. pulcherrima. Some repeats 

were shared among LSC, SSC and IR. In chloroplast genome, most of repeats were present in 

IGS, followed by intronic regions and least number of repeats were found in coding regions 

(Figure 6.2F). Complete detail of repeats for each species is provided in Table 6.5. 
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Table 6.4 Microsatellites loci in Firmiana species 
F

ir
m

ia
n

a
 m

a
jo

r 

Repeats 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 22 Total 

A - - - - 65 26 17 17 9 4 3 1  2 1 2  146 

C - - - - 3 3  1          7 

G - - - - 9 1            10 

T - - - - 75 34 16 14 15 3 2 2 1  1  1 164 

AG - 3                3 

AT - 18 6               24 

CT - 3                3 

GA - 5                5 

TA - 17 3 1 1             22 

TC -  1               1 

AAC 2                 2 

AAG 2                 2 

AAT 5  1               6 

AGA 2                 2 

ATA 4                 4 

ATT 4 1                5 

CAA 2                 2 

CTC 1                 1 

CTG 1                 1 

CTT 3                 3 

GAA 3                 3 

GAT 1                 1 

GCA 1                 1 

GCT 2                 2 

GGT 1                 1 

GTT 1                 1 

TAA 4                 4 

TAG 1                 1 

TAT 5 2                7 

TCT 1                 1 

TGC 1                 1 

TTA 8                 8 

TTC 6                 6 

TTG 2                 2 

AAAT 2                 2 

ATAA  1                1 

ATCA 1                 1 

ATCT 1                 1 

GAAT 1                 1 

TAGT 1                 1 

TATT 2                 2 

TCTA 1                 1 
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TTAT 1                 1 

AGAAA 1                 1 

TAAAG 1                 1 

TATTA 2                 2 

TGAAA 1                 1 

TTATA 1                 1 

TTCTA 2                 2 

TTTTTA 1                 1 

Total 472 

F
ir

m
ia

n
a
 p

u
lc

h
er

ri
m

a
 

A - - - - 70 26 18 12 11 6 2 2 1     148 

C - - - -  1 3 1          5 

G - - - - 9    1     1    11 

T - - - - 65 38 27 11 8 6 2 1  1    159 

AG - 3                3 

AT - 16 5   1            22 

CT - 4                4 

GA - 5                5 

TA - 17 2   1            20 

TC -  1               1 

TG - 1                1 

AAC 2                 2 

AAG 2                 2 

AAT 6                 6 

AGA 2                 2 

ATA 3                 3 

ATT 2 1                3 

CAA 1                 1 

CTC 1                 1 

CTG 1                 1 

CTT 4                 4 

GAA 3                 3 

GAT 1                 1 

GCA 1                 1 

GCT 2                 2 

GGT 1                 1 

GTT 1                 1 

TAA 3                 3 

TAG 1                 1 

TAT 6 3                9 

TCT 1                 1 

TGC 1                 1 

TTA 6                 6 

TTC 6                 6 

TTG 2                 2 
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AAAT 2                 2 

AGGA 1                 1 

ATAA 1                 1 

ATCA 1                 1 

ATCT 1                 1 

GAAT 1                 1 

TAGT 1                 1 

TATT 2                 2 

TCTA 1                 1 

TTTA 2                 2 

TAAAG 1                 1 

TATTA 1                 1 

TGAAA 1                 1 

TTCTA 1                 1 

 Total 459 

F
ir

m
ia

n
a
 c

o
lo

ra
ta

 

A - - - - 68 29 21 10 11 5 2 2 1 1    150 

C - - - - 3 1 1  1 1        7 

G - - - - 8  1  1         10 

T - - - - 68 42 22 12 8 3 2 3  1    161 

AG - 2                2 

AT - 17 5               22 

CT - 4                4 

GA - 5                5 

TA - 18 2   1            21 

TC -  1               1 

TG - 1                1 

AAC 2                 2 

AAG 2                 2 

AAT 6                 6 

AGA 2                 2 

ATA 2                 2 

ATT 5 2                7 

CAA 1                 1 

CTC 1                 1 

CTG 1                 1 

CTT 4                 4 

GAA 3                 3 

GAT 1                 1 

GCT 2                 2 

GGT 1                 1 

GTT 1                 1 

TAA 5                 5 

TAG 1                 1 

TAT 5 2                7 
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TCT 1                 1 

TGC 1                 1 

TTA 6                 6 

TTC 6                 6 

TTG 2                 2 

AAAT 2                 2 

AGGA 1                 1 

ATAA 1                 1 

ATCA 1                 1 

ATCT 1                 1 

ATTT 1                 1 

GAAT 1                 1 

TAGT 1                 1 

TATT 1                 1 

TTAA 1                 1 

TTAT 1                 1 

TTTA 2                 2 

AGAAA 1                 1 

TAAAG 1                 1 

TGAAA 1                 1 

TTCTA 1                 1 

 Total 467 
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Figure 6.2 Comparison of SSRs and oligonucleotide repeats in Firmiana. 

(A) Represent types of SSR by size. Total: all types of SSRs present in the genome; mono: 

mononucleotide; Di: dinucleotide; tri: trinucleotide; tetra: tetranucleotide; penta: 

pentanucleotide, and hexa: hexanucleotide. (B) Represents distribution of chloroplast genome 

in the large single copy (LSC), small single copy (SSC) and inverted repeat region (IR). (C) 

Distribution of oligonucleotide repeats motifs. LSC, SSC and IR stand for those 

oligonucleotides repeats which are fully present in these regions whereas LSC/SSC, LSC/IR, 

and SSC/IR stand for those repeats which are dispersed in both locations, i.e. one copy of repeat 

existed in one location while the second copy was in another location. (D) Four types of 

oligonucleotide repeats exist in the genome. Forward (F), palindromic (P), reverse (R) and 

complementary (C). (E) The range of numbers shows the size of oligonucleotide repeats in that 

specific range. For instance, 30-34 stands for those oligonucleotide repeats which have the size 

from 30-34 bp. (F) Distribution of repeats based on function regions. IGS: Intergenic spacer 

regions, CDS: coding DNA sequences; Intron: Intronic regions. 
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Table 6.5 Oligonucleotide repeats in Firmiana species 

S.No Type Location region 
IGS/Intron/

CDS 
size Sequences 

Oligonucleotide repeats in Firmiana colorata 

1. P LSC rps16-trnK IGS 45 
ATTATAATCTAATCTGAACATTCAATGTTCAGATTAGA

TTATAAT 

2. F LSC rps16-trnK IGS 35 ATTATTTAATTATTAATTATTATTAATATTTTTTA 

3. R LSC rps16-trnK IGS 36 TTAATTATAAATTATTATTAATTTTTTTTAATTATT 

4. C LSC/SSC rps16-trnK/ycf1 IGS/CDS 31 ATTATTAATTTTTTTTAATTATTTAATTATT 

5. P LSC trnR-atpA/psbZ-trnG IGS 32 ATTTTATATATTTCTATTTTTATTCTAATTAT 

6. F LSC trnR-atpA/ndhC-trnV IGS 32 TTCTATTTTTATTCTAATTATTCTAATTTCTA 

7. F LSC 
atpA-atpH/rpl16 

intron 
IGS/Intron 31 TTTTTTTATTTAATAAATTAATATTAATAAA 

8. P LSC rps2-rpoC2 IGS 36 TCTCTCTTTTTTTTTTACTAAAAAAAAAAAGAGAGA 

9. F LSC rpoC1/rpl16 Intron/Intron 31 TCGGACATGAGAGTTTCCTCTCATCCGGCTC 

10. F LSC psbZ-trnG/accD-psaI IGS 30 AATAGAATAATAATATAATTAGAATAATAA 

11. C LSC 
psbZ-trnG/rpl33-

rps18 
IGS 33 AATTATAAAATAAATAATATAAATAATATA 

12. F LSC psaB/psaA CDS 49 
AAAAGAAATGCAATAGCTAAATGATGGTGTGCAATAT

CAGTCAGCCATA 

13. R LSC psaA/ycf3 IGS 30 TCTATCTATCTATTTTTTATCTATCTATTT 

14. P LSC/SSC ycf3/ndhA Intron/Intron 41 
TCCAAAACCGTACGTGAGATTTTCACCTCATACGGCTC

CTC 

15. F LSC/IR ycf3/rps12-trnV Intron/Intron 36 AACCGTACGTGAGATTTTCACCTCATACGGCTCCTC 

16. F LSC/IR ycf3/rps12-trnV Intron/Intron 30 TGAGATTTTCACCTCATACGGCTCCTCCTT 

17. R LSC/IR trnT-trnL/ndhF-ycf1* IGS 31 ATTTTAAAAATTATTTTAATTATTTTATTTT 

18. F LSC trnT-trnL IGS 36 TATTTTATTTTAATTATTTAATTCTATTTGTATTTT 

19. F LSC ndhC-trnV IGS 31 TAATTTCGATATAGTACTAATTTGTATAGTA 

20. F LSC/IR ndhC-trnV/rps12-trnV IGS 31 TATTTCTATTCTATTTATTCTAATTCTATTA 

21. F LSC ndhC-trnV IGS 31 CTATATATATTTCTATATATTATTTCTATATG 

22. R LSC 
ndhC-trnV/rpl33-

rps18 
IGS 32 TCTATATATTTATATATATTCTATTTTTTAAT 
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23. F LSC atpB-rbcL IGS 30 TTAATTTCTTATTATTTAATTTCTATTATA 

24. F LSC rbcL/rbcL-accD IGS 32 ATCAAATTTGAATTCGAAGCAATGGATACTTT 

25. F LSC accD-psaI IGS 31 ATCTCCCGAGAATTCTATTTTGACTAAAAAT 

26. R LSC rpl33-rps18/rpl16 IGS/Intron 31 AAAATATTTATATATTTAATATTTTATTTAT 

27. R LSC rpl33-rps18 IGS 36 TTATATATTATTTATATATCTATATATTTAATATAT 

28. R LSC rpl33-rps18 IGS 33 TTAATATATTATTATTCTATATTATTATTATAT 

29. R LSC clpP Intron 34 TATTTATATATATTTATAATTTATATATATTTAT 

30. C LSC/IR clpP/rps19-rpl2 Intron/IGS 33 TATATATATTTATAATTTATATATATTTATAAT 

31. P LSC psbT-psbN IGS 48 
AATTGAAGTAATGAGCCTCCCAATATTGGGAGGCTCA

TTACTTCAATT 

32. F IR rps19-rpl2 IGS 32 ATATTAAATATTATATATTAAATATTATATAT 

33. R IR rps19-rpl2 IGS 33 TTAAATATTATATATATATATATATTATATATT 

34. F IR ycf2 CDS 31 TCTTTTTGTCCAAGTTACTTCTCTTTTTGTC 

35. F IR ycf2 CDS 47 
CGATATTGATGATAGTGACGATATTGATGCTAGTGAC

GATATTGATG 

36. F IR ycf2 CDS 33 AGTGACGATATTGATGCTAGTGACGATATTGAT 

37. P IR/SSC rps12-trnV/ndhA IGS/Intron 38 AACCGTACATGAGATTTTCACCTCATACGGCTCCTCGT 

38. F IR rps12-trnV IGS 31 TTTTCTATTCTATTAGTATTAGATTAGTATT 

39. F IR rrn4.5-rrn5 IGS 34 CATTGTTCAACTCTTTGACAACACGAAAAACCCA 

40. F SSC ycf1 CDS 32 ATTAATAAAAATATTATTGAAATTAATAAAAA 

41. P SSC ndhA Intron 34 AAAGAATAAAAAAGAAATTTTTTTTTTATTCTTT 

42. P SSC psaC-ndhD IGS 43 
AAAAACCCGTGCTCAAAAAAAGTCTTTTTGAGCACGG

GTTTTT 

43. F SSC ndhD*-ccsA IGS 30 ATTTTTATAGATAGTTTTCATGAATAAAAT 

44. F SSC trnL-rpl32 IGS 30 TAAAAATAACAAATTATTAAAACACTAACA 

45. R SSC ndhF-ycf1Ψ IGS 34 TTTTTAATTTATTATTTTAGAATTTATTATTTAAA 

46. R SSC ndhF-ycf1Ψ IGS 31 TTTTAATTTATTATTTTAGAATTTATTATTT 

47. F SSC ndhF-ycf1Ψ IGS 31 TTTATTATTTTAGAATTTATTATTTAAATTT 

48. R SSC ndhF-ycf1Ψ IGS 31 TTATTATTTTAGAATTTATTATTTAAATTTT 

49. R SSC ndhF-ycf1Ψ IGS 30 AATTTATTATTTAAATTTTTTATTATTTTAG 

Oligonucleotide repeats in Firmiana major 



Chapter 6                                                                                

Evolutionary dynamics and phylogeny of family Malvaceae                                                                            118 

1. P LSC trnK-rps16 IGS 45 
ATTATAATCTAATCTGAACATTCAATGTTCAGATTAGA

TTATAAT 

2. F LSC trnS-trnG IGS 31 TATCATTTTTTTTTCTTCCTCTTTCTTTTT 

3. R LSC trnG/trnT-trnL IGS 30 AATTTTATTTTATAATTATATTATAAATTT 

4. P LSC trnG-trnR IGS 30 ATTTGAATATTTATTAATTCAATTCAATGAT 

5. P LSC trnG-trnR IGS 47 
TAATTCAATTCAATGATGCATTAATAATGCATCATTGA

ATTGAATTA 

6. P LSC trnR-atpA IGS 33 ATATTCTATATTATATAGAATATATATTCTATATA 

7. P LSC trnR-atpA IGS 30 ATAATTAATTAGATAATTCTAATTAATTAT 

8. R LSC trnR-atpA/psbZ-trnG IGS 35 TAATTAATTATATTTATATTTTTATTCTAATTATT 

9. P LSC trnR-atpA/psbZ-trnG IGS 34 ATTAATTATATTTATATTTTTATTCTAATTATT 

10. P LSC trnR-atpA IGS 35 ATTCTAATTATTCTAATTTCTAATTAGAAATTAGA 

11. F LSC rpoC2 CDS 30 CTTTTTTAATTGATTGTTTTATCACTTTTT 

12. P LSC trnE-trnT/rpl33-rps18 IGS 30 TATATATATAAATTATATAAATAGATCTTA 

13. C LSC 
psbZ-trnG/rpl33-

rps18 
IGS 30 AATATAATAATAATTTTATAATATATAATA 

14. F LSC psbZ-trnG IGS 31 TAATATATAATAAATAGAAGAATAATAATAT 

15. C LSC 
psbZ-trnG/rpl33-

rps18 
IGS 34 ATAATAATATAATTAGAATAATAATAATAATATATA 

16. P LSC psbZ-trnG/trnT-trnL IGS 31 TAATAATATAATTAGAATAATAATAATAATA 

17. R LSC psbZ-trnG IGS 30 ATAATAATAATATATAATTAATATATAATA 

18. C LSC 
psbZ-trnG/rpl33-

rps18 
IGS 32 ATAAAATAAAGATATAATTCTAAAATAAATAA 

19. F LSC psbZ-trnG IGS 34 TATATTAATATAATTTTATATTTATATTAATT 

20. R LSC/SSC psbZ-trnG/ndhF-ycf1* IGS 31 TTTTATATTTATATTAATTTTTATATTTATA 

21. F LSC psbZ-trnG IGS 31 TAATATTAATAACATTAATAACAATTAATAA 

22. F LSC psaB/psaA CDS 49 
AAAAGAAATGCAATAGCTAAATGATGGTGTGCAATAT

CAGTCAGCCATA 

23. R LSC psaA-ycf3 IGS 30 TCTATCTATCTATTTTTTATCTATCTATTT 

24. P LSC psaA-ycf3 IGS 32 AAAATAAAATATAAATATATATATTTTATTTT 

25. P LSC/SSC ycf3/ndhA Intron/Intron 41 
TCCAAAACCGTACGTGAGATTTTCACCTCATACGGCTC

CTC 

26. F LSC/IR ycf3/rps12-trnV Intron/IGS 36 AACCGTACGTGAGATTTTCACCTCATACGGCTCCTC 
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27. C LSC ycf3-trnS/clpP IGS/Intron 34 TTTTTTTTTTTTTTTTTTTTTTAAATATAGC 

28. F LSC trnT-trnL IGS 42 
TATTTTAATTATTTTATTTTAATTATTTAATTCTATTTG

TAT 

29. F LSC/IR trnT-trnL/rps19-rpl2 IGS/Intron 31 TATTAATATTCTAATTAGAATATTAAATATT 

30. F LSC/IR trnT-trnL/rps12-trnV IGS 30 TATTATATATAGTAGTATATTATATTAGTAT 

31. F LSC trnT-trnL IGS 32 AATAAAAATGAAATTAAAGAAATAAAAATGAA 

32. F LSC/IR ndhC-trnV/rps12-trnV IGS 31 TATTTCTATTCTATTTATTCTAATTCTATTA 

33. F LSC ndhC-trnV IGS 31 TATATATTTATATATATATTTTAATCTATTT 

34. F LSC atpB-rbcL IGS 30 AATTTCTTATTATTGAATTTCTATTATTTAA 

35. F LSC atpB-rbcL IGS 36 TATTATTGAATTTCTATTATTTAATTTCTATTATAT 

36. F LSC atpB-rbcL IGS 31 AATTTCTATTATTTAATTTCTATTATATAAA 

37. F LSC rbcL/rbcL-accD CDS/IGS 32 ATCAAATTTGAATTCGAAGCAATGGATACTTT 

38. F LSC petA-psbJ IGS 33 TATTAAGTATAAAATAAGTATTAAGTATAAAAT 

39. F LSC rpl33-rps18 IGS 31 AATATTTTATTTATATATTTAATATTTTATT 

40. R LSC rpl33-rps18 IGS 32 ATATATTATTATATTATATTATTATTATATTA 

41. R LSC/IR 
rpl33-rps21/rps12-

trnV 
IGS 30 TATTATTATATTATATTATTATTATATTAT 

42. F LSC rpl33-rps20 IGS 32 TATTATTATATTATATTATTATTATATTATAT 

43. R LSC rpl33-rps19 IGS 39 TATTATTATATTATATTATTATTATATTATATATATTAT 

44. R LSC rpl33-rps22 IGS 30 ATTATTATATTATATTATTATTATATTATAT 

45. R LSC rpl33-rps24 IGS 30 TTATTATATTATATATATTATTACATATAT 

46. R LSC rpl33-rps23 IGS 33 TTATTATATTATATATATTATTACATATATTTA 

47. F LSC clpP Intron 31 CTTTTTTTGAAAAAAGAAAGAAAAAAAAAAG 

48. P LSC psbT-psbN IGS 48 
AATTGAAGTAATGAGCCTCCCAATATTGGGAGGCTCA

TTACTTCAATT 

49. C LSC petD-rpoA/rpl32-ndhF IGS 33 TTTTTTTTTTTTTTTACTTTAGAAAAAAAAAAA 

50. F LSC rpl16 Intron 30 CTTAATTTAATATTTATTTAATAATTTAAT 

51. R LSC rpl16 Intron 30 ATTTATTTAATAATTTAATCTTAATTTAAT 

52. F IR ycf2 CDS 31 TCTTTTTGTCCAAGTTACTTCTCTTTTTGTC 

53. F IR ycf2 CDS 47 
CGATATTGATGATAGTGACGATATTGATGCTAGTGAC

GATATTGATG 

54. F IR ycf2 CDS 33 AGTGACGATATTGATGCTAGTGACGATATTGAT 
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55. P IR/SSC rps12-trnV/ndhA IGS/Intron 38 AACCGTACATGAGATTTTCACCTCATACGGCTCCTCGT 

