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Abstract 

Chloroplast genome is an organelle characterized with definite DNA (cpDNA), whose primary function is to 

perform photosynthesis. The genome is reported to be derived from cyanobacterium in the process of 

endosymbiosis and co-evolution. The cp genome characteristic differs among different taxa, its size ranges 

from 135, 000 to 165, 000 base pairs (bp) with a pair of inverted repeats (IRa and IRb) separated by small 

single copy (SSC) and large single copy (LSC). Here, we discuss the importance and needs to utilize the 

chloroplast genome in phylogeny. Considering the taxonomic problem in various taxonomic levels, several 

studies have proven the viability of the cp genome in resolving taxonomic problems. 
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Introduction 

According to a theory known as modern evolutionary 

theory, all life on earth is believed to evolve from a 

common ancestor, and this this phenomenon explains 

that all living things on earth are related to one another. 

 

Characters from morphological features that can be 

observed looking at the phenotype of living organism, 

as well as the genetic makeup of the living organism 

known as molecular characteristics, are used to infer 

phylogenetic relationships. Recently, only the 

molecular characteristics are being used in 

phylogenetic analysis because they play an important 

role in showing relationship among taxa in every 

taxonomic hierarchy. 

 

The organization and function of the DNA sequences 

as well as their evolution make them vital tools for 

inferring evolutionary relationships. Due to 

advancement in technology, sequencing of DNA 

became accessible since last decade, and its cost 

became cheap (http://www.genome.gov/sequencin 

gcosts/). With this effect, generating a different kind 

of sequences is cheaply for a taxonomist to infer 

phylogenetic relationship among taxa of interest. As 

reported by (Eisen and Fraser 2003; Lemmon and 

Lemmon 2013), researchers can now investigate 

phylogenetic relationship using comparative genomic 

analysis called phylogenomics rather than the 

conventional approach which involve using one or 

few genes in inferring relationships, because 

sometimes phylogenetic tree from different genes 

become incongruent. Genome content and its 

organization, as well as comparison of DNA 

sequences are widely used to reconstruct phylogenetic 

relationships to solve taxonomic problems. 

 

Organellar genome is a good tool to infer phylogenetic 

relationship because changes that normally occur in 

genomesuch as deletions and insertion of nucleotides 

in introns, changes in the gene order are very rare in 

the organellar genome. Changes that may happen in 

the complete genome such as duplications of gene 

and variation in the genetic code are very vital tools to 

be used as molecular markers for every taxonomic 

hierarchy (Rokas and Holland, 2000). Result of 

phylogenetic relationship tress using one or few 

regions (i.e. conventional approach) sometimes are 

incongruent (Teichmannand Mitchison 1999) this is 

as a result of the different evolutionary event that 

individual gene went through. Additionally, one or 

few genes may not contain enough phylogenetic 

informative variation; this result to weakly resolved 

phylogenetic trees. Contrary, phylogenomics provide 

and show valid evolutionary relationships and resolve 

complex phylogenetic relationships that cannot be 

determined using conventional approach (Delsuc et al., 

2005). Several experimental studies have revealed the 

strength of phylogenomics to determine complicated 

phylogenetic relationships. For instance, phylogenomic 

analysis with plastome sequences as reported by 

Henriquez et al., (2014) was able to determined 

strongly supported phylogenies of Araceae. Also, the 

study conducted by Ma et al., (2014) and Pyron et al., 

(2014) which was done by phylogenomic analyses to 

solve phylogenetic relationship problems at the genus 

and species level in the temperate and woody bamboo 

snakes respectively.  

 

Chloroplast phylogenomics 

In the plant cell, apart from the nuclear genome the 

cell contains two additionally genomes namely 

chloroplast (the plastid) and mitochondrion genomes. 

As reported by Dong et al., (2012) the chloroplast 

genome differs from the other two genomes in many 

ways, for instance, the chloroplast genome not often 

show evidence of intra or inter molecular 

recombination, therefore the organization and 

content are highly conserved. Due to the mentioned 

characteristics, the plastid became a vital tool to study 

phylogenetic relationships. Beside the plastome 

genome sequence, sequences from nuclear genome 

such as internal transcribed spacer (ITS) are also 

combined with sequences of the chloroplast genome 

in phylogenetic studies. Chloroplast DNA has been 

known to reveal information on molecular variation 

for inferring phylogenetic relationships. Previous 

molecular phylogenetic studies using chloroplast 

DNA sequences were based on the comparison of 

restriction site polymorphism and gene order changes 
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at a wide range of taxonomic levels (Olmstead and 

Palmer 1994; Jansen et al., 1998). 

