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Abstract 
 

The phylum Rhodophyta comprises the red algae, which are morphologically diverse 

organisms present in marine and freshwater environments. In addition to the economic 

importance of these organisms, fossil records of red algal species dating 1.2 and 1.4 billion years 

confirm the evolutionary importance of this group. Studies of plastid evolution have shown that 

Rhodophyta have their plastid derived from the first endosymbiotic event, having a common 

ancestor with green algae and glaucophyte. Red algal plastids have also played a crucial role in 

secondary endosymbiotic events, being responsible for the emergence of other algal plastid 

lineages. The red algae order, Bangiales, is an ancient lineage and molecular studies have 

focused on elucidating the phylogenetic relationships and differentiating species within this 

group, which is complicated by their known phenotypic plasticity. 

The genus Bangia (Bangiales) has been observed in both marine coastal environments 

and in freshwater, and for many years it was thought that the organisms in these habitats were 

conspecific. Studies showed that the species could acclimate well when transitioning from one 

habitat to another, with preservation of morphology. Molecular research, however, has shown 

that the species are not conspecific, and that the freshwater species, Bangia atropurpurea 

(Mertens ex Roth) C. Agardh, is more closely related to species from the genus Porphyra than to 

the marine Bangia. This discovery points out other curiosities about B. atropurpurea: it is the 

only known freshwater Bangiales, it is considered an invasive species of the Great Lakes, is 

strictly asexual, and has a filamentous thallus while its closest relative has a foliose thallus. To 

understand the similarities and differences of B. atropurpurea when compared to other 

Rhodophyta genomes, this thesis investigates the species at a genomic level using high-

throughput sequencing and bioinformatic approaches. 

Metagenomic sequencing allows high-throughput analysis of DNA from environmental 

samples, which is relevant when analysing organisms that are difficult to grow in lab conditions, 

such as B. atropurpurea.  In this thesis, I used metagenomic techniques to sequence and 

assemble fragments of a mixed pool of short DNA sequences. Due to the availability of existing 

reference Bangiales genomes, and the presence of large conserved orthologous regions across the 

genomes of red algae, it was possible to identify B. atropurpurea contigs from the metagenome 

and assemble a high quality draft chloroplast genome with 97% coverage (Chapter 2). Given the 
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evolutionary importance the red algae chloroplast, the chloroplast genome of B. atropurpurea 

was then used to calculate the rates of substitution in 74 chloroplast genes, allowing the 

identification of evolutionary patterns that provide insights into selective forces on genes that 

may have contributed to the invasion of the Great Lakes (Chapter 3). Chloroplast gene sequences 

were compared with genes from 29 Rhodophyta species originally isolated from marine, 

freshwater, salt marshes and hot springs. This extensive analysis revealed trends in substitution 

rates according to taxonomic groups but also by habitat, where the Bangiales exhibited the most 

diverse rates for the atp, psa, rps and rpl gene families. Moreover, the substitution rates indicated 

that within the Bangiales, B. atropurpurea is the most distinct species, with rates that contradict 

the trend observed in the other Bangiales species. 

Continued analysis of metagenomic data allowed conserved nuclear genes from B. 

atropurpurea to be identified and retrieved. Curiously, several genes were identified that are 

related to meiosis (Chapter 4). B. atropurpurea is known for being an asexual organism, but its 

reproduction is not well studied as other Bangiales species, which are known for having 22 - 29 

meiotic genes. With the use of the Eukaryotic Meiotic Toolkit as a reference, 13 genes required 

for meiosis machinery were detected in the B. atropurpurea draft genome, and a phylogenetic 

analysis was performed, providing new insights about the evolution of B. atropurpurea. 

Although it is still unclear if these genes are functional, it is interesting that the species has 

sexual genes and is still suspected of only undergoing asexual reproduction.  