56. F IR rps12-trnV IGS 37 ATTAGTATTAGATCTATTAGTATTAGATTAGTATTA 

57. F IR rrn4.5-rrn5 IGS 34 CATTGTTCAACTCTTTGACAACACGAAAAACCCA 

58. F IR trnR-trnN IGS 31 TATTTATATTTATCGCATATTTACTATTTAT 

59. F SSC ycf1 CDS 31 ATTAATAAAAATTTTATTGAAATTAATAAAA 

60. P SSC ndhA Intron 33 AAAGAATAAAAAAGAATTTTTTTTTTATTCTTT 

61. C SSC trnL-rpl32/rpl32-ndhF IGS 30 ATTATTATTTAATTATTTAGTATTATAAAT 

62. F SSC rpl32-ndhF IGS 31 TAAATAATAATTGATAATATTTAAATAATAA 

63. F SSC ndhF-ycf1Ψ IGS 30 TTATTTTAATATTTTAATTCTATTTTAATT 

64. F SSC ndhF-ycf1Ψ IGS 30 TTTTAATTTCTTATTTTAATTTTTAATTTA 

65. R SSC ndhF-ycf1Ψ IGS 30 TTTAATTTCTTATTTTAATTTTTAATTTAT 

Oligonucleotide repeats in F. pulcherrima 

1. P LSC trnK-rps16 IGS 45 
ATTATAATCTAATCTGAACATTCAATGTTCAGATTAGA

TTATAAT 

2. P LSC trnR-atpA/psbZ-trnG IGS 32 ATTTTATATATTTCTATTTTTATTCTAATTAT 

3. F LSC trnR-atpA/ndhC-trnV IGS 32 TTCTATTTTTATTCTAATTATTCTAATTTCTA 

4. F LSC atpF-atpH/rpl16 IGS/Intron 31 TTTTTTTATTTAATAAATTAATATTAATAAA 

5. C LSC/SSC atpF-atpH/trnL-rpl32 IGS 30 TAATAAATTAATATTAATAAATTCTTAATT 

6. P LSC rps2-rpoC2 IGS 35 TCTCTCTTTTTTTTTTGACTAAAAAAAAAGAGAGA 

7. F LSC rpoC1/rpl16 Intron/Intron 31 TCGGACATGAGAGTTTCCTCTCATCCGGCTC 

8. F LSC psbZ-trnG IGS 33 TAAATCATAAATGATAATATTTAAATAATATAA 

9. F LSC psbZ-trnG/accD-psaI IGS 30 AATAGAATAATAATATAATTAGAATAATAA 

10. C LSC 
psbZ-trnG/rpl33-

rps18 
IGS 31 ATAGAATAATAATATAATTAGAATAATAATA 

11. P LSC 
psbZ-trnG/rpl33-

rps18 
IGS 31 AATAATAATATAGAATATATATAAAATAATA 

12. F LSC psaB/psaA CDS 49 
AAAAGAAATGCAATAGCTAAATGATGGTGTGCAATAT

CAGTCAGCCATA 

13. R LSC psaA-ycf3 IGS 30 TCTATCTATCTATTTTTTATCTATCTATTT 

14. P LSC psaA-ycf3 IGS 32 AAAATAAAATATAAATATATATATTTTATTTT 

15. P LSC/SSC ycf3/ndhA Intron/Intron 41 
TCCAAAACCGTACGTGAGATTTTCACCTCATACGGCTC

CTC 
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16. F LSC/IR ycf3/rps12-trnV Intron/IGS 36 AACCGTACGTGAGATTTTCACCTCATACGGCTCCTC 

17. F LSC/IR ycf3/rps12-trnV Intron/IGS 30 TGAGATTTTCACCTCATACGGCTCCTCCTT 

18. F LSC trnT-trnL IGS 36 TATTTTAATTATTTTATTTTAATTATTTAATTCTAT 

19. F LSC trnT-trnL IGS 36 TATTTTATTTTAATTATTTAATTCTATTTGTATTTT 

20. F LSC ndhC-trnV IGS 31 TAATTTCGATATAGTACTAATTTGTATAGTA 

21. F LSC/IR ndhC-trnV/rps12-trnV IGS 31 TATTTCTATTCTATTTATTCTAATTCTATTA 

22. F LSC rbcL/rbcL-accD CDS/IGS 32 ATCAAATTTGAATTCGAAGCAATGGATACTTT 

23. F LSC accD-psaI IGS 31 ATCTCCCGAGAATTCTATTTTGACTAAAAAT 

24. F LSC petA-psbJ IGS 30 TATTAAGTATAAAATAAGTATTAAGTATAA 

25. R LSC rpl33-rps18/rpl16 IGS/Intron 31 AAAATATTTATATATTTAATATTTTATTTAT 

26. R LSC rpl33-rps18 IGS 33 TTAATATATTATTATTCTATATTATTATTATAT 

27. F LSC rpl33-rps19 IGS 33 TATATTATTATTCTATATTATTATTATATTATT 

28. F LSC rpl33-rps20 IGS 41 
TATTATTCTATATTATTATTATATTATTCTATATTATTA

TT 

29. F LSC rps12-clpP IGS 30 TTCTATTTAATAGATTAATAAAATATTAAA 

30. R LSC clpP Intron 34 TATTTATATATATTTATAATTTATATATATTTAT 

31. P LSC psbT-psbN IGS 48 
AATTGAAGTAATGAGCCTCCCAATATTGGGAGGCTCA

TTACTTCAATT 

32. R IR rps19-rpl2 IGS 34 TTATATTATTATATATATATATATATTATATATT 

33. C IR rps19-rpl3 IGS 31 TATATTATTATATATATATATATATTATATA 

34. F IR rps19-rpl4 IGS 31 TATATATATATATATATTATATATTTTTTAT 

35. R IR rps19-rpl5 IGS 32 TATATATTATATATTTTTTATATATTTTTTAT 

36. R IR rps19-rpl6 IGS 32 TTTTTATATATTTTTTATTTTTTTATATTTTT 

37. F IR ycf2 CDS 31 TCTTTTTGTCCAAGTTACTTCTCTTTTTGTC 

38. F IR ycf2 CDS 47 
CGATATTGATGATAGTGACGATATTGATGCTAGTGAC

GATATTGATG 

39. F IR ycf2 CDS 33 AGTGACGATATTGATGCTAGTGACGATATTGAT 

40. P IR/SSC rps12-trnV/ndhA IGS/Intron 38 AACCGTACATGAGATTTTCACCTCATACGGCTCCTCGT 

41. F IR rps12-trnV IGS 30 TTCTATTCTATTAGTATTAGATTAGTATTA 

42. F IR 4.5 rrn-5 rrn IGS 34 CATTGTTCAACTCTTTGACAACACGAAAAACCCA 

43. F SSC ycf1 CDS 32 ATTAATCAAAATATTATTGAAATTAATAAAAA 
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44. P SSC ndhA Intron 35 AAAGAATAAAAAAGAAATTTTTTTTTTTATTCTTT 

45. P SSC psaC-ndhD IGS 43 
AAAAACCCGTGCTCAAAAAAAGTCTTTTTGAGCACGG

GTTTTT 

46. F SSC ndhD*/ndhD-ccsA CDS/IGS 30 ATTTTTATAGATAGTTTTCATGAATAAAAT 

47. F SSC trnL-rpl32 IGS 30 TAAAAATAACAAATTATTAAAACACTAACA 

48. R SSC ndhF-ycf1Ψ IGS 32 TATTTTAATTCTTTTTTTTTTATTAATTTTAT 

49. R SSC ndhF-ycf1Ψ IGS 33 TTTTAATTTATTATTTTATAATTTATTATTTAA 
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6.3.5 Substitutions and InDels analysis in Firmiana 

Substitutions types were determined in Firmiana species using F. major as reference. Firmiana 

colorata and F. pulcherrima showed 1110 and 1051 SNPs, respectively, in complete 

chloroplast genome (one IR removed). Types of substitutions showed similarities among 

Firmiana species. A/G and C/T conversions were most abundant as compared to other SNPs 

(Table 6.6). The transition to transversion ratio (Ts/Tv) was 0.88 and 0.91 for F. colorata and 

F. pulcherrima, respectively. In F. colorata, LSC contained 816, IR 42, and SSC contained 

252 SNPs. In F. major, LSC contained 768, IR contained 44 and SSC had 239 SNPs. InDels 

were also analysed using DnaSP in each part of chloroplast genome. In total, 241 InDels were 

found in F. colorata and 244 InDels were found in F. pulcherrima. Most InDels were found in 

LSC followed by SSC whereas IR contained least InDels (Table 6.7). 

Table 6.6 Comparison of substitution in Firmiana species 

Types F. colorata F. pulcherrima 

A/G 260 248 

C/T 260 253 

A/C 200 185 

C/G 59 65 

G/T 192 187 

A/T 139 113 

Total 1,110 1,051 

Location wise distribution 

LSC 816 768 

IR 42 44 

SSC 252 239 

F. major was used as reference for SNPs detection in F. colorata and F. pulcherrima.    

Table 6.7 Distribution of InDels in Firmiana chloroplast genome 

 F. colorata InDel length (bp) InDel average length 

LSC 190 1611 8.47 

IR 10 62 6.2 

SSC 41 299 7.29 
 F. pulcherrima InDel length (bp) InDel average length 

LSC 188 2786 14.82 

IR 13 132 10.15 

SSC 43 296 6.88 

F. major was used as reference for SNPs detection in F. colorata and F. pulcherrima.   
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Figure 6.3 Nucleotide diversity of chloroplast genome regions in genus Firmiana.  

The X-axis represent the chloroplast genome regions whereas the Y-axis represent the nucleotide diversity. 
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6.3.6 Mutational hotspots in Firmiana 

We compared protein-coding genes, IGS and intron regions of complete chloroplast genome among 

three Firmiana species to identify mutational hotspots (polymorphic regions). The nucleotide 

diversity (π) was calculated for each part manually in Geneious R8.1 through MAFFT alignment. 

IGS regions were more polymorphic (average π=0.018559) as compared to intron regions 

(π=0.013274), and protein-coding regions (average π=0.005249). Among Firmiana three species (F. 

colorata, F. major, and F. pulcherrima) values ranged from 0.001435 (rpl2 intron) to 0.084615 

(psbZ-trnG-GCC region) (Figure 6.3). Here, we selected 30 highly polymorphic regions with 

alignment length of 200 or greater than to select suitable loci for markers development (Table 6.8).  

Table 6.8 Mutational hotspots among Firmiana species 

S.No Region Nucleotide diversity No's of mutations Region length 

1. psbZ-trnG-GCC 0.084615385 5 650 

2. trnR-UCU-atpA 0.082677165 21 254 

3. ndhD-ccsA 0.057324841 18 314 

4. petD-rpoA 0.055555556 14 252 

5. rps4-trnT-UGU 0.046189376 20 433 

6. rpl33-rps18 0.043103448 20 464 

7. rpl32-ndhF 0.039443155 34 862 

8. psbK-psbI 0.033653846 14 416 

9. psbC-trnS-UGA 0.031128405 8 257 

10. psaJ-rpl33 0.030888031 16 518 

11. rps2-rpoC2 0.030812325 11 357 

12. ndhI-ndhG 0.02832244 13 459 

13. clpP intron 2 0.027231467 18 661 

14. trnL-UAG-rpl32 0.027187766 32 1177 

15. rps18-rpl20 0.026755853 8 299 

16. rpl16 intron 0.026737968 30 1122 

17. ycf3-trnS-GGA 0.025974026 26 1001 

18. atpF-atpH 0.024509804 15 612 

19. psaI-ycf4 0.024154589 10 414 

20. psbE-petL 0.023595506 21 890 

21. trnG-UCC-trnR-UCU 0.023474178 5 213 

22. psbA-trnK-UUU 0.023026316 7 304 

23. trnK-UUU-Exon1/matK 0.022727273 7 308 

24. trnK-UUU-rps16 0.022346369 20 895 

25. trnF-GAA-ndhJ 0.022222222 16 720 

26. cemA-petA 0.021929825 5 228 

27. ycf1-rps15 0.02173913 8 368 

28. atpH-atpI 0.02124183 26 1224 

29. rps16-trnQ-UUG 0.021015762 12 571 

30. clpP exon 2 0.020547945 6 292 
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6.4 Conclusion 

Our study provides insight into structure of chloroplast genome of Firmiana which can be helpful 

for understanding the pattern of evolution in this genus. The highest similarities among chloroplast 

genomes structures of Firmiana species revealed that close resemblance exists in these species. 

Mutational hotspots identified in current study might be helpful for development of suitable markers 

for inferring of phylogenetic in genus Firmiana and subfamily Sterculioideae. 
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7.1 Introduction 

Hibiscus is one of the most diverse and widely distributed genera of family Malvaceae 

consisting of about 250-350 species (Prasad, 2014; Rizk and Soliman, 2014). This genus is 

included in tribe Hibisceae of subfamily Malvoideae (Rizk and Soliman, 2014). Species of this 

genus are herbs, shrubs or trees and distributed in tropical to temperate regions of the world 

(Ayanbamiji et al., 2012). Members of this genus are used in industries, horticulture, 

agriculture, food, and medicines (Akpan, 2000). Hibiscus also includes species of high 

medicinal values that have been shown to possess broad curative activities including anti-

bacterial, anti-fungal (Vasudeva and Sharma, 2008) and anti-viral activities (Baatartsogt et al., 

2016). In some cases, species of genus Hibiscus also showed activity against hypertension, 

inflammation, hyperlipidaemia, obesity, and anaemia (Riaz and Chopra, 2018; Shen et al., 

2017). Anticancer and apoptosis-inducing properties of Hibiscus have been also reported 

(Alam et al., 2018; Goldberg et al., 2017). Taxonomic discrepancies also exist in genus 

Hibiscus due to its plastic morphology (Fryxell, 1997; Pfeil et al., 2002). Some researchers 

used molecular markers to resolve taxonomic discrepancies and elucidate phylogeny of family 

Malvaceae and Hibiscus (Pfeil et al., 2002; Poovitha et al., 2016; Small, 2004; Tate et al., 

2005) but these studies have been inconclusive.  

Hibiscus rosa-sinensis is grown throughout the tropics and subtropics due to its ornamental 

and medicinal values (Prasad, 2014). Many of its varieties and cultivars are available with same 

morphology except flower colour that ranges from yellow or white to pink or red with single 

or double petals, but the flower is not available throughout the year which makes the 

identification of the cultivar almost impossible (Prasad, 2014). The extensive medicinal activity 

of H. rosa-sinensis has also been reported. For instance, antimicrobial, antioxidant, anti-

tumour, anti-diabetic and wound healing (Mondal et al., 2016; Prasad, 2014). Different 

cultivars and varieties varied in their antimicrobial and antioxidant activities toward different 

pathogenic species (Patel et al., 2012; Prasad, 2014). Therefore, the identification of its 

cultivars is important in its judgement and use in the herbal medicines.  

Owing to lack of meiotic recombination and uniparental inheritance, chloroplast genome 

evolves slower than the nuclear genome (Palmer, 1985). However, appropriate polymorphisms 

make it a suitable source for phylogenetics and population genetics studies. For the barcoding 

and phylogenetics of species, markers based on the chloroplast genome sequencing can be 

highly authentic, robust, and cost-effective (Ahmed et al., 2013; Nguyen et al., 2018).  

The comparative analyses of sequencing of chloroplast genome of H. rosa-sinensis with 

Hibiscus syriacus in the current study will not only be useful in elucidating the structure of 
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chloroplast genome in genus Hibiscus, but it will also enable us to identify mutational hotspots 

that might be helpful for the development of suitable markers for species and cultivar 

identification, resolving taxonomical discrepancies, and inferring phylogenetics relationship of 

Hibiscus. 

7.2 Materials and Methods 

7.2.1 Comparison among three Hibiscus syriacus chloroplast genomes  

In NCBI, chloroplast genome of Hibiscus syriacus was available under three accessions 

KR259989, MH330684 and NC_026909. We compared these three genomes for intra-

polymorphism using MAFFT pairwise alignment. On the basis of this comparison, we further 

selected one genome (accession: KR259989) for comparison with Hibiscus rosa-sinensis.  

7.2.2 Codon usage, amino acid frequency and RNA editing sites 

Codon usage and amino acid frequency of H. rosa-sinensis and H. syriacus were calculated by 

Geneious R8.1. The putative RNA editing sites were determined in the coding gene of both 

species with predictive RNA editor for plants (PREP) suite (Mower, 2009).  

7.2.3 Analysis of InDels and substitution types 

For the analysis of InDels, LSC, SSC and IR regions of H. syriacus and H. rosa-sinensis were 

aligned separately through MAFFT (Katoh et al., 2005) extension in Geneious R8.1 (Kearse et 

al., 2012). The alignment was exported and analysed in DnaSP v5.10 (Rozas et al., 2017) for 

the events of InDels. The number of substitutions and types were analysed through Geneious 

R8.1 (Kearse et al., 2012). 

7.2.4 Analysis of repeats in Hibiscus 

The comparison of oligonucleotide repeats and microsatellites was made between H. syriacus 

and H. rosa-sinensis. The MISA was used (Thiel et al., 2003) with a minimum threshold of 7 

nucleotides for mononucleotide repeats, 4 for dinucleotide repeats, 3 for tri- tetra-, penta and 

hexanucleotide repeats. The REPuter program (Kurtz et al., 2001) was used to find forward 

(F), palindromic (P), reverse (R) and complementary (C) oligonucleotide repeats with 

minimum repeat size of 30 bp and similarities of 90%. REPuter program over-estimated repeats 

and redundant repeats were found in large repeats as well as in duplicated tRNAs.  
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7.2.5 Screening of divergence regions 

Genetic divergence between Hibiscus species was calculated using nucleotide diversity (π), 

and total number of mutation (η) for IGS, introns and coding regions of gene by manual 

visualising of MAFFT (Katoh et al., 2005) alignment through Geneious R8.1. 

7.3 Results 

7.3.1 Comparison among three available chloroplast genomes of H. syriacus 

The intra-polymorphism analysis of Hibiscus syriacus accessions showed negligible variations 

as compared to variations between Hibiscus rosa-sinensis and Hibiscus syriacus. The 

polymorphism that was noted between KR259989 and NC_026909 included 20 small InDels 

and 3 SNPs, whereas between KR259989 and MH330684 we observed 1 SNP and 7 InDels. 

Since, most of the InDels belonged to SSRs that cannot be modelled for maximum likelihood 

analysis, we used only one accession KR259989 for comparative analysis with Hibiscus rosa-

sinensis because of more accurate annotations. 