 

A Brief overview of chloroplast evolution and structure  

Chloroplast is the most distinguishing features that 

differentiate plant cell from other cells; the organelle 

is semi-autonomous and was derived through 

endosymbiosis from cyanobacteria over a billion 

year ago (Timmis et al., 2005). The chloroplast 

genome organization and content are well conserved 

in both gymnosperms and angiosperms. The genes 

present in the genome can be classified and grouped 

based on their functions (Kim and Lee 2004; Yi and 

Kim 2012; Li et al., 2013; Huang et al., 2014; Zhang 

et al., 2014). The first class or group comprised of 

genes that function in photosynthetic activities 

which involves photosystem I and II. Second group 

is genes that are involved in central dogma 

(replication, transcription, and translation) such 

genes includes transfer RNA, ribosomal RNA, 

ribosomal subunit genes and RNA polymerase genes 

(Mullet 1988).Conserved open reading frames 

(ORFs) which include protein-codinggenes like 

maturaseK, (matK), hypothetical chloroplast open 

reading frame (ycfs) and chloroplast envelope 

membrane protein (cemA) made up the third class.  

 

The structure of chloroplast in flowering plant 

(angiosperms) is circular in shape (Fig. 1) and its size 

ranges from 122 to 225 kilobases (kb) as reported by 

(Wu et al., 2010; Wicke et al., 2011). The 

configuration of the genome is quadripartite 

comprising of large single copy (LSC) and small single 

copy (SSC) separated by a pair of inverted repeat of 

the same length (Fig. 1) (Saski et al., 2005; Yang et 

al., 2013; Yang et al., 2014). In most of the species, 

the size of the Inverted Repeat is within 20-30 kb 

with an exception in Pelargonium hortotum, which 

has about 76 kb (Palmer et al., 1987; Chumley et al., 

2006).The positions of boundaries between the single 

copy regions and inverted repeats also varies among 

species as shown in many researches, for example 

rps19 gene in some species is located in the IR while 

in others is located in single copy repeat specifically 

the largest single copy, the two inverted repeat are 

exact reverse complement duplicates; therefore both 

of them, have the same gene content as well as their 

arrangement. The IRs evolved slower than the single 

copy region and they function as stabilizing region of 

the chloroplast genome (Perry and Wolfe 2002). 

Because of the existence of the inverted repeat, the 

chloroplast genome contained signatures of 

evolutionary history compared with nuclear and 

mitochondrial genome this is attributed to the low 

mutation rate in the genome. Gene mutation does 

occur in the inverted repeat among species with only 

one complement of the inverted repeat, in this case, 

the same substitution rate is comparable to that in the 

single copy region as reported (Ravi et al., 2008).  

 

 

Fig. 1. Gene map of the J. flava chloroplast genome. 

Genes outside the circles are transcribed in counter 

clockwise direction and those inside in clockwise 

direction. Known functional genes are indicated in 

the colored bar. The GC and AT content are denotes 

by the dark grey and light grey colour in the inner 

circle respectively. LSC indicates large single copy; 

SSC, indicates small single copy and IR, indicates 

inverted repeat.  

 
Chloroplast DNA sequences as molecular markers 

and their utility in phylogenomics 

Phylogeny is the evolutionary history of species which 

is presented in a phylogenetic tree by comparing 

homologous characters. These characters are shared 

between organisms that are descended from a 



J. Bio. & Env. Sci. 2019 

 

97 | Yaradua and Alzahrani  

common ancestor. The characters consist of 

morphological features, genome organization, 

biochemical pathways, chemical compounds, genes 

and the arrangement of nucleotides or amino acids 

(Delsuc et al., 2005). The evolutionary relationship is 

measured by the differences between the homologous 

sequences present in different species. Though some 

of the homologous characters might evolve differently 

as a result of their biological nature which is 

attributed by differences in the rate of evolution as 

well as mutational saturation. Therefore not all of 

them are a good tool to be used in inferring 

phylogenetic relationship (Gribaldo and Philippe 

2002).A good tool to be used as a maker in 

phylogenetic studies should provide enough 

informative sites that is to say the rate of substitution 

should be optimum, not high to allow comparison. 