The research conducted in this thesis demonstrates the utility of metagenomic sequencing 

and assembly approaches in the analysis of red algae species, and the extent of biological and 

evolutionary insights that can be gained from this information. The chloroplast genome of B. 

atropurpurea represents the first chloroplast genome of a freshwater Rhodophyta retrieved using 

this methodology. The chloroplast genome is consistent with other Bangiales genomes regarding 

gene order and content, serving as a basis for future research of other Bangia and Bangiales 

species. This study also provides the most detailed information to date about the rates of 

substitution among chloroplast genes in Rhodophyta species, emphasizing the importance of the 

use of individual gene analyses when performing such investigations. Lastly, this thesis 

identified meiotic related genes in B. atropurpurea, amplifying the overall understanding of the 

organism and opening doors for future investigations. 
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Chapter 1 

General Introduction  
 

1.1 Phylum Rhodophyta  
 

The red algae (Phylum Rhodophyta) are an important evolutionary lineage observed in 

both freshwater and marine environments and are important primary producers in these habitats. 

This phylum includes about 7000 species, that range in morphology from single-celled 

organisms to large and multicellular organisms (Guiry & Guiry, 2017). The morphological 

characteristics that define this phylum are the presence of phycobilins, including phycoerythrin, 

which gives the characteristic red colour to this group (Wray, 1977), the absence of flagellated 

cells at any time during the life cycle, and triphasic isomorphic life history with a tetrasporophyte 

(most species in Class Florideophyceae) or biphasic heteromorphic life history (other classes) 

(Gabrielson et al., 1990; Graham et al, 2000; Yoon et al., 2006).  

Members of this phylum are important food sources and have considerable economic 

importance [e.g., Chondrus crispus (Irish moss), Porphyra & Pyropia (nori)]. The substantial 

economic value of these highlights the great importance of phycological studies on this group. 

For example, species of Porphyra and Pyropia yezoensis (Class Bangiophyceae) are of 

considerable economic importance amounting to US$1.3 billion per year in cultivation fields in 

China, Japan and Korea (Sutherland et al., 2011; Blouin et al., 2011). This contributes greatly to 

the economies of these countries (Yang et al., 2017). Another example is the seaweed 

Kappaphycus (Class Florideophyceae), which is farmed extensively in the Philippines, and used 

around the globe by the food industry, and for its pharmaceutical and nutraceutical properties 

(Hayashi & Reiss 2012; Hurtado et al., 2014). Moreover, Chondrus crispus (Class 

Florideophyceae), farmed and processed in the United States, Philippines, Indonesia, China, 

Ireland and Canada (Chopin et al., 1999; Gao et al., 2016), has great economic and medicinal 

importance, due to the high levels of carrageenan that are studied for their tumour and virus 

inhibition, hypertension prevention, control of hyperglycemia, immunity enhancement, 

antibacterial and anti-inflammatory activities (Güven et al., 1991; Zhou et al., 2004; Kalitnik et 

al., 2015; Gao et al., 2016). In addition, the Rhodophyta are extremely diverse in secondary 
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metabolites and are considered the most important source of biologically active metabolites 

when compared to other algal groups (Kasanah et al., 2015).  

The classification of red algae has changed extensively over the past few decades due to 

advances in various techniques, particularly gene sequence analyses and phylogenetics (Fig. 1.1). 

Before molecular studies, other characteristics were studied to classify members of the group, 

such as the absence of flagellar cells, the presence of a two-membrane plastid with unstacked 

thylakoids without the presence of chlorophyll b or c, and the presence of pit plugs (Pueschel & 

Cole, 1982; Garbary and Gabrielson, 1990; Bhattacharya & Medlin, 1995; Müller et al., 2010). 

The first cladistic analysis of the red algae was performed by Gabrielson et al. (1985), which 

made use of morphologic traits to compare the species and determine the ancestor-descendant 

relationships to an ordinal rank, such as ultrastructure and life history. As a result, the red algae 

species were classified as part of one class, the Rhodophyceae, with two subclasses: the 

Bangiophycidae and the Florideophycidae. In addition, it was suggested that the Porphyridiales 

were polyphyletic within the Bangiophycidae due to differences in the species life cycle and 

ultrastructure (Gabrielson et al., 1985). Later, Bidoux and Magne (1989) proposed a 

classification based on characteristics of the thallus and reproductive cells, as result, 

Rhodophyceae was divided into three subclasses: Archaeorhodophycidae, with a single order 

Porphyridiales; Metarhodophycidae, including the orders Erythropeltidales, Rhodochaetales, and 

Compsopogonales; and Eurhodophycidae, including the order Bangiales and all the orders of the 

former Florideophycidae. 