7.3.2 Comparative analyses of the genomic features between H. rosa-sinensis and H. 

syriacus 

Chloroplast genomes of H. rosa-sinensis and H. syriacus had similar structure and 

organisation. Chloroplast genome size of H. rosa-sinensis was 160,951 bp, comprising of two 

inverted repeat regions (IRa and IRb, 25,598 bp each), separated by large single copy (LSC, 

89,509 bp) and small single copy (SSC, 20,246 bp) that formed the quadripartite structure. The 

chloroplast genome of H. syriacus had 161,022 bp and possessed similar quadripartite structure 

with few differences in size of chloroplast genome and its regions. H. rosa-sinensis and H. 

syriacus had same gene content and order. The chloroplast genome of both had 113 genes 

including 79 protein-coding genes, 30 tRNA genes, and 4 rRNA genes each. Among these 

genes, 17 genes were duplicated in the IR regions except truncated gene of ycf1Ψ; 19 genes 

contained introns that included seven tRNA genes and 12 protein-coding genes. The rps12 

gene was a trans-spliced gene, therefore, contained 5′ part in the LSC region and 3′ part in the 

IR regions, so 3′ part was duplicated in the IR. Out of 19 genes, 17 genes had one intron while 

two genes (clpP and ycf3) had two introns. The three protein-coding genes and three tRNA 

genes that contained introns also duplicated in the IR regions. We found two partially 

overlapping genes atpB/atpF and psbD/psbC. The ycf1 gene started from IR and ended in SSC 

regions, leaving a truncated copy of 123 bp in H. rosa-sinensis and 621 bp in H. syriacus in 

the IRb. Complete detail of comparison has been summarized in Table 7.1.  
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Table 7.1 Comparison of chloroplast genomes of H. rosa-sinensis and H. syriacus 

Characteristics H. rosa-sinensis H. syriacus 

Size (base pair; bp) 160,951 161,022 

LSC length (bp) 89,509 89,701 

SSC length (bp) 20,246 19,831 

IR length (bp) 25,598 25,745 

Number of genes 130 130 

Protein-coding genes 85 85 

tRNA genes 37 37 

rRNA genes 8 8 

Duplicate genes 17 17 

 

 

 

 

GC content 

Total (%) 37% 36.8% 

LSC (%) 34.9% 34.7% 

SSC (%) 31.3% 31.1% 

IR (%) 42.9% 42.8% 

CDS (%) 38.2% 38.1% 

rRNA (%) 55.5% 55.4% 

tRNA (%) 53.2% 53.2% 

All gene (%) 39.6% 39.5% 

Protein coding part (CDS) (%bp) 49.03% 48.97% 

All gene (%bp) 69.3% 69.54% 

Non-coding region (%bp) 30.7% 30.46% 

7.3.3 Amino acids frequency and codon usage analyses 

We determined amino acids frequency and codon usage for H. rosa-sinensis and H. syriacus. 

Both species had high similarities in amino acids frequency and codon usage (Table 7.2, Figure 

7.1). Among amino acids, leucine was the most abundant amino acid followed by iso-leucine 

whereas the cysteine was the least coding amino acid. RSCU revealed that most of the amino 

acids were coded with codons having A/T at 3′ end (Table 7.2). Codons with A/T at 3′ end had 

RSCU > 1 except CTA and ATA encoding for leucine and isoleucine, respectively. 

 

 

 

 

 

 

Figure 7.1 Frequency of amino acids in H. rosa-sinensis  and H. syriacus 

The figure shows the amino acids on X-axis and their frequencies on Y-axis. 
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Table 7.2 Comparison of relative synonymous codon usage (RSCU) between H. rosa 

sinensis and H. syriacus 

Relative synonymous codon usage Relative synonymous codon usage 

Codon Amino Acid Hr Hs Codon Amino Acid Hr Hs 

GCA A 1.064 1.068 CCA P 1.108 1.14 

GCC A 0.676 0.672 CCC P 0.788 0.748 

GCG A 0.516 0.508 CCG P 0.568 0.556 

GCT A 1.748 1.752 CCT P 1.536 1.56 

TGC C 0.514 0.506 CAA Q 1.528 1.536 

TGT C 1.486 1.494 CAG Q 0.472 0.464 

GAC D 0.398 0.406 AGA R 1.806 1.77 

GAT D 1.602 1.594 AGG R 0.666 0.69 

GAA E 1.47 1.474 CGA R 1.368 1.398 

GAG E 0.53 0.526 CGC R 0.456 0.468 

TTC F 0.712 0.706 CGG R 0.426 0.396 

TTT F 1.288 1.294 CGT R 1.254 1.278 

GGA G 1.552 1.568 AGC S 0.348 0.36 

GGC G 0.416 0.424 AGT S 1.182 1.17 

GGG G 0.748 0.74 TCA S 1.236 1.248 

GGT G 1.284 1.268 TCC S 0.96 0.954 

CAC H 0.504 0.51 TCG S 0.564 0.546 

CAT H 1.496 1.49 TCT S 1.71 1.722 

ATA I 0.936 0.951 ACA T 1.188 1.196 

ATC I 0.591 0.588 ACC T 0.764 0.764 

ATT I 1.473 1.464 ACG T 0.504 0.48 

AAA K 1.478 1.478 ACT T 1.544 1.56 

AAG K 0.522 0.522 GTA V 1.472 1.48 

CTA L 0.828 0.822 GTC V 0.516 0.52 

CTC L 0.414 0.414 GTG V 0.556 0.552 

CTG L 0.402 0.39 GTT V 1.452 1.448 

CTT L 1.242 1.248 TGG W 1 1 

TTA L 1.884 1.872 TAC Y 0.406 0.406 

TTG L 1.236 1.248 TAT Y 1.592 1.594 

ATG M 1 1 TAA * 1.695 1.695 

AAC N 0.49 0.476 TAG * 0.705 0.672 

AAT N 1.51 1.524 TGA * 0.6 0.636 

Hr: Hibiscus rosa-sinensis, Hs: Hibiscus syriacus, *Stop codon 
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7.3.4 Analyses of RNA editing sites in H. rosa-sinensis and H. syriacus 

We also determined putative RNA editing sites in both species of Hibiscus. PREP (Mower, 

2009) detected 58 putative RNA editing sites in H. rosa-sinensis and 61 putative RNA editing 

sites in H. syriacus in 23 genes, which were same in both species. RNA editing sites were 

similar in both species that lead to same amino acid conversion except three RNA editing sites 

which were unique to H. syriacus (Table 7.3). The highest number of editing sites were 

determined in ndhB (11 in each), ndhD (7,8), ndhF (4,5) and matK (4 each) genes for H. rosa-

sinensis and H. syriacus, respectively. The maximum conversion was predicted for leucine: 30 

in H. rosa-sinensis and 32 in H. syriacus. All the editing sites changed from C/G to A/T at first 

or second nucleotide position in codons, whereby second position in codon showed 4x higher 

rate of conversions compared to the first position. Except three, all the RNA editing sites in 

both species lead to hydrophobic products comprising phenylalanine, methionine, tyrosine, 

tryptophan, leucine, valine and isoleucine.  

Table 7.3 RNA editing sites in H. rosa-sinensis and H. syriacus 

Gene Nucleotide position 
Amino acids 

position 

Amino acids and codon 

conversion 
Score 

accD 
815 272 TCG (S) => TTG (L) 0.8 

1424 475 CCT (P) => CTT (L) 1 

atpA 
914 305 TCA (S) => TTA (L) 1 

1148 383 TCA (S) => TTA (L) 1 

atpb 403 135 CCT (P) => TCT (S) 0.86 

atpF 92 31 CCA (P) => CTA (L) 0.86 

atpI 629 210 TCA (S) => TTA (L) 1 

ccsA 

401 134 GCG (A) => GTG (V) 1 

668 223 ACT (T) => ATT (I) 0.86 

559 187 CAT (H) => TAT (Y) 1 

matK 

457 153 CAT (H) => TAT (Y) 1 

634 212 CAT (H) => TAT (Y) 1 

638 213 GCA (A) => GTA (V) 1 

1237 413 CAC (H) => TAC (Y) 1 

ndhA 

89 30 TCG (S) => TTG (L) 0.8 

341 114 TCA (S) => TTA (L) 1 

566 189 TCA (S) => TTA (L) 1 

ndhB 

149 50 TCA (S) => TTA (L) 1 

467 156 CCA (P) => CTA (L) 1 

542 181 ACG (T) => ATG (M) 1 

586 196 CAT (H) => TAT (Y) 1 

611 204 TCA (S) => TTA (L) 0.8 

737 246 CCA (P) => CTA (L) 1 

746 249 TCT (S) => TTT (F) 1 
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830 277 TCG (S) => TTG (L) 1 

836 279 TCA (S) => TTA (L) 1 

1255 419 CAT (H) => TAT (Y) 1 

1481 494 CCA (P) => CTA (L) 1 

ndhD 

2 1 ACG (T) => ATG (M) 1 

47 16 TCT (S) => TTT (F) 0.8 

383 128 TCA (S) => TTA (L) 1 

674 225 TCG (S) => TTG (L) 1 

878 293 TCA (S) => TTA (L) 1 

1298 433 TCA (S) => TTA (L) 0.8 

1310 437 TCA (S) => TTA (L) 0.8 

1337* 446 CCA (P) => CTA (L) 1 

ndhF 

290 97 TCA (S) => TTA (L) 1 

1172 391 GCA (A) => GTA (V) 0.8 

1,555 519 CTT (L) => TTT (F) 1 

1,838 613 ACA (T) => ATA (I) 0.8 

1,892* 631 GCG (A) => GTG (V) 0.8 

ndhG 
166 56 CAT (H) => TAT (Y) 0.8 

314 105 ACA (T) => ATA (I) 0.8 

petB 418 140 CGG (R) => TGG (W) 1 

psaI 83 28 TCT (S) => TTT (F) 0.86 

psbF 77 26 TCT (S) => TTT (F) 1 

rpoA 
329 110 GCC (A) => GTC (V) 0.86 

830 277 TCA (S) => TTA (L)  

rpoB 

338 113 TCT (S) => TTT (F) 1 

551* 184 TCA (S) => TTA (L) 1 

2426 809 TCA (S) => TTA (L) 0.86 

rpl20 308 103 TCA (S) => TTA (L) 0.86 

rpoC1 
41 14 TCA (S) => TTA (L) 1 

1261 421 CCA (P) => TCA (S) 0.86 

rpoC2 
2317 773 CGG (R) => TGG (W) 1 

3185 1062 CCC (P) => CTC (L) 0.86 

rps2 
248 83 TCG (S) => TTG (L) 1 

325 109 CCC (P) => TCC (S) 1 

rps8 217 73 CAT (H) => TAT (Y) 1 

rps14 
80 27 TCA (S) => TTA (L) 1 

149 50 TCA (S) => TTA (L) 1 

*RNA editing sites are almost same except three sites indicated with (*). Some differences are shown in position 

of nucleotide but lead to same type of amino acids change. The positions belong to H. rosa-sinensis except that 

three RNA editing sites that are specific to H. syriacus. 
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7.3.5 Analyses of repeats in Hibiscus 

The MISA found 487 microsatellites or simple sequence repeats (SSRs) in H. rosa-sinensis 

and 511 in H. syriacus. The maximum SSRs were mononucleotide and comprised about 70% 

of total SSRs, varying in size from seven to fifteen nucleotides. Dinucleotide and trinucleotide 

SSRs were also abundant and comprised about 28% of the total SSRs (Figure 7.2A). In case of 

dinucleotide SSRs, AT/TA motifs were abundant whereas in case of trinucleotide SSRs 

AAT/TTA were abundant. The number of repeats units was also determined for all types of 

SSRs repeats (Table 7.4); mostly abundant repeat units were three for all SSRs. About 63% 

SSRS repeats were found in LSC, 27% in SSC and 10% in IR (Figure 7.2B).  

We also analysed oligonucleotide repeats by REPuter and found four categories of 

oligonucleotide repeats: palindromic (P), forward (F), reverse (R), and complementary (C). In 

chloroplast genome of H. rosa-sinensis, REPuter revealed 100 repeats (F=55, R=9, P=33, and 

C=3) whereas in Hibiscus syriacus chloroplast genome it showed 130 repeats (F=79, R=21, 

P=22, and C=3) (Figure 7.2C). The size of repeats was 30-54 bp in H. rosa-sinensis and 30-78 

bp in H. syriacus (Figure 7.2D). The Intergenic spacer regions (IGS) contained most of the 

oligonucleotide repeats followed by introns (Figure 7.2E). Most of the repeats were found in 

LSC (65, 57), followed by SSC (13,40) and lowest were in IR (5, 6) in H. rosa-sinensis and H. 

syriacus, respectively. We also found some shared sequences in LSC/SSC (12, 25), SSC/IR 

(2/1), and LSC/IR (3, 1) in H. rosa-sinensis and H. syriacus, respectively (Figure 7.2F). The 

complete detail of repeats position, location and regions of H. rosa-sinensis and H. syriacus 

were also provided in Table 7.5. 
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Table 7.4 Microsatellites loci in H. rosa-sinensis and H. syriacus 

Species Number of Repeats 3 4 5 6 7 8 9 10 11 12 13 14 15 Total 
H

ib
is

cu
s 

ro
sa

-s
in

en
si

s 

A/T - - - - 152 78 51 18 16 3 4 1  323 

C/G - - - - 15 5 2       22 

AC/GT - 1            1 

AG/CT - 15 1           16 

AT/AT - 37 4 3 1         45 

AAC/GTT 6             6 

AAG/CTT 22             22 

AAT/ATT 28 4 1           33 

ACC/GGT 2             2 

AGC/CTG 5             5 

AGG/CCT 2             2 

ATC/ATG 3             3 

AAAG/CTTT 1             1 

AAAT/ATTT 2             2 

AACT/AGTT 1             1 

AATC/ATTG 1             1 

AATG/ATTC 1             1 

AAACT/AGTTT 1             1 

Total 487 

H
ib

is
cu

s 
sy

ri
a
cu

s 

A/T - - - - 152 71 37 43 19 10 5 3 1 341 

C/G - - - - 13 2 2 1      18 

AC/GT - 1            1 

AG/CT - 15 1           16 

AT/AT - 39 9           48 

AAC/GTT 7             7 

AAG/CTT 25             25 

AAT/ATT 25 6  1          32 

ACC/GGT 2             2 

ACT/AGT 2             2 

AGC/CTG 5             5 

ATC/ATG 3             3 

AAAG/CTTT 1             1 

AAAT/ATTT 3             3 

AACT/AGTT 1             1 

AATC/ATTG 1             1 

AATG/ATTC 1             1 

AAAGT/ACTTT 2             2 

AATAT/ATATT 2             2 

Total 511 
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Figure 7.2 Comparison of microsatellites and oligonucleotide repeats between H. rosa-

sinensis and H. syriacus 

(A) Represents numbers of different types of microsatellites; Mono: mononucleotide, Di: 

dinucleotide, Tri: trinucleotide, Tetra: tetranucleotide, Penta: pentanucleotide. (B) Locations 

of microsatellites loci are shown in different regions of chloroplast genome. LSC: large single 

copy, SSC: small single copy, IR: inverted repeat region. (C) Describes different types of 

oligonucleotide repeats. Total: All types of repeats existing in genomes of Hibiscus, F: forward, 

P: palindromic, R: reverse, C: complementary. (D) Represents repeats present in specific range 

of size i.e 30-34 represents numbers of repeats within the size range of 30 and 34. (E) 

Represents number of repeats in different regions of chloroplast genome. IGS: Intergenic 

spacer region, CDS: coding DNA sequences, Intron: intronic regions, IGS/Intron: one copy of 

repeat present in intergenic spacer region and other in intronic regions. IGS/CDS: one copy of 

repeat present in intergenic spacer region and other in intronic region. (F) Represents number 

of repeats present in different locations of chloroplast genome. LSC: Large single copy, SSC: 

small single copy, IR: inverted repeat, LSC/SSC: one copy of repeat present in LSC and another 

in SSC, LSC/IR: one copy of repeat present in LSC and another in SSC, IR/SSC, one copy 

presents in IR and another in SSC. 
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Table 7.5 Oligonucleotide repeats in H. rosa-sinensis and H. syriacus 

Oligonucleotide repeats in H. rosa-sinensis 

S.No Type Location Region CDS/IGS/Intron Size Sequence 

1. F LSC trnH-psbA IGS 35 TATGGTAATAAGAAATCTATGGTAATAAGAAA 

2. F LSC trnH-psbA IGS 32 ATGTCAAGAAAAGAAAGACTACTAAATGTAAAGAAA 

3. P LSC trnK-rps16/atpB-rbcL IGS 30 AATATAGAATATAAAAAAGACTATAAAAAA 

4. F LSC trnK-rps16 IGS 30 TATATTTTTATATGTTATATATTTTTATATG 

5. F LSC trnK-rps16 IGS 34 TATTCTATATTCTATAGTAGCAATATTCTATATT 

6. F LSC rps16-trnQ IGS 32 TCTATATTTTTATTAGAATAGAATTCTATATA 

7. F LSC rps16-trnQ IGS 30 TAGAATAGAATAATATATAATAATAATAGAA 

8. P LSC rps16-trnQ/atpF-atpH IGS 32 TAGAATAATATATAATAATAATAGAATAGAATAA 

9. C LSC/IR rps16-trnQ/rps12-trnV IGS 30 GAATAATATATAATAATAAAAAAAAAAAAA 

10. F LSC trnG Intron 30 TTCTTGTTTTTTGAATTTATCCATCTTCCAT 

11. P LSC trnG-trnR IGS 30 TTGAATATTTATTAATTCAATTCAACGATG 

12. P LSC trnR-atpA IGS 40 TAGAAATATTAAAATTAGAATTCTAATTTTTATATTTCTA 

13. P LSC atpF-atpH IGS 31 AAAAAAAAAAGAACTCGGTTCTTTTTTTTTT 

14. F LSC atpH-atpI/ycf4-cemA IGS 32 AAACAAAAACAATATCAATATAAAGATAATAT 

15. F LSC rpoC2 CDS 33 AATCAATTGAAATGGAATAATAAATCTATTT 

16. F LSC rpoC1/rpl16 Intron 30 TCGGACATGAGAGTTTCCTCTCATCCGGCTC 

17. F LSC petN-psbM IGS 30 TTTAACTATTGAGTCTTCATTTCGAATTTA 

18. F LSC trnD-trnY/clp IGS/Intron 30 AAAATGAAAAAAAAAAGAGTCTTTTTTGTT 

19. P LSC/IR trnE-trnT/trnR-trnN IGS 31 ATACTTATATATATATAAATAGTATATATAAA 

20. F LSC trnT-psbD IGS 30 TGAACATTTGTTTATTATAATGAATAATAAT 

21. C LSC/SSC trnT-psbD/psaC-ndhE* IGS 36 TATTATAATGAATAATAATTGTTTATTATAATGAAT 

22. P LSC/SSC psbZ-trnG/rpl32-trnL IGS 31 TATTATTTAATTTAAATATTATTTAAATAT 

23. P LSC psbZ-trnG/atpB-rbcL IGS 30 TTAATTTAAATATTATTTAAATATATAAAT 

24. P LSC psbZ-trnG/atpB-rbcL IGS 32 TTAATTTAAATATTATTTAAATATATAAATAA 

25. F LSC psbZ-trnG/rpl33-rps18 IGS 31 ATTTAAATATTATTTAAATATATAAATAATAAA 

26. F LSC psbZ-trnG IGS 32 AATATATAAATAATAAATAAGATATACTAATAT 

27. F LSC psbZ-trnG IGS 31 TTAATATTATTCTTAATATTATTCTTAATAA 

28. F LSC psbZ-trnG IGS 30 GAAATATATTAATATTATATTGAAATATAT 
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29. F LSC psbZ-trnG/atpB-rbcL IGS 31 AATATATTAATATTATATTTATATAAATATT 