Galtier and Gouy (1995) reported that markers that 

show true ancestry must be well conserved. An 

additional important characteristic of good markers is 

that they must be acquired only through inheritance 

not by other forms such as horizontal gene transfer or 

from one organism to another.  

 

DNA sequences from chloroplast genome have been 

used as a primary tool to infer evolutionary 

relationships in several phylogenetics studies of the 

plant. This is due to their evolution and 

conservesnature which enables them to preserve 

phylogenetic signals that show evolutionary 

relationships. In addition, evolutionary processes like 

pseudogene formation, rearrangements in genome 

and gene duplication do occur in the chloroplast 

genome but are not very common as in the case of 

other genomes like the nuclear genome (Palmer, 

1985). The conserved nature of the chloroplast 

organellar genome allows designing of primers 

targeting region conserved well beyond species 

boundaries, and amplification of molecular makers. 

In spite of the low evolutionary rate in the plastome 

compared to its counterpart the mitochondrial and 

nuclear genome, its small size and high frequency in 

the plant tissue such as the leaf make it easier to 

sequence the genome. 

Recently, breakthroughs in sequencing technology 

have provided a means of rapid sequencing of the 

complete plastid genome, thereby making it possible 

to use the plastid genome in the phylogenetic analysis 

(phylogenomics). This system is now used widely as a 

common means of species identification (Wu et al., 

2010; Nock et al., 2011), systematic studies and in 

phylogenetic analysis of plants (Jansen et al., 2007; 

Moore et al., 2007). Using the complete chloroplast 

genome (phylogenomics) provide better statistical 

support and result in indicating a valid relationship 

with minimized sample errors that occur when using 

one or few genes (Blair et al., 2002; Wolf et al., 

2004). Though, it doesn’t mean that well supported 

phylogenetic tree from complete chloroplast genome 

is always correctbecause systematic errors occur with 

the increase in the data set (Philippe et al., 2005; 

Jeffroy et al., 2006; Brinkmann and Philippe 2008). 

Violations of the model used are the factors 

responsible for systematic error. If there is a model 

violation, the phylogenetic tree will have errors which 

compute with the genuine phylogenetic signal, 

thereby showing a phylogenetic relationship that is 

not correct (Delsuc et al., 2005). There are different 

kinds of model violation as reported by Rodríguez-

Ezpeleta et al., (2007), they include site heterogenous 

amino/acid or nucleotide sequence replacement, site 

interdependent evolution, cross-site rate variation 

and compositional heterogeneity among others. Long 

branch attraction is an example of systematic error 

that occurs in most phylogenetic analyses, as reported 

in (Felsenstein, 1978) it occurs when the result of a 

phylogenetic tree shows taxa that evolve faster than 

other species are closely related.  

 
Strongly supported artificial nodes are as a result of the 

presence of systematic errors which mainly occur due 

to the increase in the number of data. Identification of 

systematic error in phylogenetic tree from a single gene 

is easy and can be achieved by observing incongruence 

in the phylogenetic tree from two different genes. This 

cannot be applied in phylogenomics because the 

genome contains all the genes. Data partitioning 

strategy and different tree reconstruction model are 

some of the approaches suggested to detect systematic 

errors in phylogenomics. The advantage of using 
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complete chloroplast genome is that any changes in the 

genome can be easily observed due to its conserved 

nature, this feature can be useful in showing 

phylogenetic relationship among taxa in different 

taxonomic level (Jansen et al., 2005; Philippe et al., 

2005; Jansen et al., 2007).  

 
Conclusion  

A complete chloroplast genome is a promising tool in 

inferring phylogenetic relationship to solve various 

taxonomic problems at different taxonomic level. 

Genes and simple sequence repeat in the genome are 

also important tools for identification and classification 

of species as well as in genetic diversity studies. More 

studies and sequencing of cp genome of unexplored 

taxa are required to have a better understanding about 

phylogenetic relationship among taxa. 
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