In 1994, Ragan et al. was the first study to sequence the nuclear small subunit ribosomal 

rRNA (SSU rRNA) to clarify the relationships among the red algae using molecular 

phylogenetics and suggested that the Bangiophycidae were paraphyletic and the basal 

rhodophyte line consisted of at least three distinct lineages. Following this, Oliveira and 

Bhattacharya (2000) compared Bangiophycidae to Florideophycidae plastid SSU rDNA coding 

regions; they demonstrated that the Porphyridiales formed three different lineages; they also 

confirmed that Bangiales and Florideophycidae are a sister-group as suggested by Bidoux and 

Magne (1989), and, that Cyanidiales is likely an independent order. Müller et al. (2001b) were 

the first researchers to study a considerable number of samples from the Bangiophycidae using 

the nuclear SSU rDNA gene and confirmed that the subclass Bangiophycidae is a paraphyletic 

group. In 2004, Saunders and Hommersand proposed four classes: the Bangiophyceae, 
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Composopogonophyceae, Florideophyceae, and Rhodellophyceae. Also, they recognize the 

subphylum Rhodophytina, comprising all classes with exception of the Cyanidiophyceae which 

is included on the new subphyla Cyanidiophytina. Analyzing the existent literature, it is evident 

the need for modern genomic research on red algae to elucidate taxonomic relationships and 

mechanisms of evolution, especially regarding Bangiophyceae. As a result of these studies, the 

taxonomy of this group has greatly changed since the work of Gabrielson et al. (1985).  

The class Florideophyceae comprise morphologically complex species, being a 

monophyletic group, and a sister group of Bangiophyceae (Garbary and Gabrielson, 1990; Ragan 

et al., 1994; Saunders and Kraft 1997; Müller et al., 2001b and 2010; Saunders and 

Hommersand, 2004; Yoon et al., 2006). The Bangiophyceae is commonly represented by 

morphologically simple organisms when compared to the algal group Florideophyceae, and 

phylogenetic studies show that the group is ancestral of all red algae (Ragan et al. 1994; 

Freshwater et al., 1994; Yoon et al., 2006; Müller et al., 2001b, 2010; Lynch et al., 2008; 

Sutherland et al., 2011). The species within this class are in majority attached to substrata, in 

intertidal and upper subtidal zones in both temperate and tropical oceans (Sheath & Cole, 1984; 

Müller et al., 1998, 2010), comprising species with varied morphology (unicellular to 

multicellular filaments - uniseriate or multiseriate, branched or unbranched - or sheet-like thalli), 

and habitats (Garbary et al., 1980).  

Currently, the most accepted classification is according to Yoon et al. (2006), who 

examined sequences of the Photosystem I (PSI) P700 chloroplast Ŭ protein A1 (psaA), RuBisCo 

large subunit (rbcL) coding regions and 18S gene. As result, the Phylum Rhodophyta includes 

six classes: Bangiophyceae, Florideophyceae, Rhodellophyceae, Porphyridiophyceae, 

Compsopogonophyceae and Stylonematophyceae (Figure 1). The class Cyanidiophyceae, after 

intensive investigations and changes regarding taxonomy (Merola et al., 1981; Seckbach, 1991; 

Ott & Seckbach, 1994), was classified as phylum by Saunders and Hommersand (2004) and is 

now considered to be part of the subphylum Cyanidiophytina, since it appears to have diverged 

first in red algal evolution and is clearly separated from the other red algal lineages (Yoon et al., 

2006) (Fig. 1.1).  
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Figure 1. 1. Timeline of the taxonomic changes within the Phylum Rhodophyta. Adaptation from Yoon et al., 2006. 
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1.2 Red algal fossils  

 

Fossil record data from the Proterozoic Era, around 2.5 billion years ago (Ba), are crucial 

to understanding the evolution of eukaryotes, especially through the analysis of various 

microfossils (Butterfield, 2005). Microfossils are microscopic fossils grouped according to their 

size, with bacteria and protists being the most numerous contributors, along with plants (Signor 