30. F LSC psbZ-trnG IGS 39 TAATTAATACTAATAACAAATAGTATAAATTAATAATAA 

31. F LSC psab/psaC CDS 49 
AAAAGAAATGCAATAGCTAAATGATGGTGTGCAATATCAGTCAGC

CATA 

32. F LSC/SSC ycf3/ndhA Intron 41 TCCAAAACCGTACATGAGATTTTCACCTCATACGGCTCCTC 

33. F LSC/IR ycf3/rps12-trnV Intron/IGS 36 AACCGTACATGAGATTTTCACCTCATACGGCTCCTC 

34. F LSC ycf3 Intron 33 ATAAAGTAATATATATAAAGTAATATATATA 

35. P LSC/SSC psaA/psaC-ndhE CDS/IGS 32 GAGCAACTTTTAATTTATTATGAGCCCAAACGA 

36. P LSC/SSC psaA/psaC-ndhE CDS/IGS 33 GAGCAACTTTTAATTTATTATGAGCCCAAACGA 

37. P LSC/SSC trnT-trnL/ycf1 Ψ-ndhF IGS 32 TTCTATTTTATTATATTAATTTATTATATTAT 

38. F LSC trnT-trnL IGS 31 TATGTTATATTTATTCTAATTATCTCTATT 

39. F LSC trnT-trnL/ndhC-trnV IGS 30 ATTCTAATTATCTCTATTTAGTTTATTCTAA 

40. C LSC trnT-trnL/rps12-trnV IGS 30 AGAAGAAAAAAAAAAATAAAATAGGGAAAG 

41. F LSC trnL-trnF IGS 31 TTGTGATATATTGTGATATATTGTGATATA 

42. P LSC/SSC trnF-ndhJ/ndhF IGS/CDS 31 ATTTCTTTTTTTCTATTTTGTATTTATTTT 

43. P LSC ndhC-trnV IGS 40 TATAGTAATAGTATAAATCTATATTTATACTATTACTATA 

44. F LSC ndhC-trnV IGS 39 TTTTTTATTTTATAGCTATAATATTTATATATATTGAATA 

45. R LSC ndhC-trnV/rpl33-rps18 IGS 30 ATATATTTATATATATTGAATATATATTTAA 

46. R LSC/SSC ndhC-trnV/ycf1 Ψ IGS/CDS 30 TTGATTTTTTTTCTTTTTTTTTTTACCTTT 

47. F LSC ndhC-trnV IGS 30 TCAACAAAGAATACAATAATTAGCTCAACAAA 

48. F LSC ndhC-trnV IGS 32 ATTAATTTAATGAATATTTTAAAATTAATTTAA 

49. F LSC atpB-rbcL IGS 32 ATTTCTTATTTCTTATTATTGATTTCTTATTATT 

50. F LSC atpB-rbcL IGS 32 TTTATATTATATATATAATTTATATTAGATGT 

51. F LSC/SSC atpB-rbcL/ycf1 Ψ -ndhF IGS 32 AATATATTAATATTTATATTTAATTAATATT 

52. F LSC atpB-rbcL IGS 42 ATATTTAATTAATATTTAAATTAATATTTAAATTAATATT 

53. F LSC atpB-rbcL IGS 34 TTAAATTAATATTTAAATTAATATTTAATATTAT 

54. F LSC atpB-rbcL/trnP-psaJ IGS 32 AATTAATATTTAAATTAATATTTAATATTA 

55. F LSC atpB-rbcL/rpl16 IGS/Intron 31 AATATTTAAATTAATATTTAATATTATTATT 

56. R LSC petG-trnW/rpl33-rps18 IGS 30 TATCTTTAATTTTATATCTTTAATTTTATA 

57. R LSC petG-trnW IGS 31 TAATTTAATAATTAAAATTTAATAATTTAAT 

58. F LSC petG-trnW/trnP-psaJ IGS 30 TAATTTAATAATTAAAATTTAATAATTTAAT 

59. P LSC trnP-psaJ IGS 39 AATTTAATATTTAATATTTAATATTTAATATTTAATATT 
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60. P LSC trnP-psaJ IGS 31 ATTTAATATTTAATATTTAATATTTAATATT 

61. F LSC trnP-psaJ IGS 53 
ATTTAATATTTAATATTTAATATTTAATATTTAATATTTAATATTAA

ATATTAA 

62. P LSC trnP-psaJ/rps19-rpl2 IGS 30 TATTTAATATTTAATATTTAATATTTAATA 

63. P LSC trnP-psaJ IGS 49 
ATTTAATATTTAATATTTAATATTTAATATTTAATATTAAATATTAA

AT 

64. P LSC trnP-psaJ IGS 46 TTAATATTTAATATTTAATATTTAATATTTAATATTAAATATTAAA 

65. P LSC trnP-psaJ IGS 44 TTAATATTTAATATTTAATATTTAATATTAAATATTAAATTTAA 

66. P LSC trnP-psaJ/rps19-rpl2 IGS 31 AATATTTAATATTTAATATTTAATATTAAATA 

67. P LSC trnP-psaJ IGS 37 TTAATATTTAATATTTAATATTAAATATTAAATTTAA 

68. P LSC trnP-psaJ IGS 30 TTAATATTTAATATTAAATATTAAATTTAA 

69. R LSC rpl33-rps18 IGS 31 TGAATTTATATATATTTATATATATTTAAAT 

70. F LSC/SSC rpl33-rps18/rpl32-trnL IGS 31 ATATTTATATATATTTAAATAATAAATAATA 

71. F LSC/SSC rpl33-rps18/rpl32-trnL IGS 30 ATATATATTTAAATAATAAATAATAAAATAA 

72. P LSC rpl33-rps18/rps19-rpl2 IGS 30 ATATTTAAATAATAAATAATAAAATAAACAAAT 

73. P LSC clp Intron 32 TTTCTTTTTTTTTTTTCAAAAAAAAAAAGAAA 

74. R LSC clp Intron 33 TTTTTTTTTCAAAAAAAAAAAGAAAGAAAAAAA 

75. F LSC clp-psbB IGS 30 ATCATAATCATATTTTATACATAGATAGAATC 

76. P LSC psbT-psbN IGS 45 ATTGAAGTAATGAGCCCCCAATATTGGGAGGCTCATTACTTCAAT 

77. F LSC PetB Intron 30 CAAAGAAGGAGTTATATTATTTATAAATCG 

78. P LSC/SSC rpl16/rpl32-trnL Intron/IGS 33 ATTTAATATTATTTATTAATTTATTATTTCAAT 

79. F LSC rpl16 Intron 30 ATTAATTTATTATTTCAATTTAAGAATTAAT 

80. F IR ycf2 CDS 31 TCTTTTTGTCCAAGTTACTTCTCTTTTTGTC 

81. F IR ycf2 CDS 38 CGATATTGATGCTAGTGACGATATTGATGCTAGTGACG 

82. F IR/SSC rps12-trnV/ndhA IGS/Intron 38 AACCGTACATGAGATTTTCACCTCATACGGCTCCTCGT 

83. F IR rps12-rrn16 IGS 33 TCTTTCTATTATATTAGTCTTTCTATTATATTA 

84. F IR rrn4.5-rrn5 IGS 34 CATTGTTCAACTCTTTGACAACACGAAAAATCCA 

85. P IR rrn5-trnR IGS 43 TCATTCTTATTACTTTTTCAATATGAAAAAGTAATAAGAATGA 

86 P IR/SSC trnR-trnN/rpl32-trnL IGS 31 TTTATTATTTATCGTATATTTACTTTTATAT 

87. P SSC ycf1Ψ-ndhF IGS 30 TATATTAATATATTAATATTAATATATTAA 

88. P SSC ycf1Ψ-ndhF IGS 31 ATATTAATATATTAATATTAATATATTAAT 

89 F LSC ycf1Ψ-ndhF IGS 30 TAATATATTAATATTAATATATTAATTAAT 
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90. P SSC ycf1Ψ-ndhF IGS 41 ATTAATATTAATATATTAATTAATAATATATTAATATTAAT 

91. F SSC ycf1Ψ-ndhF/rpl32-trnL IGS 33 TTAAAATTAAATAATAATCTAATAAATAATAT 

92. F SSC ndhF-rpl32/rpl32-trnL IGS 31 AATATTAATATAATAAAATAATAAAATATT 

93. R SSC rpl32-trnL IGS 31 TAAATTAAATATTAAATAATAAAATAATAAAT 

94. F SSC rpl32-trnL IGS 34 TTAAATATTAAATAATAAAATAATAAATAATATT 

95. P SSC ndhD-psaC IGS 43 AAAAACCCGTGCTCAGAAAGATTTTTTCTGAGCACGGGTTTTT 

96. R SSC psaC-ndhE IGS 30 ATATTATTATATTATTAATATATTATTATA 

97 F SSC psaC-ndhE IGS 39 ATATTATTATATTATTAATATATTATTATATTATTAATA 

98. R SSC psaC-ndhE IGS 34 ATTATTATATTATTAATATATTATTATATTATTA 

99. F SSC psaC-ndhE IGS 35 ATATTATTAATATATTATTATATTATTAATATATA 

100. F SSC psaC-ndhE IGS 35 TAATATATAAATATTATTAATATAATATTACTTATT 

Oligonucleotide repeats in H. syriacus 

1. P LSC trnK-rps16/atpB-rbcL IGS 31 AATAAAGAATATAAAAAAGACTATAAAAAA 

2. P LSC/SSC trnK-rps16/ycf1Ψ-ndhF IGS 32 ATTTATTCTTTATTTACTTTATTTATTAAT 

3. F LSC trnK-rps16 IGS 30 TTTATTTACTTTATTTATTAATAATATTTTAT 

4. C LSC trnK-rps16/rpI16 IGS/Intron 30 ATTAATTATTTAATTTATTCTTTATTTATT 

5. R LSC trnK-rps16/trnT-trnL IGS 31 TATGTTATTTTATCTTATCTGTTTTTTTAT 

6. R LSC/SSC trnS-trnG/PsaC-ndhE IGS 30 TTATATAGATTATTATTAATATATAATTAT 

7. R LSC trnS-trnG/rpI33-rps18 IGS 31 ATATAGATTATTATTAATATATAATTATAT 

8. F LSC trnS-trnG/PsaC-ndhE IGS 32 TATTATTAATATATAATTATATTATTAA 

9. C LSC trnS-trnG IGS 30 TATTAATATATAATTATATTATTAATATAT 

10. F LSC trnS-trnG/PsbZ-trnG IGS 30 TAATATATAATTATATTATTAATATATAAATA 

11. R LSC trnS-trnG IGS 31 AATATATAAATATATAGATATATAAATATATA 

12. P LSC trnG/trnG-trnR Intron/IGS 40 TTTACGTTTTGACTTTTTTTTTTCTTTTGTTCGGTTTTTT 

13. P LSC trnG-trnR IGS 56 
TATTTATTAATTCAATTCAACGATGCATTAGCATCGTTGAATTGAA

TTAATAAATA 

14. F LSC trnR-atpA IGS 32 TATCTATATAAATTATCTATATATCTATATAA 

15. R LSC trnR-atpA IGS 33 TATCTATATAAATTATCTATATATCTATATAAAT 

16. P LSC trnR-atpA IGS 30 ATAATTAAATTAGAATTCTAATTTAATTAT 

17. F LSC atpF-atpH IGS 48 
TTTAAACATAAATAATAAAAAATATTTAAACATAAATAATAAAAA

ATA 

18. F LSC atpH-atpI/ycf4-cemA IGS 32 AAACAAAAACAATATCAATATAAAGATAATAT 
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19. P LSC atpI-rps2/ ycf1Ψ-ndhF IGS 30 TAATTTATTTATCTTATTATTAATTTATTA 

20. P LSC atpI-rps2/rpI16 IGS/Intron 30 TAATTTATTTATCTTATTATTAATTTATTATT 

21. F LSC rpoC1/rpI16 Intron 30 TCGGACATGAGAGTTTCCTCTCATCCGGCTC 

22. F LSC rpoB-trnC IGS 31 ATAATCATAAAATATATTCATAAAATATATATA 

23. C LSC rpoB-trnC/trnR-trnN IGS 30 AATCATAAAATATATTCATAAAATATATATA 

24. P LSC trnE-trnT/trnR-trnN IGS 32 ATACTTATATATATAAATAGTATATATATAAATA 

25. F LSC trnE-trnT IGS 30 TATATATATAAATAGTATATATATAAATAGTAT 

26. P LSC trnE-trnT/trnR-trnN IGS 30 AATAGTATATATATAAATAGTATATATAAA 

27. F LSC trnT-psbD IGS 32 TTATAATGAATAATAATAAGTCGTCTCTTGAA 

28. R LSC/SSC PsbZ-trnG/ ycf1Ψ-ndhF IGS 30 TAAATGAAATAAATAGAAATAAATAGAATT 

29. P LSC PsbZ-trnG IGS 53 
AATTATTATATATTATTATTTAAATATTATTTAAATAATAATATAT

AATAATT 

30. P LSC PsbZ-trnG IGS 30 TATTATATATTATTATTTAAATATTATTTA 

31. P LSC PsbZ-trnG/atpB-rbcL IGS 30 TATTTAAATATTATTTAAATAATAATATAT 

32. F LSC PsbZ-trnG IGS 34 TTAAATAATAATATATAATAATTAAATAATAATATA 

33. R LSC PsbZ-trnG IGS 38 AATAATAATATATAATAATTAAATAATAATATATAATA 

34. P LSC/SSC PsbZ-trnG/rpI32-trnL IGS 30 AATAATAATATATAATAATTAAATAATAAT 

35. C LSC/SSC PsbZ-trnG/rpI32-trnL IGS 31 AATAATAATATATAATAATTAAATAATAATATA 

36. P LSC PsbZ-trnG/atpB-rbcL IGS 31 AATATATAATAATTAAATAATAATATATAA 

37. C LSC/SSC PsbZ-trnG/rpI32-trnL IGS 31 TAATAATTAAATAATAATATATAATATTAAT 

38. P LSC/SSC PsbZ-trnG/rpI32-trnL IGS 30 AATAATAATATATAATATTAATTAATATAT 

39. C LSC/SSC PsbZ-trnG/psaC-ndhE IGS 31 ATAATATTATATTATATTATAATTATATTAT 

40. C LSC/SSC PsbZ-trnG/psaC-ndhE IGS 31 ATAATATTATATTATATTATAATTATATTAT 

41. R LSC/SSC PsbZ-trnG/rpI32-trnL IGS 31 ATATTATATTATAATTATATTATTCTTAAT 

42. F LSC/SSC PsbZ-trnG/psaC-ndhE IGS 31 AAATATATTAATATAAATATTATTAATTTA 

43. F LSC/SSC PsbZ-trnG/psaC-ndhE IGS 37 AAATATATTAATATAAATATTATTAATTTATATTA 

44. F LSC psaB/psaA CDS 49 
AAAAGAAATGCAATAGCTAAATGATGGTGTGCAATATCAGTCAGC

CATA 

45. F LSC ycf3/ndhA Intron 41 TCCAAAACCGTACATGAGATTTTCACCTCATACGGCTCCTC 

46. F LSC/IRB ycf3/ndhA/rps12-trnV Intron/IGS 36 AACCGTACATGAGATTTTCACCTCATACGGCTCCTC 

47. F LSC ycf3 Intron 42 GTAAAGTAAATAAAGTAAAGTAAATAAAGTAAATAAAGTAAA 

48. F LSC ycf3 Intron 37 TAAAGTAAATAAAGTAAAGTAAATAAAGTAAATAAA 
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49. F LSC/SSC ycf3/ ycf1Ψ-ndhF Intron/IGS 31 AAATAAAGTAAAGTAAATAAAGTAAATAAA 

50. F LSC/SSC ycf3/ycf1Ψ-ndhF Intron/IGS 34 AAATAAAGTAAAGTAAATAAAGTAAATAAAGTAA 

51. F LSC/SSC ycf3/ycf1Ψ-ndhF Intron/IGS 34 AAATAAAGTAAAGTAAATAAAGTAAATAAAGTAAA 

52. F LSC ycf3 Intron 36 TAAAGTAAAGTAAATAAAGTAAATAAAGTAAAGTAAA 

53. F LSC/SSC ycf3/ycf1Ψ-ndhF Intron/IGS 32 TAAAGTAAAGTAAATAAAGTAAATAAAGTAA 

54. F LSC/SSC ycf3/ycf1Ψ-ndhF Intron/IGS 34 AAAGTAAAGTAAATAAAGTAAATAAAGTAAAGTAAAT 

55. F LSC/SSC ycf3/ycf1Ψ-ndhF Intron/IGS 31 TAAAGTAAATAAAGTAAATAAAGTAAAGTAAA 

56. F LSC/SSC ycf3/ycf1Ψ-ndhF Intron/IGS 32 TAAAGTAAATAAAGTAAATAAAGTAAAGTAAA 

57. F LSC/SSC ycf3/ycf1Ψ-ndhF Intron/IGS 31 AAATAAAGTAAATAAAGTAAAGTAAATAAA 

58. F LSC/SSC ycf3/ycf1Ψ-ndhF Intron/IGS 34 AAATAAAGTAAATAAAGTAAAGTAAATAAAGTAA 

59. F LSC/SSC ycf3/ycf1Ψ-ndhF Intron/IGS 32 TAAAGTAAATAAAGTAAAGTAAATAAAGTAA 

60. F LSC/SSC ycf3/ycf1Ψ-ndhF Intron/IGS 30 TAAATAAAGTAAAGTAAATAAAGTAAAATATA 

61. R LSC rps4-trnT IGS 30 ATAGATATAATAATAATATATAATATATAA 

62. F LSC trnL-trnF IGS 31 TTGTGATATATTGTGATATATTGTGATATA 

63. F LSC trnM-atpE IGS 30 TGATTCTATTTAATCGGCAGAATCAAAATG 

64. F LSC atpB-rbcL IGS 30 TTATATTAGATGTTAGAATATTATATTAGA 

65. P LSC atpB-rbcL IGS 37 ATTAATATTTAAATTAATATTTAATATTAATTTAA 

66. P LSC atpB-rbcL IGS 38 TAATATTTAAATTAATATTTAATATTAATTTAATATTA 

67. P LSC atpB-rbcL/rpI16 IGS/Intron 34 TATTTAAATTAATATTTAATATTAATTTAATATT 

68. F LSC/SSC atpB-rbcL/rpI32-trnL IGS 31 TTAATATTATTAATTATTATTATTTTTTAT 

69. F LSC rbcL-accD IGS 34 ATTCTATTGTATTAGTAGACGAGATTTTACGAAA 

70. F LSC petA-psbJ IGS 33 TTTTTTTTTTTTGATTTACTTATAATAGATAATAGA 

71. F LSC petA-psbJ IGS 32 TTATAATAGATAATAGATATTTTTTTTTTAAT 

72. R LSC petA-psbJ IGS 39 ATAGATAATAGATATTTTTTTTTTAATAGATAATAGATA 

73. R LSC petA-psbJ IGS 34 TTTTTTTTTTAATAGATAATAGATATTTTTTTTTT 

74. F LSC rpI33-rps18 IGS 34 AAACCAAATCCTGTTTATTATATTCATTCTATAA 

75. R LSC cIpP/ccsA-ndhD Intron/IGS 31 TTTTTTTTTTCTTTCATCGAAAAAAGAAAAA 

76. P LSC cIpP/ycf1 Ψ-ndhF Intron/IGS 32 ATTTACTTTTTTATTTTATTTATTTTAATT 

77. F LSC cIpP-psbB IGS 30 TTTATCATATTTTATACATAGATAGAATTTA 

78. P LSC psbT-psbN IGS 46 
ATTGAAGTAATGAGCCTCCCAATATTGGGAGGCTCATTACTTCAA

T 

79. C LSC rpI16 Intron 30 TTAATTTATTATAATTTATTATTTAATATTA 
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80. P LSC rpI16 Intron 32 TTTATTATAATTTATTATTTAATATTAAATAAT 