& Lipps, 1992). Despite the extensive distribution of organisms during the Precambrian Era 

(from 4.6 Ba to 544 million years ago), microfossils are sparsely distributed, limiting 

taxonomical and environmental findings (Butterfield, 1988). In addition, unicellular microfossils 

are challenging to characterize due to the lack of distinctive attributes that can be linked to an 

extant taxon, and are, most of the time, considered to be part of extant protist groups or 

cyanobacteria, even when they may have had a eukaryotic derivation (Butterfield, 2005; Yoon 

2010).  

Although the geological record indicates that eukaryotes evolved by 1.9ï1.4 Ba their 

early evolution is poorly resolved taxonomically and chronologically. The 1.2 Ba microfossil of 

the red alga Bangiomorpha pubescens, a multicellular filamentous fossil, discovered in Canada, 

has provided a key time point in the evolution of red algae (Butterfield, 1990; Müller, 1998, 

2001; Butterfield, 2000). The microfossil is the only recognized eukaryote older than 0.8 Ba and 

marks the earliest known expression of extant forms of multicellularity and eukaryotic 

photosynthesis (Butterfield, 1990; Gibson et al., 2018). The good preservation of B. pubescens 

microfossils and the pattern of cell division and morphology allowed the investigation of 

characteristics that lead to the identification of the organism, which can be compared to the 

gametophytic generation of the modern red algal genus Bangia (Butterfield, 1990; 2000).  

Red algal microfossils from the Neoproterozoic Era (1 Ba to 540 Ma) were also 

discovered in China, with a simple pseudoparenchymatous thalli, implying a multiphasic life 

cycle; and a complex pseudoparenchymatous thalli, where Thallophyca and Paramecia show 

similarities to the coralline algae, part of the Florideophyceae (Xiao et al., 2004). In a more 

recent discovery, well-preserved fossils part of the phylum Rhodophyta were described by 

Bengtson et al. (2017). One of these found in Vindhyan, central India, has uniserial rows of large 

cells, rhomboidal disks recognized as a pyrenoid, septa between cells which may represent pit 

connections and pit plugs.  Assembling these and other characteristics, the authors identified the 
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fossil to be the filamentous form of Rafatazmia chitrakootensis, a possible bangiophycean. In 

addition, the lobate sessile Ramathallus lobatus, which has a pseudoparenchymatous thallus, and 

apical growth, was identified as part of the Florideophycean group. Although these two 

microfossils are still under examination for possible ambiguity, the findings possibly represent 

the origin of multicellular rhodophytes, being 400 Ba older than Bangiomorpha, dating 1.6 Ba 

(Bengtson et al., 2017).  

Examples of red algae microfossils that are unambiguous include the fossilized 

conchocelis stage of Porphyra, found in Poland, recorded as dating to 425 Ma (Campbell, 1980; 

Butterfield et al., 1990). On the other hand, the unicellular microfossils Huronispora and 

Eosphaera tyleri, found in Canada, and dating 1.9 million years old (Ma), were designated as 

blue-green algae (Barghoorn & Tyler, 1965); however, after analyses of reproduction, 

morphology, habitat and life cycles; it was suggested that these fossils were likely Porphyridium 

purpurea, a eukaryotic red alga (Tappan, 1976). Another example is the microfossil Tappania 

plana, found in Australia, dating 1.450 Ma (Javaux et al., 2001), and considered to be fungi due 

to the branching pattern and cell fusion, yet, both characteristics are found in red alga species 

(Butterfield, 2005; Porter, 2006). These are only two examples of many inaccurately classified 

organisms, revealing the importance of continuous studies of fossils in the field to disclose the 

potential identity of the samples.  

 

 

1.3 Plastid evolution in the red algae and related groups  

 

Resolving the tree of life using nuclear, mitochondrial and plastid single-gene 

phylogenies and phylogenomic investigations is essential to understand the evolution of 

photosynthetic phyla, including the red algae (Adl et al., 2005; Reyes-Pietro et al., 2007; Burki, 

2014; Spang et al., 2015). This is particularly important to comprehend the diversity of 

photosynthetic life on this planet. Despite the challenge of understanding how and when plastids 

entered eukaryotic cells, endosymbiosis and serial endosymbiosis has played a major role in the 

diversity of species cohabiting the planet (Palmer et al, 1993; Bhattacharya & Medlin, 1995; 

Reyes et al., 2007; McFadden, 2014; Burki, 2014; Rockwell et al., 2014). A putative member of 

the Bangiophyceae played a central role in the eukaryote tree of life as a donor through a single 
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or more likely multiple secondary and tertiary plastid endosymbiosis that gave rise to 

chlorophyll-c containing groups, such as diatoms, dinoflagellates, haptophytes, and cryptophytes 

(Ragan et al.,1994; Yoon et al. 2004; Chan et al. 2011; Bhattacharya et al. 2013; Yang et al., 

2017). With still many questions to investigate, understand and attempt to resolve, the 

phylogenomic of the chloroplast of red algae can provide insights into the early eukaryotic 

evolution (Adl et al., 2005; Reyes-Pietro, 2007; Burki, 2014; Spang et al., 2015).  

Hypothetically, eukaryotes are considered as having originated from a universal ancestor, 

from the Archaea group, the Lokiarchaeota (Spang et al., 2015), and branched into six 

supergroups: Opisthokonta, Amoebozoa, Archaeplastida (Plantae), Chromalveolata, Rhizaria, 

and Excavata (Adl et al., 2005, 2012; Keeling et al., 2005; Reyes-Pietro et al., 2007). The study 

by Spang et al. (2015), proposed that Lokiarchaeota is the identity of the putative archaeal 

ancestor for eukaryotes. According to phylogenomic analyses, the group is monophyletic with 

eukaryotes and has proteins that are associated with membrane deformation and cell shape 

formation, including phagocytosis. These findings indicate that the origin of complex cells 

happened before the mitochondrial endosymbiosis. Nevertheless, the possible ancestor of 

eukaryotes had phagocyte ability, which could have enabled the invagination of the 

mitochondrial progenitor (Spang et al., 2015). From the supergroup Archaeplastida, or Plantae, 

emerged green algae and plants, the red algae and the glaucophyta algae (Adl et al., 2005; Reyes-

Pietro et al., 2007; Bhattacharya et al., 2004, 2013; Burki, 2014) (Fig. 1.2).  

 

 
 
Figure 1. 2 Simplified map of chloroplast evolution from the common ancestor, an Archea organism, to the three main algae 
branching: Chlorophyta, Rhodophyta and Glaucophyta. 
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Along with the endosymbiosis that gave rise to mitochondria, the origin of plastids is one 

of the most important phenomena in the evolution of the eukaryotic cell, culminating in all 

phototrophic eukaryote lives (Archibald & Keeling, 2002). The most accepted theory about the 

origin of plastids through endosymbiosis is the single-cell origin of all plastids, where plastids 

are derived from an engulfed photosynthetic cyanobacterium by a non-photosynthetic host 

(protist) (Archibald and Keeling, 2002; Ponce-Toledo et al., 2017; Martin et al., 2017) (Fig. 1.3). 

This event happened in the common ancestor of the supergroup Archaeplastida, giving rise to the 

green, red and Glaucophyte algae (Gray, 1999; Adl et al., 2005, 2012; Bhattacharya & Medlin, 

1995; Bhattacharya et al., 2013; Rockwell et al. 2014; Gould, 2015; Ponce-Toledo et al., 2017) 

(Figure 1.3). In a secondary endosymbiosis event, a eukaryote obtained a plastid by engulfing a 

phototrophic eukaryote with a primary plastid, obtained in the primary endosymbiosis (green, red 

or Glaucophyte); The digestion of the cyanobacteria did not happen, instead, it became 

endosymbiont (Archibald & Keeling, 2002).  