81. F LSC rpI16 Intron 30 TTAATATTAAATAATAAATTAATATTAAATAAT 

82. R LSC rpI16 Intron 37 TAATATTAAATAATAAATTAATATTAAATAATAAATTA 

83. F LSC/SSC rpI16/ycf1 Ψ Intron 31 TAATAAATTAATATTAAATAATAAATTAAA 

84. F IR ycf2 CDS 31 TCTTTTTGTCCAAGTTACTTCTCTTTTTGTC 

85. F IR ycf2 CDS 38 CGATATTGATGCTAGTGACGATATTGATGCTAGTGACG 

86 F IR/SSC rps12-trnV/ndhA IGS/Intron 38 AACCGTACATGAGATTTTCACCTCATACGGCTCCTCGT 

87. F IR rps12-trnV IGS 33 TCTTTCTATTATATTAGTCTTTCTATTATATT 

88. F IR rrn4.5-rrn5 IGS 34 CATTGTTCAACTCTTTGACAACACGAAAAATCCA 

89 P IR rrn5-trnR IGS 43 TCATTCTTATTACTTTTTCAATATGAAAAAGTAATAAGAATGA 

90. F IR ycf1/ycf1 Ψ-ndhF IGS 30 TAATAAATTAATAAATTAAAATAAAATTAA 

91. F SSC ycf1/ycf1 Ψ-ndhF IGS 33 AATAAATTAATAAATTAAAATAAAATTAATAA 

92. F SSC ycf1/ycf1 Ψ-ndhF IGS 46 AAATTAATAAATTAAAATAAAATTAATAAATTAAAATAAAATAAA 

93. R SSC ycf1 Ψ-ndhF IGS 33 AAATTAAAATAAAATTAATAAATTAAAATAAAAT 

94. F SSC ycf1 Ψ-ndhF IGS 40 TAAAATAAAATTAATAAATTAAAATAAAATAAAGTAAAT 

95. F SSC ycf1 Ψ-ndhF IGS 34 AAATAAAATTAATAAATTAAAATAAAATAAAGTAA 

96. F SSC ycf1 Ψ-ndhF IGS 36 AAATTAATAAATTAAAATAAAATAAAGTAAATTAAA 

97 F SSC ycf1 Ψ-ndhF IGS 41 AATAAATTAAAATAAAATAAAGTAAATTAAAATAAAGTAAA 

98. F SSC ycf1 Ψ-ndhF IGS 40 TAAATTAAAATAAAATAAAGTAAATTAAAATAAAGTAAAT 

99. F SSC ycf1 Ψ-ndhF IGS 36 AAATTAAAATAAAATAAAGTAAATTAAAATAAAGTAAA 

100. F SSC ycf1 Ψ-ndhF IGS 31 TAAAATAAAGTAAATTAAAATAAAATAAAGTAA 

101. F SSC ycf1 Ψ-ndhF IGS 34 AAATAAAGTAAATTAAAATAAAATAAAGTAA 

102 F SSC ycf1 Ψ-ndhF IGS 34 TAAATTAAAATAAAATAAAGTAAATAAAGTAATAA 

103. F SSC ycf1 Ψ-ndhF IGS 44 AAATTAAAATAAAATAAAGTAAATAAAGTAATAAATTAAAAAA 

104. F SSC ycf1 Ψ-ndhF IGS 33 AATAAAATAAAGTAAATAAAGTAATAAATTAA 

105. F SSC ycf1 Ψ-ndhF IGS 43 AAATAAAGTAAATAAAGTAATAAATTAAAAAAATTAAAATAA 

106. F SSC ycf1 Ψ-ndhF IGS 33 AAATTAAAATAAAATAAAGTAAATAAAGTAAATAA 

107. F SSC ycf1 Ψ-ndhF IGS 30 AAATAAAGTAAATAAAGTAAATAAAGTAATAA 

108. F SSC ycf1-ndhF/ndhF IGS/CDS 31 AAATAAAGTAATAAATTAAAATAAAATAAA 

109. F SSC ndhF-rpI32 IGS 30 TCTATTTACATTTATATTTCCATATAATTAA 

110. F SSC rpI32-trnL IGS 41 TTAAAATTATTAATTATTATTAAAATTATTAATTATTATTATA 
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111. R SSC rpI32-trnL IGS 38 TAAAATTATTAATTATTATTATATTATTATTATTATTA 

112. R SSC rpI32-trnL IGS 32 TAATTATTATTATATTATTATTATTATTATA 

113. F SSC rpI32-trnL IGS 30 ATTATTATTATATTATTATTATTATTATAA 

114. F SSC rpI32-trnL IGS 78 
ATAATATCCTTTCCTTGTTTTCAACCCACTTGAGAAAAACCCTTTC

TAATTTAGTGGATATAGAAATAATGTATCAAT 

115. F SSC ccsA-ndhD/ndhA IGS/Intron 31 AAGAAAAAAAAAAAAAGACTTCTTTCTTTTTT 

116. F SSC PsaC-ndhE IGS 31 AATTAAATATTATTAATATATAAATATTATTA 

117. F SSC PsaC-ndhE IGS 30 TAAATATTATTAATATATAAATATTATTATA 

118. R SSC PsaC-ndhE IGS 34 TAAATATTATTAATATATAAATATTATTATAAATAT 

119. F SSC PsaC-ndhE IGS 36 ATATAAATATTATTATAAATATTATTAATATAA 

120. F SSC PsaC-ndhE IGS 35 TATAAATATTATTATAAATATTATTAATATAA 

121. F SSC PsaC-ndhE IGS 30 TATTATTATAAATATTATTAATATAAATATTA 

122. F SSC PsaC-ndhE IGS 31 TATTATTATAAATATTATTAATATAAATATTA 

123. R SSC PsaC-ndhE IGS 32 ATTATTATAAATATTATTAATATAAATATTAT 

124. R SSC PsaC-ndhE IGS 34 ATTATTATAAATATTATTAATATAAATATTATTA 

125. F SSC PsaC-ndhE IGS 38 TATAAATATTATTAATATAAATATTATTAATATAATAT 

126. R SSC PsaC-ndhE IGS 34 TATTATTAATATAAATATTATTAATATAATATAA 

127. F SSC PsaC-ndhE IGS 32 TAATATAAATATTATTAATATAATATAAATATTA 

128. F SSC PsaC-ndhE IGS 34 TATTAATATAATATAAATATTATTAATATAAATATTA 

129. R SSC PsaC-ndhE IGS 32 TATAATATAAATATTATTAATATAAATATTAT 

130. F SSC ndhG-ndhI IGS 30 TTAATAGAATAGGAGGTTTACTTACTCAGT 
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7.3.6 Analysis of substitutions and InDels in genus Hibiscus 

We determined 1612 Substitutions between H. rosa-sinensis and H. syriacus species. We found 

high conversion for A/G and C/T as compared to other SNPs (Table 7.6). The ratio of transition 

to transversion (Ts/Tv) was 0.74. LSC contained 1202, IR contained 35, and SSC contained 

375 SNPs. Insertions and Deletions (InDels) were also analysed using DnaSP in each part of 

chloroplast genome. In total, 500 InDels were found in which most of InDels were found in 

LSC (413) followed by SSC (69) whereas IR contained (18) least InDels (Table 7.7). 

Table 7.6 Types and distribution of SNPs in Hibiscus 

Types Number 

A/G 326 

C/T 357 

A/C 260 

C/G 140 

G/T 300 

A/T 229 

Total 1612 

Regions wise distribution 

LSC 1202 

IR 35 

SSC 375 

 

Table 7.7 Distribution of InDels in Hibiscus 

Regions Number  InDel length (bp) InDel average length 

LSC 413 3437 8.32 

IR 18 432 24 

SSC 69 952 13.79 

 

7.3.7 Mutational hotspots in Hibiscus species 

The comparative analysis of the different regions in chloroplast genomes of genus Hibiscus 

revealed high level of variation (Figure 7.3). The nucleotide diversity (π) ranged from 0.001 

(trnL-GAU intron) to 0.0933 (ccsA-ndhD). All the tRNA genes showed π = 0 except trnR-

UCU, trnT-UGU, and trnL-UAA had π 0.0139, 0.0137, 0.0112, respectively; and the average 

value of nucleotide diversity was 0.00146 for tRNAs. We found IGS with high average 

nucleotide diversity (π = 0.0284), followed by intronic region (π = 0.01591), and lowest was 

found for coding sequences (π = 0.006). All thirty highly divergence regions of the chloroplast 

genome with alignment length greater than or equal to 200 bp belonged to IGS regions and 

none of the intronic or coding sequences were included in this list (Table 7.8). The larger 

regions identified with the highest polymorphism was atpB-rbcL with π = 0.050 and alignment 
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size 1,159 bp. The previously employed gene or region for resolving of taxonomical 

discrepancies and barcoding of species showed the nucleotide diversity: matK (0.0178), rpl16 

intron (0.0152), rbcL (0.0184) and ndhF (0.0185); that was quite lower than the suggested 30 

highly divergence regions. The ycf1 gene possessed nucleotide diversity (π=0.011) and 

contained 77 substitutions and 10 InDels. 

Table 7.8 Mutational hotspots between H. rosa-sinensis and H. syriacus 

S.No Region 
Nucleotide 

diversity 

Total Number of 

mutations 
Region length 

1. psbZ-trnG-GCC 0.110092 72 654 

2. trnK-UUU-rps16 0.065817 62 942 

3. trnD-GUC-trnY-GUA 0.063584 33 519 

4. trnW-CCA-trnP-UGG 0.062802 13 207 

5. rpl33-rps18 0.062201 13 209 

6. petG-trnW-CCA 0.054455 11 202 

7. trnS-GCU-trnG-UCC 0.053156 48 903 

8. trnH-psbA 0.050881 26 511 

9. atpB-rbcL 0.050043 58 1159 

10. rpl32-trnL-UAG 0.04918 57 1159 

11. petD-rpoA 0.04918 12 244 

12. ccsA-ndhD 0.046875 15 320 

13. rps4-trnT-UGU 0.046763 26 556 

14. ndhF-rpl32 0.045793 43 939 

15. psbA-trnK-UUU 0.044521 13 292 

16. psaC-ndhE 0.040936 14 342 

17. trnF-GAA-ndhJ 0.04047 31 766 

18. petN-psbM 0.038005 48 1263 

19. trnP-UGG-psaJ 0.035971 15 417 

20. infA-rps8 0.035714 8 224 

21. ndhG-ndhI 0.035011 16 457 

22. trnT-UGU-trnL-UAA 0.033508 32 955 

23. rps16-trnQ-UUG 0.033333 21 630 

24. atpH-atpI 0.032258 41 1271 

25. rpoB-trnC-GCA 0.031397 40 1274 

26. ycf4-cemA 0.030667 23 750 

27. petA-psbJ 0.030392 31 1020 

28. atpF-atpH 0.029008 19 655 

29. rps15-ycf1 0.028916 12 415 

30. trnQ-UUG-psbK 0.028736 10 348 
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Figure 7.3 Nucleotide diversity of chloroplast genome region between Hibiscus species.  

X-axis represents chloroplast genome regions whereas Y-axis represents nucleotide diversity of these regions.
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7.4 Conclusion 

Chloroplast genome of Hibiscus rosa-sinensis and H. syriacus showed similar genes content 

and organisation. The comparative analyses of both genomes revealed high similarities in 

codon usage, amino acid frequency, RNA editing sites, simple sequence repeats and 

oligonucleotide repeats. The analyses of substitutions and InDels revealed high divergence in 

LSC regions in comparison to SSC and IR regions. The mutational hotspots identified in the 

current study might be helpful for the development of authentic, robust, reproduceable and 

cost-effective markers to infer phylogeny in genus Hibiscus and resolve taxonomic 

discrepancies
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8.1 Introduction 
The plant family Malvaceae is comprising 244 genera and 4225 species (Christenhusz and 

Byng, 2016). Plants of Malvaceae are widely distributed in tropical to temperate regions of the 

world and possess plastic morphology (Xu and Deng, 2017), which give rise to taxonomic 

discrepancies at genus and family levels (Alverson et al., 1999; Carvalho-Sobrinho et al., 2016; 

Pfeil et al., 2002; Tate et al., 2005). This family has been divided into nine subfamilies which 

are Brownlowioideae, Bombacoideae, Byttnerioideae, Dombeyoideae, Grewioideae, 

Helicteroideae, Malvoideae, Tilioideae and Sterculioideae (Alverson et al., 1999; Bayer et al., 

1999; Judd and Manchester, 1997; Xu and Deng, 2017).  

Several studies have focused on taxonomical position of the family Malvaceae. Due to plastic 

morphology, different taxonomic classifications have been suggested for the family Malvaceae 

and the former Malvaceae s.s (recent Malvoideae) was combined with different other families. 

These classifications have been shown in table 1.1 (in Chapter 1). Four families have been 

considered core Malvales including Tiliaceae, Sterculiaceae, Bombacaceae and Malvaceae s.s, 

and merged into an extended family Malvaceae as molecular based studies showed the 

monophyletic position of the species of these families. (APG, 2003, 1998; Bayer et al., 1999). 

The extended family Malvaceae was also subdivided into nine subfamilies based on 

phylogenetic inference of chloroplast genome sequences of atpB, rbcL and ndhF (Alverson et 

al., 1999; Bayer et al., 1999). This classification has been adopted by various researchers 

(Baum et al., 2004; Bayer and Kubitzki, 2003; Carvalho-Sobrinho et al., 2016; Duarte et al., 

2011; Perveen et al., 2004; Tate et al., 2005). A recent study also support the nine subfamilies 

classification (Richardson et al., 2015). However, at subfamily level phylogenetic relationships 

among these subfamilies are still inconclusive and different classifications have been reported 

based on molecular markers from few loci of chloroplast genome (Alverson et al., 1999; Bayer 

et al., 1999; Nyffeler et al., 2005; Richardson et al., 2015). Some researchers suggested 

different classification for the family Malvaceae. Thorne (2000) considered Bombacaceae and 

Sterculiaceae under Malvaceae s.l and Byttneriaceae and Tiliaceae (with some restriction) as 

separate families whereas Hinsley (2006) also suggested other four alternate classifications as 

mentioned in introduction of this thesis.  

This data showed that still discrepancies exist in phylogenetic relationships of the family 

Malvaceae. The previous studies of family Malvaceae were based on few genes as mentioned 

in the details. Recently, the complete chloroplast genomes or coding sequences were used for 

reconstruction of high resolution phylogenetic tree (Cremen et al., 2019; Du et al., 2017; 

Henriquez et al., 2014). This approach was applied for the phylogenetic inference in many 
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plant families. The phylogenetic inference of family Araceae based on 70 protein-coding genes 

of chloroplast provided new insight into phylogenetic relationship of many clades and 

subfamilies of the family Araceae (Henriquez et al., 2014). The high resolution phylogenetic 

tree of order Bryopsidales was reconstructed based on complete chloroplast genome sequences, 

which provided insight into evolution of many families of the Bryopsidales and proposed a 

new classification for families Rhipiliaceae, Udoteaceae and Pseudocodiaceae (Cremen et al., 

2019). The Dipteronia and Acer are two sister genera of family Sapindaceae, but their 

phylogenetic position was not confirmed. The phylogenetic analyses based on complete 

chloroplast genome data not only well resolved the phylogeny of these two genera but also 

identified Dipteronia species among the East Asian flora (Feng et al., 2019). Family 

Ranunculaceae is considered among the early diverging eudicots and consists of 14 tribes from 

which the phylogeny of 11 tribes was controversial (Zhai et al., 2019). The phylogenetic 

analyses of 35 species from 31 genera of 14 tribes resolved discrepancies in the phylogeny. 

This data also revealed the inappropriateness of the previously used morphological characters 

in phylogenetic inference due to parallel, convergent or even reversal evolution (Zhai et al., 

2019).  

The phenomenon of contraction and expansion of inverted repeat (IR) regions is given in detail 

in chapter 2. Some studies revealed the role of IRs contraction and in determination of the 

resemblance of plant species (Iram et al., 2019; Liu et al., 2018). These authors included closely 

related species in the comparison. Therefore, these authors suggested further evaluation of their 

results in the diverse species.  

In current study, we aimed to infer phylogeny of family Malvaceae based on complete 

chloroplast genomes sequences to reconstruct high resolution phylogenetic tree. Moreover, 

comparison of the relationship among species determined from phylogenetic tree with the 

phenomena of IR contraction and expansion tested its role in determination of resemblance in 

plant species.  

8.2 Materials and methods 

8.2.1 Reconstruction of phylogenetic tree 

We sequenced chloroplast genomes of four species of family Malvaceae. We also de novo 

assembled chloroplast genomes of four species of Malvaceae from SRA data which were 

downloaded from NCBI. Further, we downloaded chloroplast genomes sequences of thirty-two 

species of four families of order Malvales and used in the inferring of phylogeny of family 

Malvaceae (Table 8.1). Among these thirty-two species, twenty-two species belonged to family 
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Malvaceae whereas ten species belonged to three other families of order Malvales included 

Bixaceae, Dipterocarpaceae, and Thymelaeaceae. 

We reconstructed maximum likelihood phylogenetic tree by different approaches to infer 

phylogeny of the family Malvaceae and to get insight into the efficacy of different regions of 

chloroplast genome in inferring of phylogeny.  

1. The phylogenetic tree was reconstructed for order Malvales and family Malvaceae separately 

based on seventy protein coding genes. We extracted seventy protein coding genes and 

concatenated them in the Geneious R8.1 (Kearse et al., 2012). The concatenated sequences 

were multiple align using MAFFT (Multiple Alignments using Fast Fourier Transform) (Katoh 

et al., 2005). All the InDels were removed from the alignment manually to reconstruct the 

phylogenetic tree based on only substitutions.  

2. To check the efficacy of different regions of chloroplast genome, the phylogeny was inferred 

of family Malvaceae separately with complete chloroplast genome (IRa removed), LSC region, 

SSC region, and IR region. The sequence of each region of chloroplast genome was aligned 

through MAFFT and all InDels were removed from the sequence through Geneious R8.1 

(Kearse et al., 2012) to reconstruct phylogenetic tree based on only substitutions. The 

maximum likelihood tree was reconstructed based on all the regions of chloroplast by using 

the IQ-tree program (http://iqtree.cibiv.univie.ac.at: accessed 14 June 2019) by default 

parameters (Hoang et al., 2018; Kalyaanamoorthy et al., 2017; Nguyen et al., 2015). The 

default parameters included 1000 iterations, 1000 replicates and best-fit model selection. 

TreeDyn was used for further enhancement of phylogenetic tree analyses (Chevenet et al., 

2006; Dereeper et al., 2008).  

8.3 Results 

8.3.1 Phylogenetic analyses based on protein coding genes 

Maximum likelihood phylogenetic tree based on protein coding sequences was reconstructed 

with best fit model TVM+F+I+G4 among four families of order Malvales: Malvaceae, 

Bixaceae, Dipterocarpaceae, and Thymelaeaceae. Phylogeny of these families was inferred 

based on 53,340 nucleotide sites in which 43,430 (81.42%) were similar in all species, whereas 

9910 (13.29%) varied among species. In these variable sites, 6727 were parsimony informative 

sites. The phylogenetic tree showed that species of all families was well resolved with high 

bootstrapping support value and showed monophyletic position. The species of Thymelaeaceae 

including Daphne kiusiana, Aquilaria sinensis, Aquilaria malaccensis existed on the basal of 

http://iqtree.cibiv.univie.ac.at/
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the tree among four Malvales species, whereas the species of the family Bixaceae acted as the 

first outgroup of family Malvaceae (Figure 8.1). 