The secondary endosymbiosis led to the origin of plastids in other important algal groups, 

such as dinoflagellates, heterokonts, cryptomonads, and parasites such as the Apicomplexa 

(Douglas & Penny, 1999; Müller et al., 2001b; van Dooren et al., 2001; Oliveira & Bhattacharya, 

2000; Gould et al., 2015). In addition, the secondary endosymbiosis is responsible for 

endosymbiotic gene transfer (EGT), in which red algal plastid genes are transferred to the 

nucleus of other photosynthetic organisms (Douglas et al., 2001; van Dooren et al., 2001; 

Bhattacharya et al., 2013; Gould, 2015). With time, the endosymbiotic organism was reduced, by 

gene transfer to the nucleus, to a double membrane-bound plastid, and vertically transmitted to 

following generations (Archibald & Keeling, 2002; Bhattacharya et al., 2004; Reyes-Pietro et al., 

2007; Gould, 2015). (Figure 1.3). To understand the magnitude of these events for the eukaryotic 

life, it is fundamental to discover which algal lineages arose from the same endosymbiotic 

association and which arose independently (Delwiche & Palmer, 1997; Cavalier-Smith 1999; 

Oliveira & Bhattacharya, 2000; Archibald & Keeling, 2002). Since it is definitive that red algae 

are an early branching within eukaryotes, and, therefore, play a very important role in algal 

evolution, they are excellent models for new investigations regarding plastid evolution (Gray, 

1999; Bhattacharya & Medlin, 1995; Palmer et al., 2003; Bhattacharya et al., 2004; Reyes-Pietro 

et al., 2007).  
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Figure 1.3 Diagram depicting the evolution of plastids deriving from primary and secondary endosymbiosis. The first 
endosymbiosis event involved the incorporation of a cyanobacterium into a non-photosynthetic eukaryote cell. After this single 
primary endosymbiotic event, the now phototrophic eukaryote diverged and evolved to be red, green and Glaucophyta (not 
shown in the figure) algal lines. In the secondary endosymbiosis event, a phototrophic eukaryote was incorporated into a non-
photosynthetic eukaryote. Adapted from Douglas et al. (2001) and van Dooren et al. (2001). This diagram does depict tertiary 
endosymbiosis. 

 

 

 

1.4 Class Bangiophyceae  

 

The class Bangiophyceae is one of the seven classes within the phylum Rhodophyta 

(Yoon et al. 2006; Sutherland et al., 2011) (Fig. 1.1). The phenotypic plasticity of the Bangiales 

species has led many researchers to conduct studies in the interest of resolving the classification 

of the class. The thallus morphology can change significantly during different stages of 

reproduction, characteristic that resulted in misleading taxonomy in pre-molecular studies 

(Sutherland et al., 2011). The life history of species within the Bangiophyceae is diverse and 
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biphasic, which includes a macroscopic gametophyte and a microscopic conchocelis phase 

(Sheath & Cole, 1984; Garbary & Gabrielson, 1990; Müller et al., 2005 and 2010; Yoon et al., 

2010). (Fig. 1.4). Sexual reproduction is often visualized by marine members of the 

Bangiophyceae and is uncommon in other classes (Müller et al., 2010). One example of a 

Bangiophyceae member that presents both reproductive pathways is within the genus Porphyra, 

which exhibits a heteromorphic life history (Drew, 1949; Blouin et al., 2011). From the sheet-

like haploid gametothallus, fertilization happens between spermatium and carpogonium, 

generating a carposporangium (diploid) which will rise to a microscopic shell-boring conchocelis 

phase. In some species, the spores developed during the conchocelis phase can undergo meiosis, 

forming haploid spores (Mitman & Meer, 1994; Brodie & Irvine, 2003). Sexual reproduction, 

however, has not yet been described for some members of this class, and follow an asexual route 

where the gametothallus releases a spore (haploid) and the spore will grow into a new 

gametothallus (Garbary et al., 1980; Gabrielson et al., 1990, Müller et al., 1998, 2005).  