Table 8.1 Accessions of species used in phylogenetic tree 

S.No Species Family Accession 

1. Firmiana pulcherrima Malvaceae NC_036395 

2. Firmiana colorata Malvaceae BK010724 

3. Firmiana major Malvaceae NC_037242 

4. Gossypium arboreum Malvaceae HQ325740 

5. Gossypium barbadense Malvaceae HQ901198 

6. Gossypium hirsutum Malvaceae HQ901196 

7. Gossypium thurberi Malvaceae GU907100 

8. Gossypium herbaceum Malvaceae HQ325742 

9. Heritiera angustata Malvaceae NC_038057 

10. Heritiera parvifolia Malvaceae NC_038057 

11. Talipariti hamabo Malvaceae NC_030195 

12. Tilia oliveri Malvaceae KT894774 

13. Tilia paucicostata Malvaceae KT894775 

14. Tilia amurensis Malvaceae KT894772 

15. Theobroma cacao Malvaceae HQ336404 

16. Theobroma grandiflorum Malvaceae JQ228388 

17. Pterospermum truncatolobatum Malvaceae BK010725 

18. Pterospermum kingtungense Malvaceae MH606238 

19. Malva parviflora Malvaceae MK860036 

20. Durio zibethinus Malvaceae MG138151 

21. Bombax ceiba Malvaceae MG569974 

22. Althaea officinalis Malvaceae NC_034701 

23. Abelmoschus esculentus Malvaceae NC_035234 

24. Urena procumbens Malvaceae BK010727 

25. Sterculia monosperma Malvaceae BK010726 

26. Reevesia thyrsoidea Malvaceae MH939148 

27. Hibiscus rosa-sinensis Malvaceae MK382984 

28. Hibiscus mutabilis Malvaceae MK820657 

29. Hibiscus syriacus Malvaceae KR259989 

30. Malvastrum coromandelianum Malvaceae MK860037 

31. Daphne kiusiana Thymelaeaceae NC_035896 

32. Bixa orellana Bixaceae  MH025909 

33. Aquilaria malaccensis Thymelaeaceae NC_041117 

34. Aquilaria sinensis Thymelaeaceae KT148967 

35. Vatica mangachapoi Dipterocarpaceae NC_041485 

36. Shorea zeylanica Dipterocarpaceae NC_040965 

37. Shorea pachyphylla Dipterocarpaceae NC_040966 

38. Neobalanocarpus heimii Dipterocarpaceae NC_041191 

39. Parashorea macrophylla Dipterocarpaceae MH791330 

40. Hopea dryobalanoides Dipterocarpaceae MH791329 
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Figure 8.1 The phylogenetic analysis of four families of order Malvales based on protein 

coding genes. All the nodes with bootstrapping equal to 100 were not mentioned. Family 

Malvaceae is present on the top of the phylogenetic tree and family Bixaceae act as an outgroup 

to family Malvaceae. The species of family Thymelaeaceae are present at the basal of tree.  
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The phylogenetic tree showed the species of family Malvaceae present on the top of the tree 

and well resolved from the species of others Malvales families with high bootstrapping support 

of 100. 

The maximum likelihood phylogenetic tree was reconstructed based on seventy protein coding 

genes among the species of family Malvaceae without including species from other families. 

We included thirty species of family Malvaceae from seventeen genera that belonged to seven 

subfamilies of family Malvaceae (Figure 8.2). The phylogenetic tree was reconstructed with 

best fit model TVM+F+I+G4. The alignment included 53,340 nucleotide sites in which 1181 

were distinct sites and 2615 were parsimony informative sites. The phylogenetic tree revealed 

high bootstrapping support for the resolution of subfamilies of Malvaceae (Figure 8.2). Species 

of all the subfamilies were well resolved based on coding sequences with the bootstrapping 

support of 100. The subfamily Malvoideae included 14 species from 8 genera and was present 

at the top of the tree. All the species of 8 genera were well resolved with bootstrapping support 

of 100. However, the genus Hibiscus showed polyphyletic position, and we found Hibiscus 

mutabilis as sister taxa to Abelmoschus esculentus with 100 bootstrapping support. Bombax 

ceiba of subfamily Bombacoideae was well resolved from the other species of other 

subfamilies and appeared sister to subfamily Malvoideae with bootstrapping support of 100. 

The subfamilies Tilioideae and Dombeyoideae were also observed as sister groups with 

bootstrapping support of 100. We found Sterculioideae as sister group to the subfamilies 

Tilioideae and Dombeyoideae, but with the bootstrapping support 47. The subfamily 

Sterculioideae included five species from three genera: Firmiana, Heritiera and Sterculia. 

Among these genera, Heritiera was sister to genus Sterculia that shared a common node with 

genus Firmiana. The species of two subfamilies including Helicteroideae and Byttnerioideae 

were also well resolved with the bootstrapping value of 100. These two subfamilies also 

showed sister group relationship. The Helicteroideae included two species Reevesia thyrsoidea 

and Durio zibethinus, whereas Byttnerioideae included Theobroma cacao and Theobroma 

grandiflorum and existed at basal to phylogeny of family Malvaceae. The reconstructed 

phylogenetic tree of family Malvaceae based on complete chloroplast genomes sequences also 

support the phylogenetic relationship determined on the basis of coding sequences. 
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Figure 8.2 Phylogenetic analysis of family Malvaceae based on protein coding sequences. 

All the nodes with bootstrapping equal to 100 were not mentioned. Species of subfamily 

Malvoideae were present at the top of the tree, whereas the family Byttnerioideae was present 

at the basal of tree. Theobroma cacao was present basal to all species. 
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8.3.2 Role of IRs contraction and expansion in determining phylogenetic relationship 

In our study, we compared the IR contraction and expansion and positions of the genes at the 

borders of LSC, SSC and IRs regions (Figure 3.2). Here, we compared the IRs contraction and 

expansion with the phylogeny of the family Malvaceae. Our study in wide species revealed 

that this phenomenon can not be used for inferring of phylogeny. In phylogenetic tree (Figure 

8.2), the Abelmoschus esculentus was closely related to other species of subfamily Malvoideae 

but IR expansion of Abelmoschus esculentus leads to complete duplication of rps19, rpl22, 

rps3, and a pseudogene of rpl16 at 5′ end in the IRs regions. In subfamily Helicteroideae, the 

contraction of IRs regions led to existence of single copy of rpl2 and rpl23 in Durio zibenthus 

but in another species, Reevesia Thyrsoidea of the subfamily Helicteroideae, these genes were 

present in duplicate. Comparison of phylogenetic tree (Figure 8.2) and position of the gene at 

the borders of LSC, SSC and IRs regions (Figure 3.2 in chapter 3) also did not suggest the link 

of IR contraction and expansion in phylogeny. In case of the phenomena of IR contraction and 

expansion, the position of the genes at each border was unevenly related in species. The species 

that were found closely related in phylogenetic tree showed high divergence when compared 

based on the genes position at junctions, whereas species those showed high phylogenetic 

distance were found more closely related when analysed based on IR contraction and 

expansion. Moreover, at different junctions, we observed difference in positions of genes for 

which phylogenetic relationships could not be defined. The comparative analyses of figure 8.2 

and figure 3.2 provide clear picture about the unsuitability of IR contraction and expansion in 

inferring of phylogeny. 

8.3.3 Efficacy of complete chloroplast genome and LSC, SSC and IR regions in inferring 

of phylogeny 

We also inferred phylogeny of family Malvaceae based on complete chloroplast genome, LSC, 

SSC, and IR regions. We investigated efficacy of all these parts in inferring of phylogeny. We 

reconstructed phylogenetic tree for 29 species of family Malvaceae based on complete 

chloroplast genome with best fit model TVM+F+I+G4. One species Herritera angustata was 

not included in the phylogeny due to uneven IR contraction and expansion which lead to 

problematic alignment. The phylogenetic tree was reconstructed based on 111,189 nucleotide 

sites in which about 97,887 (88.03%) sites were constant among species. In the variable sites, 

7567 nucleotide sites were parsimony informative sites and 2971 nucleotide sites showed 

distinct pattern among these species. The result of complete chloroplast genome was similar to 

the phylogenetic tree of coding sequences. The phylogenetic tree based on complete chloroplast 
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genome showed high resolving efficacy and these species were well resolved in comparison to 

coding sequences (Figure 8.3).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.3 Phylogenetic tree based on complete chloroplast genome. The node of 100 

bootstrapping value has been omitted.  

The phylogenetic tree was also reconstructed based on the LSC region of chloroplast genome. 

The phylogenetic tree based on LSC region contained 73,586 nucleotide sites in which 64,371 

(86.25%) sites were constant in all species. The 5910 nucleotide sites were parsimony 

informative whereas 2504 nucleotide sites showed distinct site pattern. The phylogenetic tree 

was reconstructed with best fit model TVM+F+I+G4. The phylogenetic tree of complete 

chloroplast genome and LSC region was reconstructed with same model but the reconstruction 

based on LSC regions could not well resolve the species of family Malvaceae as compared to 
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complete chloroplast genome. The phylogenetic relationship based on LSC regions is shown 

in figure 8.4.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.4 Phylogenetic tree based the LSC regions. Bootstrapping value from the node with 

100 is omitted. 

The phylogenetic tree was also reconstructed with the SSC region based on 16,592 nucleotide 

sites. Among these sites, 1898 sites were parsimony sites and 1182 sites showed distinct 

pattern, while 80.46% sites were found constant in the alignment. SSC region could not 

perform well in inferring of phylogeny and provided false result about the phylogenetic 

relationship. The result of this region deviates to larger extent from the results of coding 
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sequences and complete chloroplast genome. Furthermore, this tree shows Durio zibethinus as 

outgroup instead of Theobroma genus (Figure 8.5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.5 Phylogenetic tree based on SSC regions. The bootstrapping value of 100 was 

omitted from the nodes.  

The phylogenetic tree was reconstructed based on the IR region of chloroplast genome 

containing 21,142 nucleotide sites in which 20,118 (95.16%) sites were constant in all species. 

The nucleotide sites which were parsimony informative were 269 whereas 262 sites were found 

with distinct pattern. The phylogenetic tree was reconstructed with best fit model 

TVM+F+I+G4 but could not well resolve the species due to low polymorphism of the IR 

regions and the bootstrapping value of the node also decreased significantly. The phylogenetic 

relationship based on IR region is shown in Figure 8.6.  
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Figure 8.6 Phylogenetic tree based on IR region. All the nodes were shown with the 

bootstrapping supports. 

8.4 Conclusion 

Our study supports the classification of family Malvaceae into nine subfamilies. The IRs 

contraction and expansion can not be used for the determination of relationships between 

species. The coding sequences and complete chloroplast genome sequences showed high 

efficacy in inferring of phylogeny as compared to LSC, SSC and IR regions.
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9.1 Discussion 

Chloroplast genome in angiosperms is conserved regarding gene content and gene order 

(Amiryousefi et al., 2018; Daniell et al., 2016; Jiang et al., 2018; Li et al., 2018; Menezes et 

al., 2018). In the chloroplast genome, some tRNA and protein coding genes contain introns 

that also exhibit conserved nature (Ahmed et al., 2012; Daniell et al., 2016; Menezes et al., 

2018). However, loss of some genes or introns from genes are also reported in some species 

(Daniell et al., 2016; Jansen et al., 2007; Menezes et al., 2018). The chloroplast genome is 

mostly a quadripartite structure, in which one large single copy (LSC) region and one small 

single copy (SSC) region are separated by two inverted repeat regions (IRa and IRb), (Feng et 

al., 2019; Jiang et al., 2018; Sherman-Broyles et al., 2014). In some species, loss of one copy 

of the inverted repeat regions made the entire genome a single copy (Wu et al., 2011). 

Furthermore, in some species linear chloroplast genome is also reported (Daniell et al., 2016; 

Oldenburg and Bendich, 2016). Many mutational events take place in chloroplast genome 

including substitutions, InDels, structural rearrangements, translocations, inversions, and copy 

number variations (CNVs) (Ahmed et al., 2012; Cho et al., 2015; Xu et al., 2015). The 

polymorphic sequences of chloroplast genome have been used for phylogenetic inference to 

get insights into taxonomic affiliation ranging from population genetics (Ahmed, 2014; Li et 

al., 2013; Yamane et al., 2003) to deep divergences (Bayer et al., 1999; Feng et al., 2019; 

Henriquez et al., 2014; Pfeil et al., 2002; Zhai et al., 2019) and barcoding of species (Li et al., 

2014). The variations in chloroplast genome has also been used for the studies of evolutionary 

dynamics of the different lineages of plant (Li and Zheng, 2018; Turmel et al., 2015; Xu et al., 

2015).  

The evolutionary dynamics of family Malvaceae is not well elucidated. The inter-genus 

comparative analyses of two genera was previously performed including Tilia and Gossypium 

based on complete chloroplast genome (Cai et al., 2015; Z. Chen et al., 2016; Wu et al., 2018; 

Xu et al., 2012). Despite the lack of data on evolutionary dynamics of family Malvaceae, 

certain taxonomic discrepancies also exist at family and genera levels. The chloroplast 

genomes of few species are available. To broaden the knowledge about the evolutionary 

dynamics of the family Malvaceae, the de novo assembly of chloroplast genomes of other 

species were required.  

In current study, we de novo assembled chloroplast genomes of eight Malvaceae species to 

widen the genomic resources of the family Malvaceae. The comparative analyses of chloroplast 

genomes structure among wide Malvaceae species were performed to get insight into the 

structure of chloroplast genomes of Malvaceae. We inferred phylogeny of 30 species that 



Chapter 9                                                                                

Evolutionary dynamics and phylogeny of family Malvaceae                                                            162 

belongs to seven subfamilies of family Malvaceae based on chloroplast genomes to evaluate 

the previous classifications of family Malvaceae. The strong correlations among mutational 

events including substitutions, InDels and oligonucleotide repeats were determined which 

negative correlated with the GTR model for phylogeny inferring. The suitable polymorphic 

loci were determined for inferring the phylogeny of complex genera. Overall, our study will be 

helpful for understanding the evolutionary dynamics of family Malvaceae and will provide 

basis for resolution of taxonomic discrepancies of certain genera of family Malvaceae.   

9.2 De novo assembly of chloroplast genomes of eight Malvaceae species 

Conventionally, the sequencing of chloroplast genome is performed by isolation or enrichment 

of chloroplast genome by amplification with long range PCR followed by DNA extraction 

(Amiryousefi et al., 2018; Cai et al., 2015; Kwon et al., 2016). The advancements NGS 

technologies and availability of massively parallel sequencing data made it now possible to 

extract and assemble complete chloroplast genome from total genomic DNA. This is because 

of hundred times higher copy number of chloroplast in leaves than nuclear genome that provide 

high coverage depth to chloroplast genome (Nock et al., 2011). Recently, several other studies 

also followed the suit and assembled chloroplast genome from whole genomic DNA shotgun 

(Menezes et al., 2018; Nguyen et al., 2017; Saina et al., 2018b; Wambugu et al., 2015). We 

also extracted whole genomic DNA from the fresh leaves that did not show any apparent 

disease sign to avoid contamination and the whole genomic DNA was used for the sequencing. 

The short reads were de novo assembled by using Velvet 1.2.10 following Ahmed et al. (2012). 

The coverage depth analyses showed high coverage depth for the de novo assembled 

chloroplast genome. Hence, our study agrees with the previous studies in which the authors 

reported de novo assembled complete chloroplast genomes sequences from the whole genome 

shotgun. The sequencing and/or de novo assembly of chloroplast genomes of eight species 

widen the genomic resources for the understanding of evolutionary dynamics of family 

Malvaceae. Here, chloroplast genome of Malva parviflora, Malvastrum coromandelianum, 

Urena procumbens, Sterculia monosperma, Pterospermum truncatolobatum serve as the first 

representative of their genus. Therefore, this data provided insight into the chloroplast genome 

structure of many genera for the first time. The species of Hibiscus rosa-sinensis, Hibiscus 

mutabilis, and Firmiana colorata was sequenced and/or de novo assembled to widen the 

genomic resources for inter-genus comparison. Two species of genus Firmiana were available 

including Firmiana major and Firmiana pulcherrima (Wang et al., 2017; Ya et al., 2017). 

These two species of Firmiana were closely related. Therefore, we also assembled chloroplast 

genome of Firmiana colorata and used in the comparison for the identification of suitable 
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mutational hotspots for the development of authentic and robust markers. Only one species for 

genus Hibiscus was available, which was Hibiscus syriacus. Here, we assembled chloroplast 

genome of Hibiscus rosa-sinensis and Hibiscus mutabilis from sections Euhibiscus and 

Trionum, respectively (Pfeil and Crisp, 2005). Therefore, we broaden the genomic resources 

for genus Hibiscus to understand the evolutionary dynamics of this taxonomical complex genus 

that contains certain taxonomic discrepancies at inter-genus and intra-genus levels (Hinsley, 

2009; Koopman and Baum, 2008; Pfeil et al., 2002; Pfeil and Crisp, 2005).  

9.3 Comparative analyses of chloroplast genomes among Malvaceae species 

We compared chloroplast genome structure of 20 species from 17 genera for genomic features. 

All the species analysed in the current study possessed almost similar gene content, gene 

organisation and GC content, except Abelmoschus esculentus and Durio zibethinus that showed 

increase or decrease in gene content due to IRs contraction and expansion. The tRNA and 

protein coding genes that contained introns also showed similarities in reference to the 

existence of introns. The conserved structure of chloroplast genome along with the similar gene 

content and organisation has been reported in other lineage of angiosperms (Amiryousefi et al., 

2018; Bi et al., 2018; Daniell et al., 2016; Li et al., 2018; Menezes et al., 2018; Raman et al., 

2017). However, loss of introns was also observed in many species of angiosperms (monocot 

and eudicot) and gymnosperms (Downie et al., 1991; Jansen et al., 2007). Recent studies 

reported intron loss in Astragalus membranaceus (Lei et al., 2016), Lagerstroemia fauriei (Gu 

et al., 2016) and Lonicera japonica (He et al., 2017). The protein-coding genes in which loss 

of intron is reported include an RNA polymerase (rpoC2), ATP synthase (atpF), ribosomal 

proteins (rpl2, rps12, and rps16), and a clp protease (clpP) (Downie et al., 1991; Gu et al., 

2016; He et al., 2017; Jansen et al., 2007; Lei et al., 2016). However, our analyses of species 

of the family Malvaceae revealed conserved genome regarding gene content and gene 

organisation as well as showed similar pattern regarding the existence of intron/introns in the 

genes. In the species of Malvaceae, we found the infA gene either functional or non-functional 

or completely missing from the chloroplast genome. This gene initiates translation along two 

nuclear encoded initiation factors to mediate interactions between mRNA, ribosomes and 

initiator tRNA-Met (Millen et al., 2001). The loss of infA gene has been reported from 

chloroplast genome of many others angiosperms species during the course of evolution 

(Daniell et al., 2016; Millen et al., 2001). Furthermore, in many angiosperms’ species the infA 

gene has been encoded by nuclear genome such as soybean, tomato etc. (Millen et al., 2001). 

Here, the absence of infA gene or presence of its pseudogene in many Malvaceae species might 

indicate the transfer of this gene to nuclear genome or might be another functional copy exist 
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within the nuclear genome that performs important step of translation initiations in these 

species.  

9.4 IRs contraction and expansion and its role in reduction and duplication of genes 

The inverted repeats contraction and expansion is common phenomenon in the chloroplast 

genome (Lin et al., 2012; Rabah et al., 2017; Turmel et al., 2015; Zhang et al., 2016; Zhu et 

al., 2016), and is considered important for understanding of evolutionary pattern (Menezes et 

al., 2018). The locations of the LSC/IR and SSC/IR junctions are sometimes regarded as an 

index of chloroplast genome evolution (Zhang et al., 2013). The contraction of IR regions leads 

to reduction of a copy of certain genes, whereas expansion of IR regions leads to either 

origination of pseudogenes or complete duplication of functional genes (Amiryousefi et al., 

2018; Li et al., 2018; Menezes et al., 2018; Nazareno et al., 2015).  

We also noted variations in the direction of SSC, duplication of few genes in IR (rps19 and 

rps3, rpl22 in Abelmoschus esculentus) or existence of a single copy of genes (rpl2 and rpl23 

in Durio zibethinus) due to presence in the LSC region instead of IRs. Hence, the IR contraction 

and expansion lead to either increase or decrease in number of total genes. Therefore, in 

Abelmoschus esculentus, 88 protein coding genes were present whereas in the Durio zibethinus 

82 genes were present. This data revealed that this common phenomenon of angiosperm 

chloroplast genome also exists in the family Malvaceae. The origination of pseudogenes at 

junctions of LSC/IRs and SSC/IRs were also noted in most of the species of Malvaceae. 

Moreover, some species of other families of order Malvales also showed increase or decrease 

in gene number due to IRs contraction and expansion. For instance, the species of family 

Thymelaeaceae showed increase in number of genes due to IRs expansion (Lee et al., 2018) 

whereas the family Dipterocarpaceae showed decrease in number of genes due to IRs 

contraction (Heckenhauer et al., 2019). Hence, the variations in the numbers of genes are 

possible in the chloroplast genome due to the IRs contraction and expansion. 

9.5 Rate of synonymous and non-synonymous substitutions and adaptive evolution 

The non-synonymous (Ka) and synonymous (Ks) pattern of nucleotide substitutions is 

important marker in evolution (Kimura, 1979). The Ka/Ks ratio indicates the selection pressure 

on protein coding genes. The Ka/Ks less than 1 indicates purifying selection, 1 shows neutral 

evolution, and more than 1 indicates positive selection pressure on those protein coding genes 

(Lawrie et al., 2013). In current study, we observed higher synonymous substitutions (average 

= 0.053673) than non-synonymous substitutions (Average = 0.009346). The analysed species 

of Malvaceae exhibited slow evolutionary rate as expected for the chloroplast genome in 
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general. The lower Ka/Ks ratio (< 0.5) in most of the genes indicates purifying selection 

working on these genes. The genes which showed higher Ka/Ks value in some species might 

be under low purifying selection pressure and greater positive selection pressure due to certain 

environmental conditions such as clpP in Abelmoschus esculentus (1.16), Durio zibethinus 

(1.2), Firmiana major (7.47), Firmiana colorata (3.94), Heritiera parvifolia (5.52), Reevesia 

thyrsoidea (1.2), Pterospermum truncatolobatum (1.24), and Sterculia monosperma (3.42). 

This might be attributed to varying degrees of biotic or abiotic stresses faced by different 

species in their ecological niches. We found slow evolutionary rate of photosynthetic genes, 

which is common in plant cells and this is due to high purifying selection pressure on the genes 

(Choi et al., 2018; Menezes et al., 2018; Saina et al., 2018a). 

The synonymous and non-synonymous substitutions rate was also compared with the rate of 

transition and transversion substitutions in selected genes of chloroplast genome. We included 

six genes (psbA, atpA, rps2, petD, rpoA, and rpoC1) with purifying selection pressure, five 

genes (ndhH, rbcL, clpP, rpl20, ycf1) with neutral selection pressure and three genes (accD, 

rpl20, and rps4) with positive selection pressure of genus Firmiana. Our analyses revealed that 

most of the non-synonymous substitutions were produced by transversion substitutions in 

genes showing neutral selection pressure or positive selection pressure. Interestingly, genes 

with purifying selection pressure showed most of the non-synonymous substitutions (55.6%) 

linked to transition substitutions as compared to transversion substitutions. This observation 

shows that genes exhibiting purifying selection try to avoid transversion substitutions and allow 

transition substitutions. A previous study also reported non-synonymous substitutions as the 

cause of transversion substitutions in chloroplast genome of cereal crops (Matsuoka et al., 

2002). 

9.6 Mutational dynamics in family Malvaceae and correlations among substitutions, 

InDels and repeats 

Previous studies reported strong associations among mutational events including substitutions, 

InDels and oligonucleotide repeats in prokaryotes and eukaryote chloroplast genomes 

(McDonald et al., 2011; Tian et al., 2008; Zhu et al., 2009). Ahmed et al. (2012) reported 

strong correlations among these mutational events in the chloroplast genomes of limited 

number of species of family Araceae (monocot, angiosperm) and Yi et al. (2013) in family 

Cephalotaxaceae (gymnosperm) by comparing to species of genus Cephalotaxus. In the current 

study, we also evaluated the correlations among substitutions, InDels, and repeats in diverse 

species of family Malvaceae (eudicot, angiosperms) and found highly significant correlations 

https://www.ncbi.nlm.nih.gov/nuccore/NC_041441.1
https://www.ncbi.nlm.nih.gov/nuccore/NC_041441.1
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among these mutational events which negatively correlated with the GTR model and suggest 

the interconnection or dependence among mutational events.  

To calculate correct number of substitutions and InDels in pairwise alignments, we 

removed/corrected all the inversions from alignments. Inversions are  frequently present in 

chloroplast genomes (Xu et al., 2015) and  cause noise in the alignment that may lead to false 

positive results in comparative analyses and in inferring of phylogeny (Menezes et al., 2018). 

The genes that often shift between single copies and inverted repeat regions due to IRs 

contraction and expansion in chloroplast genomes lead to difference in rate of mutations (Zhu 

et al., 2016), a phenomenon known as rate heterotachy (Lockhart et al., 2006). Genes in IRs 

regions have slower rates of mutations compared to those in LSC and SSC (Ahmed et al., 

2012). Hence, we also removed all those genes from the alignment that were located at junction 

of LSC/IR and SSC/IR to avoid the effects of evolutionary rate heterotachy (Wu et al., 2011) 

in different lineages. Following genes and regions were excluded from the comparisons: rpl16 

to second exon of rpl2 at junction of LSC/IRb, up to 1,000 bp from each sites of IRb/SSC, also 

partially removing ndhF gene, and complete removal of ycf1 gene from the junction of 

SSC/IRa. 

Ahmed et al. (2012) displayed correlations among substitutions, InDels, and oligonucleotide 

repeats in complete chloroplast genomes of family Araceae (monocots, Angiosperms). 

Following this study, similar correlations were later reported in the complete chloroplast 

genome of genus Cephalotaxus, family Cephalotaxaceae of gymnosperm (Yi et al., 2013). 

Here, we evaluated and confirmed the existence of such correlations in family Malvaceae 

(eudicots, angiosperms) by including species from basal lineages to crown groups. In current 

study, we also analysed regression of SNPs on InDels, SNPs on repeats, and InDels on repeats. 

The regression analyses also confirmed the role of InDels in generation of SNPs in genome 

whereas repeats were also determined as the cause of generation of SNPs and InDels in 

genomes. The first related study of Ahmed et al. (2012) was limited to  comparative analyses 

of the chloroplast genomes of two morphotypes of one species, Colocasia esculenta, and four 

other closely related species of clade Lemnoideae including Wolffiella lingulata, Lemna minor, 

Wolffia australiana and Spirodela polyrhiza. Colocasia esculenta is among the crown groups 

and Lemnoideae clade is basal to other aroids in family Araceae (Henriquez et al., 2014). In 

the successive study, Yi et al. (2013) used only two species from genus Cephalotaxus of family 

Cephalotaxaceae (Gymnosperms) to report the correlations. In the current study, the observed 

weak to strong correlations of all three types of mutational events in evolutionarily close 

comparisons (within a genus) as well as far comparisons (within family) is in agreement with 
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the previous reports (Ahmed et al., 2012; Yi et al., 2013) and supports the hypothesis that the 

distribution of oligonucleotide repeats can be used as a proxy for mutational hotspots (Ahmed 

et al., 2012). Similar observations have also been reported in other prokaryotic and eukaryotic 

genomes (Tian et al. 2008, Zhu et al. 2009, McDOnald at al. 2011), which suggest that such 

correlations might be a universal property in the genomes of all living organisms. However, 

there is further needed to empirically evaluate such genome-wide correlations in other plant 

families by including closely as well as distantly related species. If such observations gain 

further support in independent studies, this will suggest a need for correction/revision in the 

most advance model, i.e. the generalized time reversible (GTR) model of molecular evolution, 

which assumes that the mutations arise independent of mutations on other sites (Drouin et al., 

2008). 

9.7 Role of the contraction and expansion of inverted repeats in inference of phylogeny 

The contraction and expansion of inverted repeat regions is common phenomena in the 

chloroplast genome of angiosperms (Lin et al., 2012; Rabah et al., 2017; Turmel et al., 2015; 

Zhang et al., 2016; Zhu et al., 2016), and is considered important for understanding of 

evolutionary pattern (Menezes et al., 2018). The locations of the LSC/IRs and SSC/IRs 

junctions are sometimes regarded as an index of chloroplast genome evolution (Zhang et al., 

2013). Recently, role of the IRs contraction and expansion and position of genes at junctions 

of LSC, SSC and IR regions of chloroplast were also suggested in the determination of 

phylogenetic relationships based on comparative analyses of few closely related species (Liu 

et al., 2018). Therefore, authors suggested its validation in the far diverse species.  

In the current study, we evaluated the link between the IRs contraction and expansion to the 

phylogenetics relationship among diverse species in seven subfamilies of family Malvaceae. 

Our analyses revealed that phenomena of IR contraction and expansion can not be linked to 

the phylogenetic of these species. The closely related species in phylogeny showed more 

divergence when their resemblance was observed on the basis of IRs contraction and 

expansion, whereas in contrast to these results, the far related species in phylogenetic tree were 

found closely related on the basis of IRs contraction and expansion. For instance, Abelmoschus 

esculentus showed uneven IRs expansion as compared to other species of the subfamily 

Malvoideae. Similarly, we noted Durio zibethinus (Helicteroideae) showed uneven IRs 

contraction in comparison to Reevesia thyrsoidea, another species of subfamily Helicteroideae. 

Therefore, the IRs contraction and expansion provide false information about the resemblance 

of the species.  



Chapter 9                                                                                

Evolutionary dynamics and phylogeny of family Malvaceae                                                            168 

The comparison of the distance of the genes that exists at the junctions also showed uneven 

distance from junctions of LSC, SSC, and IR and lack link to phylogeny of family. Species of 

different subfamilies showed closed relationship in comparison to the species of same 

subfamilies based on position of the genes such as rps19 and rpl2 at the junctions of LSC/IRb. 

For instance, many species of the subfamily Malvoideae could be found closely related to the 

species of other subfamilies as compared to the species of the same subfamily. The similar 

observation was renowned based on the positions of genes at junction of IRb/SSC and SSC/IRa. 

Moreover, it is also difficult to draw a line about the position of the genes and their link to 

phylogeny of the species. Therefore, based on our analyses, we suggest the IRs contraction and 

expansion and the position of the genes at the junctions may not have any link to the phylogeny. 

These regions might lack link to phylogeny due to fast evolution at the junction regions or these 

regions might be similar in evolution pattern to simple sequence repeats, in which the 

contraction and expansion take place due to insertions and deletions of the repeat sequences. If 

this is the case, then IR contraction and expansion might be occurring due to a single mutational 

event and can not be employed for inferring of phylogeny. Nevertheless, we recommend the 

broad studies in diverse plant lineages for further elucidation.   

9.8 Phylogenetic relationship of family Malvaceae 

Previously, phylogeny of the family Malvaceae was inferred based on limited number of 

chloroplast genes. Bayer et al. (1999) used chloroplast genes atpB and rbcL, whereas Alverson 

et al. (1999) used chloroplast gene ndhF for inferring of phylogeny in family Malvaceae. Based 

on these studies, four families Bombaceae, Malvaceae s.s, Sterculiaceae, and Tiliaceae (core 

Malvales) were classified as family Malvaceae s.l. This extended family Malvaceae s.l was 

further classified based on these studies into nine subfamilies comprising Helicteroideae, 

Malvoideae, Brownlowioideae, Bombacoideae, Dombeyoideae, Grewioideae, Byttnerioideae, 

Tilioideae and Sterculioideae. This classification got acceptance in research community and 

has been adopted by various researchers (Ate et al., 2005; Baum et al., 2004; Bayer and 

Kubitzki, 2003; Carvalho-Sobrinho et al., 2016; Duarte et al., 2011; Perveen et al., 2004; Tate 

et al., 2005). A recent study also supports the nine subfamilies classification (Richardson et al., 

2015). Although this classification resolved the taxonomic discrepancies to some extent, but 

the inter-subfamilies level relationships are still inconclusive. In contrast, some researchers 

also suggested different classification for family Malvaceae. Thorne (2000) also suggested 

three families classification and considered Bombacaceae and Sterculiaceae under Malvaceae 

s.l and Byttneriaceae and Tiliaceae (with some restriction) as separate families. Hinsley (2006) 

suggested four other alternate classifications of Malvaceae s.l (core Malvales) that included: 1) 
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core Malvales can be considered single family, 2) nine monophyletic clades determined by 

Bayer et al. (1999) can be considered separate families instead of subfamilies, 3) except two 

subfamilies Brownlowioideae and Grewioideae, other subfamilies can be considered as family 

Malvaceae, 4) five family’s classification similar to traditional classification by accepting 

paraphyletic grouping such as Sterculiaceae, Bombacaceae, Malvaceae s.s and Grewiaceae. 

The fifth family was considered based on merging of Byttneriaceae with Tiliaceae. 

These previous classifications were suggested based on either morphological characters or 

molecular analyses based on few markers of chloroplast genome. Recently, discrepancies in 

phylogeny were resolved based on the analyses of complete chloroplast genome such as in 

order Bryopsidales and family Ranunculaceae (Cremen et al., 2019; Zhai et al., 2019). Here, 

we reconstructed phylogenetic tree based on coding sequences including 10 species from three 

families Bixaceae, Dipterocarpaceae, and Thymelaeaceae of order Malvales and 30 species 

from 7 subfamilies of Malvaceae. We reconstructed two separate phylogenetic trees. In one 

tree, we included 40 species of four families of order Malvales, whereas another tree was 

reconstructed separately based on protein coding genes for the species of family Malvaceae. 

The species of order Malvales were included to analyse the phylogenetic differences among 

the four subfamilies of order Malvales and the differences existed among the seven subfamilies 

of family Malvaceae, following Cremen et al. (2019).  

Our results showed that species of each family of order Malvales are well resolved and showed 

monophyletic position. All the species of family Malvaceae form monophyletic clade and well 

resolved from the other families of Malvales with high branch length. All the seven subfamilies 

of Malvaceae were also well resolved and were monophyletic. Despite the use of limited 

number of species of family Malvaceae, the branch length difference was found less among 

the seven subfamilies of family Malvaceae as compared to the differences that existed within 

the family of order Malvales. Therefore, our results support classification of Malvaceae into 

nine subfamilies (Bayer et al., 1999), which is also adapted by various researchers (Baum et 

al., 2004; Carvalho-Sobrinho et al., 2016; Wilkie et al., 2006) instead of considering each 

subfamily as separate family (Hinsley, 2006). H. rosa-sinensis and H. syriacus have a common 

node whereas Hibiscus mutabilis share node with the Abelmoschus esculentus and showed 

polyphyletic origin with 100 bootstrapping. The later species belong to genera that were 

segregated from genus Hibiscus (Pfeil and Crisp, 2005). This testifies a close relationship 

among these genera. Moreover, the genus Hibiscus might be paraphyletic instead of 

monophyletic as suggested previously, or all the species from other genera that were embedded 

in the phylogeny of genus Hibiscus could be included in genus Hibiscus by considering the 
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Hibiscus as monophyletic genus (Hinsley, 2009; Koopman and Baum, 2008; Pfeil et al., 2002; 

Pfeil and Crisp, 2005). Moreover, the segregation of the Abelmoschus esculentus from genus 

Hibiscus is not accurate and it might be that Hibiscus genus accommodates all the species from 

other genera that were found embedded in its phylogenetic tree (Pfeil et al., 2002), and lead to 

expansion of genus Hibiscus as suggested previously (Hinsley, 2009; Pfeil and Crisp, 2005). 

In the current study, 30 species were included from 17 genera of 7 subfamilies of Malvaceae. 

Consideration of extensive sampling can further elaborate the taxonomic position of Malvaceae 

and the inter-subfamilies level classification. In the reconstruction of phylogenetic tree based 

on protein coding genes, we ignored gene ycf1 due to inversion which lead to false result in the 

analyses of phylogenetic relationship (Menezes et al. 2018).  

Some studies also evaluated the phylogeny inferring ability of complete chloroplast genome, 

LSC, SSC and IR regions (Amiryousefi et al., 2018; Li et al., 2017; Xue et al., 2019). Here, 

we also reconstructed phylogenetic tree of family Malvaceae based on complete chloroplast 

genome and based on the chloroplast genome regions including LSC, SSC and IR region 

separately to access the efficacy of these regions in phylogenetic inference. We also removed 

ycf1 from the complete chloroplast genome to avoid false results due to inversions and rate 

heterotachy (Lockhart et al., 2006). We found that phylogenetic tree based on complete 

chloroplast genome well resolves the phylogeny of Malvaceae and the results were similar to 

the tree constructed based on coding sequences whereas the LSC, SSC and IR regions gave 

compromised result in phylogeny. Therefore, these regions could not be recommended to infer 

phylogeny of family Malvaceae. The compromised result of the SSC region might be due to 

the presence of ycf1 genes which shows inversions and comprised about 1/3 of the SSC region. 

The compromised result of the IR region might be due to the presence of low nucleotide 

diversity in this regions as revealed from the comparison of the three genera of Malvaceae in 

current study and previously reported in the genus Tilia (Cai et al., 2015).  

9.9 Comparison of species of three genera of Malvaceae  

We obtained insight into the molecular evolution of three genera of family Malvaceae including 

Theobroma, Firmiana and Hibiscus. The genus Theobroma belongs to subfamily 

Byttnerioideae which lies basal to family Malvaceae (Alverson et al., 1999; Bayer et al., 1999; 

Cornejo et al., 2017; Richardson et al., 2015). The two species of genus Theobroma including 

Theobroma cacao and Theobroma grandiflorum were compared to get insight into the 

chloroplast genomes of the Malvaceae species as these species lie basal to the family 

Malvaceae, and to identify unique loci for the phylogenetic inference of the genus Theobroma. 

Genus Firmiana belongs to subfamily Sterculioideae. The subfamily Sterculioideae shows 
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taxonomic discrepancies and in previous phylogeny analyses some tribes and genera of this 

subfamily could not be well resolved (Wilkie et al., 2006). Here, we identified mutational 

hotspots for development of suitable molecular markers that might be important for inferring 

of phylogeny of the subfamily Sterculioideae with high efficacy and authenticity. Furthermore, 

this subfamily also lies on the basal side of the family Malvaceae, therefore, the comparison of 

its species provided further insight about the molecular evolution in the chloroplast genomes 

of the species that lies on the basal. The genus Hibiscus belongs to subfamily Malvoideae and 

due to its complex phylogeny shows certain taxonomic discrepancies (Bayer et al., 1999; Pfeil 

et al., 2002; Pfeil and Crisp, 2005). The deep comparison of Hibiscus rosa-sinensis and 

Hibiscus syriacus was not only helpful for the study of molecular evolution of these two 

species, but also provided insight into the molecular evolution of the subfamily Malvoideae 

and family Malvaceae. The comparative analyses of Hibiscus rosa-sinensis and Hibiscus 

syriacus revealed mutational hotspots, which may be helpful to develop molecular marker for 

resolving of taxonomic issues of genus Hibiscus. Moreover, these markers might be helpful for 

barcoding of Hibiscus species to avoid substitutions and adulterations issues in their medicinal 

use.  