 

 

Figure 1. 4 Possible reproduction routes for Bangiophyceae members. Asexual reproduction ς orange arrows - is only reported 
for species of B. atropurpurea. Species of the genus Porphyra, however, have been reported to exhibit both asexual and sexual 
reproduction.  
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1.5 Order Bangiales  
 

Before molecular phylogenetic analyses, the class Bangiophyceae was divided into four 

distinctive orders: Bangiales, Porphyridiales, Compsogonales and Rhodochaetales (Gabrielson et 

al., 1990; Garbary & Gabrielson, 1990, Ragan et al. 1994). Currently, the class is comprised of 

only the order Bangiales (Müller et al., 2001b; 2010; Sutherland et al., 2011). The order 

Bangiales is also recognized as the starting point of divergence for the other algal orders, 

comprising morphologically simple red algae, including also the florideophytes, (Ragan et al., 

1994; Saunders & Kraft, 1997; Butterfield et al., 2000). Currently, the order comprises 15 

genera, including the genera Porphyra and Pyropia, which are the most highly valued seaweed 

crops in the world (Yoon et al., 2006; Müller et al., 2005 and 2010; Sutherland et al., 2011; 

Guiry & Guiry, 2017), and the ancient genera Bangiomorpha and Bangia (Butterfield, 2000). 

However, the taxonomy of the Bangiales is not yet fully understood with genera still missing 

molecular information and phylogenetic analysis.  

The most in-depth study of the order and its genera to date was conducted by Sutherland 

et al. (2011). The authors made use of a vast number of samples from collections distributed 

worldwide and performed an analysis of both the nuclear small subunit rRNA (SSU rRNA) gene 

and the plastid rbcL gene. This study has extensively modified the number of genera in the order, 

with several well-supported clades being resolved within the order, and 6 of the15 genera within 

the order being monotypic. This information could clarify the selection of species, breeding and 

cultivation to the aquaculture industry, who were possibly comparing members of different 

genera until then. Although four of the seven filamentous genera have established names and 

taxonomic position (Bangia, Dione, Minerva and Pseudobangia), new studies are necessary to 

clarify the filamentous members of the Bangiales that are still not investigated (Müller et al., 

2005; Nelson et al., 2006; Sutherland et al., 2011). 

 

 

1.5.1 Genus Bangia  

 

The genus Bangia was first described in 1819 by Lyngbye and is commonly observed in 

freshwater within the Laurentian Great Lakes and in marine coasts of North America (Sheath & 
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Cole, 1984; Müller et al., 2003). In an algal vegetation study in a lake in the Netherlands, den 

Hartog (1972) concluded that Bangia species in the Ysselmeer may be derived from the marine 

species. This prediction led to studies that analyzed the gradual adaptation of B. atropurpurea in 

saltwater, and B. fuscopurpurea in freshwater (Geesink, 1973). The study demonstrated the 

ability of acclimation of both species, concluding that they are conspecific. The acclimation was 

confirmed by Sheath and Cole (1980), by experiments that analyzed the growth and 

photosynthetic rates of samples of B. atropurpurea from the Laurentian Great Lakes, 

corresponding with Geesinkôs proposal. A study conducted by Sheath and Cole (1984) aimed to 

identify different species of Bangia using morphological characteristics such as filament 

diameter, length and pigmentation. The authors noted that there was a north-south trend in 

increasing filament diameter which suggests the presence of more than one species in the Pacific; 

moreover, the Atlantic populations could represent a single species, B. atropurpurea (Roth) C. 

Agardh; lastly, the freshwater populations were a variety of B. atropurpurea.  

In 1998, Müller et al. made use of the SSU rRNA and rbcL gene sequences to establish 

the difference between the two species, which correspond to the study by Seath and Cole (1984), 

where the freshwater collections of Bangia were distinct from marine collections. Moreover, 

Muller et al. (1998) noted that the sequence divergence among inland samples from North 

America and Europe is very low, suggesting that the freshwater Bangia may be a separate 

lineage. The authors also observed that the marine Bangia populations were heterogeneous. 

Later, Müller et al. (2003) performed a karyological study with Bangia species collected in the 

freshwater and marine environment. Based on the DNA sequence and phylogenetic analyses, the 

freshwater collections of Bangia were positioned on a separate and well-supported branch, thus 

the name B. atropurpurea should represent this lineage. All marine collections of Bangia did not 

cluster together in gene trees, indicating a mix of different species, and until further 

identification, should be recognized as B. fuscopurpurea (Müller et al., 2003). 