9.10 Codon usage analyses and its link to evolution of species 

The codon usage is vital to understand the evolutionary process, selection pressure on the 

genes, and genome structure (Yang et al., 2014). We analysed codon usage within three genera 

and compared at intra-genus level. We analysed the codon usage in terms of relative 

synonymous codon usage (RSCU) to get insight into preferred and non-preferred synonymous 

codons that code for a specific amino acid. This approach is commonly used in chloroplast 

genome studies to find out preferred synonymous codons (Amiryousefi et al., 2018; Redwan 

et al., 2015; Saina et al., 2018b). The high level of similarities in codon usage between the 

species at inter-genus level and intra-genus level revealed that these species are closely related 

and passed through the similar types of environmental stresses and conditions during the 

process of evolution. The extent of similarities was higher in intra-genus comparison than inter-

genus comparison. These results agreed with previous report which linked codon usage to 

environmental conditions and evolutionary history of the species as species of the same genus 

are evolutionary closely linked and face similar type of environmental stresses during course 

of evolution (Yang et al., 2014). In the current study, codon usage analyses in terms of RSCU 

value illustrates codons ending with A/T nucleotide had RSCU value greater than 1 and encode 

most of the amino acids as compared to codons ending with C/G nucleotide and had RSCU 

value less than 1. The RSCU value of 1 or greater than 1 indicates the high preference of that 
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codon in encoding a specific amino acid (Saina et al., 2018b). This trend might be due to A/T 

rich chloroplast genome, and has also been observed in chloroplast genomes of other species 

(Amiryousefi et al., 2018; He et al., 2017; Menezes et al., 2018; Qian et al., 2013; Saina et al., 

2018b). 

9.11 RNA editing sites 

RNA editing is a post-transcriptional process for converting cytidine (C) to uridine (U), or U 

to C, at specific sites within RNA molecules to alter the identity of nucleotides between RNA 

and genomic DNA, serving as a mechanism to correct missense mutations of genes at the RNA 

level, and also to enrich genetic information (Wang et al., 2016, 2015). First editing event was 

reported in the rpl2 gene of mRNA transcript of the maize chloroplast genome in 1991 (Hoch 

et al., 1991). Most of the RNA editing sites took place on the second nucleotide of the codons 

and lead to conversion of serine to leucine (Saina et al., 2018b). The RNA editing also changes 

initiation codons at the post transcriptional level (Hoch et al., 1991). RNA editing sites have 

been also reported in the chloroplast genomes of several species (Huang et al., 2017; Kazakoff 

et al., 2012; Kugita et al., 2003; Lin et al., 2012; Mower, 2009; Saina et al., 2018b). The PREP-

cp is a tool that is developed to determine RNA editing sites in 35 protein coding genes of 

chloroplast genome (Mower, 2009). Here, we analysed RNA editing sites in the two species of 

genus Theobroma, three species of genus Firmiana, and two species of genus Hibiscus. We 

determined RNA editing sites within 23 genes of the species of genus Theobroma and genus 

Hibiscus, whereas 25 genes contained RNA editing sites in genus Firmiana. The genes that 

contained RNA editing sites showed similarities at inter-genus and intra-genus comparison. 

The RNA editing sites were 100% identical within the closely related species of genus 

Theobroma. This data revealed that closely related species also contained similar RNA editing 

sites. Moreover, high similarities in RNA editing sites at inter-genus level comparison revealed 

species of same lineage had high similarities in RNA editing sites. The RNA editing sites 

observed in the current study have also been observed in other plant lineages which also shows 

the conserved nature of RNA editing sites within the chloroplast genome of plant lineages 

(Huang et al., 2017; Lin et al., 2012; Saina et al., 2018b).  

9.12 Simple sequence repeats 

Simple sequence repeats (SSRs) are present in the chloroplast genome. The contraction and 

expansion of SSRs units are caused by slipped strand mispairing during DNA replication 

(Levinson and Gutman, 1987). The SSRs of chloroplast genome are used for the population 

genetics studies and barcoding of species and cultivars (Huang et al., 2018; Joh et al., 2017; 

Nguyen et al., 2018; Qiu et al., 2013). Recent studies revealed the chloroplast genome showed 
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abundance of mononucleotide repeats and most of the repeat motifs contained A/T. The 

number and types of repeats varies in the plant lineages (Dong et al., 2016; He et al., 2016; Liu 

et al., 2018; Ma, 2018; Menezes et al., 2018; Vieira et al., 2016; Zhang et al., 2016). In the 

current study, we also analysed SSRs in the in three genera. Our analyses of all the three genera 

provided almost similar results in inter-genus as well as in intra-genus comparison related to 

the number of SSRs, types, and their existence in the three large regions of chloroplast genome. 

Mononucleotide SSRs (A/T motifs) and dinucleotide SSRs (AT/TA motifs) had abundance in 

chloroplast genomes of all genera. Moreover, LSC contained highest SSRs, followed by SSC 

whereas IR had lowest SSRs. These finding of our study are in agreement with previous reports 

(Amiryousefi et al., 2018; Menezes et al., 2018; Poczai and Hyvönen, 2017; Saina et al., 

2018b; Xu et al., 2012). SSRs loci reported in current study might be helpful for the barcoding 

and population genetics studies in these three genera. 

9.13 Oligonucleotide repeats 

The oligonucleotide repeats usually exist in four forms: forward, reverse, palindromic, and 

complementary. These  repeats are usually evaluated with the minimum repeat size of 20-30 

bp in the chloroplast genome (Asaf et al., 2018; Kurtz et al., 2001; Menezes et al., 2018; Yu et 

al., 2017). The role of moderate repeats with repeat size of 14-48 bp was suggested in 

generation of inversion (Kim and Lee, 2005; Whitlock et al., 2010) and InDels (Kawata et al., 

1997). Furthermore, these repeats can be used as proxy for identification of mutational hotspots 

(Ahmed et al., 2012; McDonald et al., 2011). Our results are also in agreement with these 

reports. The oligonucleotide repeats analyses revealed highest similarities in intra-genus 

comparison, whereas showed differences at inter-genus comparison. In genus Theobroma, T. 

cacao had 46 repeats and T. grandiflorum had 53 repeats that showed high similarities. In genus 

Firmiana, there were 49 repeats each in F. colorata and F. pulcherrima, whereas in F. major 

65 repeats were present. Although, the similarities in repeats types existed, the significant 

divergent was observed for F. major from two other species. Moreover, the repeats of two 

species of Firmiana also showed similarities with species of Theobroma. In genus Hibiscus, 

we found 100 repeats in Hibiscus rosa-sinensis and 130 in Hibiscus syriacus. Here, about 2 

times increase was noted in the repeat’s numbers as compared to the two mentioned genera 

(Theobroma and Firmiana). Genus Theobroma and Firmiana existed at the basal of the family 

Malvaceae phylogeny, whereas the genus Hibiscus existed at the top of the phylogeny tree as 

previously reported (Alverson et al., 1999; Bayer et al., 1999; Nyffeler et al., 2005). Our 

phylogeny inferring also supports these results. This analysis shows species at basal of 

phylogenetic tree (Theobroma and Firmiana) exhibit less repeats as compared to the species 
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that exist at the top of the phylogenetic (Hibiscus) tree. Our analyses revealed that most of the 

repeats arisen in species of genus Hibiscus near to the repeats that were also reported in 

Firmiana and Theobroma. Hence, the maximum number of repeats observed in genus Hibiscus 

were due to generation of new repeats or due to generation of substitutions in the repeats of the 

species that lies on the basal due to which the number of repeats decrease in those species. 

Most of the oligonucleotide repeats were found in the intergenic spacer regions, followed by 

the intronic regions, while the lowest repeats were found in the coding sequences. Here, our 

results agreed with the study done on Bromeliaceae, in which authors reported the same pattern 

of repeats distribution (Poczai and Hyvönen, 2017). However, some studies reported repeats 

abundance in coding region also (Menezes et al., 2018). 

9.14 Substitutions and InDels in chloroplast genome 

Previous studies showed that substitutions and InDels most commonly occur in LSC and SSC 

regions of chloroplast genome whereas IRs region is the most conserved part of chloroplast 

genome (Ahmed et al., 2012). Our results also showed that most of substitutions occurred in 

LSC and SSC regions while IR was the most conserved part. Analysis of substations types 

revealed that transitions were less common as compared to transversions with Ts/Tv < 1 in all 

three genera including Theobroma, Firmiana and Hibiscus. Transition to transversion ratio 

Ts/Tv < 1 has also been observed in chloroplast genomes of Tilia, another genus of Malvaceae 

(Cai et al., 2015). Our finding also agreed with previous reports that showed Ts/Tv < 1 in 

chloroplast genome of gymnosperms and angiosperms (Dong et al., 2016; Kim and Kim, 2014; 

Mustafina et al., 2019; Song et al., 2015; Yang et al., 2016). However, in contrast to these 

studies, Cao et al., (2018) also reported Ts/Tv = 1.6 in chloroplast genome of Dioscorea 

polystachya. The lower Ts/Tv ratio might be due to the A/T rich content of chloroplast genome 

(Menezes et al., 2018) as nuclear genome with high GC content shows high Ts/Tv and reach 

in some cases up to 2.0 (Alipour et al., 2017).   

9.15 Mutational hotspots regions 

Chloroplast genome of angiosperms is conserved but some regions are high polymorphic 

within chloroplast genome in comparison to other regions (Amiryousefi et al., 2018; Choi et 

al., 2016; Li et al., 2018; Menezes et al., 2018). Therefore, screening of the chloroplast regions 

is required to identify suitable polymorphic loci. The maternal inheritance and lack of meiotic 

recombination (Palmaer, 1985) makes it suitable for population genetics studies to 

phylogenetic level studies (Ahmed, 2014; Henriquez et al., 2014; Yang et al., 2019; Zhai et 

al., 2019). The regions of chloroplast genome show different level of polymorphisms within 
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different lineages and different levels of polymorphisms are required for different types of 

studies (Daniell et al., 2016), such as regions used for population genetic could be different 

from the regions used for phylogenetic studies at genus or family level (Li et al., 2018; Menezes 

et al., 2018; Pfeil et al., 2002). The importance of suitable polymorphic loci further increases 

for the phylogenetic inference of species that reveal complex taxonomy and shows taxonomic 

discrepancies (Daniell et al., 2016). Recently, several studies identified specific polymorphic 

loci for the development of authentic and cost-effective markers to resolve phylogeny of 

closely related and taxonomically complex genera and families (Bi et al., 2018; Choi et al., 

2016; Li et al., 2018; Menezes et al., 2018; Yu et al., 2017). Here, we performed comparative 

analyses of three genera to identify suitable polymorphic loci for the development of authentic 

markers to resolve phylogenetic relationships. We identified 30 polymorphic loci within three 

genera including Theobroma, Firmiana and Hibiscus. The inter-genus comparison revealed 

that the identified regions in each genus showed significant variations in the extend of 

polymorphism, and we also found that some regions which were selected as high polymorphic 

regions in one genus were even not selected within the 30 high polymorphic loci. Hence, our 

study also supports the view that polymorphic regions show variations in different level 

comparison at genus/family level. Therefore, identification of suitable and specific 

polymorphic loci is required for the high-resolution phylogenetic inference at genus/family 

level. 

9.15.1 Genus Theobroma  

Genus Theobroma is a small genus and phylogeny of its species in unresolved yet. The 

screening for polymorphic regions identified most of the polymorphic sequences from the IGS 

regions whereas the two intronic and one protein-coding gene were also included in the 30 high 

polymorphic sequences. Our results are similar to Menezes et al. (2018), as they also suggested 

that IGS are more polymorphic than coding and intronic regions and can be used to develop 

polymorphic markers. Kane et al. (2012) suggested trnH-psbA, rbcL, matK and ccsA as barcode 

for T. cacao and T. grandiflorum. In current study, our identified polymorphic regions revealed 

high polymorphism than the above-mentioned regions except trnH-psbA. Most of our 

identified polymorphic sequences have suitable length for development of sanger sequencing 

base genotyping markers that might be useful for phylogenetic inference. These markers might 

be also helpful in barcoding of Theobroma species and identification of suitable relative taxa 

for the breeding for the enhancement of qualitative and quantitative characters. 
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9.15.2 Genus Firmiana 

Firmiana is a small genus of subfamily Sterculioideae (Bayer et al., 1999; Wilkie et al., 2006). 

Information about the suitable polymorphic loci lacked for development of authentic markers 

to infer phylogeny of the genus (Fan et al., 2013). Fan et al. (2013) developed SSRs markers 

from the transcriptome of Firmiana but the SSRs could not be modelled for the maximum 

likelihood tree reconstruction of genus Firmiana. Moreover, Wilkie et al. (2006) could not 

resolve the phylogenetic relationships of many clades of Sterculioideae. Therefore, they 

suggested future studies based on new molecular markers in addition to morphological 

characters for phylogeny inferring of subfamily Sterculioideae. Here, we screened the regions 

of chloroplast genome by comparison of three Firmiana species and identified suitable 

polymorphic loci for the development of markers. In the current study, we found thirty highly 

polymorphic regions as compared to commonly used markers trnH-psbA, rbcL and matK. This 

finding revealed that the low efficacy of these markers might be a cause of low resolution of 

the Sterculioideae species. Therefore, 30 high polymorphic loci identified in our study can be 

used for development of suitable markers in inferring of phylogeny and population genetics 

studies specifically within genus Firmiana and subfamily Sterculioideae.  

9.15.3 Genus Hibiscus  

Not all genes are phylogenetically useful in resolving taxonomic discrepancies. Pfeil et al. 

(2002) used chloroplast genome sequences of ndhF and rpl16 intron to describe the phylogeny 

of tribe Hibisceae and the genus Hibiscus with the aim to achieve monophyletic position of 

genus Hibiscus. However, expected results were not achieved and many segregated genera 

from Hibiscus were embedded within its phylogenetic tree i.e. Fioria and Abelmoschus. 

Moreover, some members of tribes Decaschistieae and Malvavisceae were also embedded 

within Hibiscus. (Small. (2004) used nuclear ribosomal ITS (internal transcribed sequences), 

non-coding part of chloroplast DNA (rpl16 intron), and a nuclear coding gene granule-bound 

starch synthase (GBSSI) but insufficiently resolved the phylogeny of Hibiscus. Therefore, the 

author suggested additional data source beyond the commonly used markers. Tate et al. (2005) 

employed ITS markers on another tribe Malveae of family Malvaceae with the aim to elucidate 

the phylogenetics, but their results were non-significant. Therefore, they also suggested the use 

of other nuclear and chloroplast genome-based markers to elucidate the phylogeny of 

Malvaceae. A  recent study of Poovitha et al. (2016) used rbcL, matK, ITS, and trnH-psbA to 

find best suitable loci for barcoding. They included sixteen species from nine sections of 

Hibiscus and revealed that Trichospermum and Bombicella were not monophyletic. Moreover, 

the discrimination power of these markers was also compromised and could not resolve 
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Hibiscus platanifolius of section Spatula and Hibiscus lunariifolius of section Trichospermum 

with the combination of all these markers. In the current study, we suggest a set of thirty 

divergence regions (≥200 bp) by comparing nucleotide diversity among regions between H. 

rosa-sinensis and H. syriacus to solve taxonomic discrepancies and provision of barcode for 

genus Hibiscus. All the suggested regions belonged to IGS regions, and these might be helpful 

for the development of molecular markers for phylogenetic and phylogeographic studies. The 

nucleotide diversity estimated for matK, trnH-psbA, rbcL, ndhF and rpl16 intron was 0.0178, 

0.0553, 0.0184 and 0.0152, respectively. Moreover, the markers employed previously also 

showed polymorphism and could be used for the deep divergence in the family Malvaceae but 

not for Hibiscus In the present study, the thirty sequences identified in the current study had 

nucleotide diversity 0.0933 to 0.033 from highest to lowest. So, the sequences identified in the 

current study are highly polymorphic as compared to the sequences that were used in the 

previous studies. Therefore, based on data reported in the current study, the robust and 

authentic markers can be developed for these regions and can be used for the phylogenetics, 

phylogeographic studies and barcoding of Hibiscus.
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Conclusions 
The present study provides broad insight into the evolutionary dynamics of family Malvaceae 

based on comparative analyses of large number of species from basal lineages to crown groups. 

The high similarities in genes content, organisation, introns content and GC content in the 

seven subfamilies of Malvaceae revealed close resemblance in these species at molecular level. 

The variation in the length of the complete chloroplast genomes and in its different regions 

existed due to variation in the length of intergenic spacer regions and IRs contraction and 

expansion. The IRs contraction and expansion lead to generation of pseudogenes or caused 

complete duplication or reduction of single copy of gene in chloroplast genome of family 

Malvaceae. The rate of synonymous and non-synonymous substitutions revealed about 95% 

similarities which further confirmed the close resemblance of the species. The positive 

selection pressure has been observed in some species which revealed that these genes might be 

involved in the adaptation of the species and important to the species in their ecological niches.  

The analyses of correlations and regression among substitutions, InDels, and oligonucleotide 

repeats confirm the existence of correlations in these mutational events in family Malvaceae 

(eudicot, angiosperm) which lead to hypothesis that this might be a common character of all 

plant lineages and if this hypothesis is confirmed in future independent studies of other 

families, then required changes might be suggested in the most acceptable model of phylogeny 

inferring, the General Time Reversible model (GTR model). The phylogeny inferring of family 

Malvaceae based on complete chloroplast genome attest the previous classification of the 

family into nine subfamilies. Moreover, our results showed the low efficacy of SSC and IR 

regions in the inferring of phylogeny and could not be used as region of choice in phylogeny 

inferring.  

Our result of the comparative analyses of three genera including Theobroma, Firmiana and 

Hibiscus reveals high similarities in inter genus and intra genus comparison when analysed for 

codon usage, amino acids frequency, RNA editing sites, and simple sequence repeats. The 

number of oligonucleotide repeats was found two times higher in the crown group (Hibiscus) 

in comparison to basal groups (Firmiana and Theobroma). This indicates increase in repeats 

from basal lineages to crown groups. The screening of divergence regions reveals differences 

in the high polymorphic regions in intra-genus level comparison. This observation suggests the 

use of genus-specific mutational hotspots might be able to accurately resolve the phylogeny of 

complex genera with taxonomic discrepancies. The mutational hotspots identified in current 

study might be suitable for the development of authentic, robust, and cost-effective markers 

for inferring of phylogeny within these groups with complex taxonomy. Therefore, mutational 
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hotspots identified in current study specifically in genus Hibiscus might be helpful in resolving 

at inter-genus and intra-genus level taxonomic discrepancies. 

Future perspectives 

• The advancement of next generation sequencing technology made feasible chloroplast 

genome sequencing with low cost. So, the extensive sequencing from the several other 

genera of family Malvaceae can further enhance our knowledge about the evolutionary 

dynamics in family Malvaceae. 

• Correlations analyses among substitutions, InDels, and repeats in independent studies 

of other plant families might confirm correlations in these mutational events as common 

character of all plant lineages, which might be suggestive for changes in the most 

acceptable model of phylogeny inferring, GTR model.  

• The low coverage depth sequencing of the extensive and diverse species of Malvaceae 

for phylogeny inferring might provide more broad insight into phylogenetic 

relationship of Malvaceae.  

• The mutational hotspots identified in this report could be used for development of 

authentic and robust markers and could be employed in inferring of phylogeny of 

respective genera specifically in genus Hibiscus in which certain taxonomic 

discrepancies exist in inter-genus and intra-genus levels classification. Moreover, these 

mutational hotspots can be used as barcodes for inter-species and intra-species 

discriminations.  

• The mutational hotspots identified within genus Firmiana might be used for inferring 

of phylogeny of subfamily Sterculioideae in which certain clades could not be resolved 

in previous studies  
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