 

 

1.5.2. Distribution, invasion patterns and adaptation of Bangia atropurpurea  

 

The first record of freshwater populations of Bangia was described by Roth (1806) as 

Conferva atropurpurea. In 1824, C. Agardh included the species in the genus Bangia as B. 
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atropurpurea. Later, due to the ability to acclimate from marine to freshwater environments, 

species of Bangia were conspecific (Geesink 1973; Sheath & Cole, 1980). More recently, 

molecular data contributed to a better understanding of the species, since freshwaters lineages 

cluster in a different group of marine species (Müller et al., 1998 and 2003). In Canada, B. 

atropurpurea was observed for the first time in Lake Erie, part of the Laurentian Great Lakes, in 

1964 (Lin & Blum, 1977). Damann (1979) stated that Bangia expanded through Lake Ontario to 

Hamlin Beach Park. Jackson (1985) and Sheath (1987) noted that Bangia had spread throughout 

all of the Great Lakes, except for Lake Superior. In the Great Lakes, Bangia can be observed 5-

15 cm above species of Cladophora glomerata (L.) Kütz, or above the waterline (Sheath & Cole, 

1980, 1984). These studies acknowledge that the Bangia population from the Great Lakes is 

likely derived from freshwater in Europe (Müller et al., 1998; Shea et al., 2014). The sudden 

appearance of B. atropurpurea in Lake Erie and subsequent spread to the other lakes, except for 

Lake Superior, demonstrates how effective the adaptation mechanisms and invasion patterns can 

be, being able to spread quickly and permanently throughout the Great Lakes.  

Considering the fast growth and high reproductive yield of this species (Sheath, 1987; 

Sheath & Cole, 1980; Sheath et al., 1985), B. atropurpurea is treated as opportunistic (Müller et 

al., 2003). Müller et al. (1998) concluded that the unexpected appearance of B. atropurpurea in 

the Laurentian Great Lakes is probably due to vector-assisted transport, indicating a single 

invasion of the Great Lakes (Sheath, 1984). This hypothesis is supported by the disjunctive 

distribution of Bangia in the Great Lakes and molecular data (Müller et al., 1998). The ability to 

acclimate to both fresh and marine water provides Bangia with even more uniqueness since 

species tend to be specific to one habitat and only survive when all the optimal conditions are 

available. The use of seaweed models to test salinity acclimation is extensive. Several authors are 

intrigued by the ability to survive in such contrasting environments, with emphasis on intertidal 

species, such as Bangia. The successful salinity acclimation of Bangia (Geesink, 1973; Sheath 

and Cole, 1980) could have contributed to the establishment of the species in different habitats, 

however, there are no studies to clarify and understand how the acclimation takes place on a 

molecular basis. The fundamental mechanism of salinity tolerance is osmotic acclimation, which 

will preserve intracellular homeostasis (Kirst, 1990). Many red algal seaweeds have a two-step 

process when exposed to salinity changes: first, there is a rapid change in turgor due to the water 
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flux in or out of the cells, and secondly, there is an osmotic acclimation with the regulation of the 

intracellular concentrations (Karsten et al., 2012).  

In addition to the acclimation to different salinities, species of B. atropurpurea can 

survive in low temperatures (-22°C) and have great tolerance to many environmental factors, a 

possible consequence of their high metabolic flexibility (Bischoff-Bäsmann & Wiencke 1996; 

Karsten & West 2000). However, in comparison to green algal studies, there is little information 

regarding the ecophysiology of the B. atropurpurea, and more study is needed to fully 

understand the survival mechanisms of the species (Kirst, 1990; Karsten et al., 1991; Wiencke 

2007). In addition, species of B. atropurpurea is observed in the upper intertidal zone, being out 

of water for long periods, therefore experiencing a broad variation in salinity and temperature, 

which leads to desiccation and exposure to different ultraviolet ranges (Karsten & West, 2000). 

Russel (1985) explained that since intertidal species regularly experience wide fluctuations in 

salinity, they can be preadapted to higher salinity levels because of their genetic plasticity. 

Moreover, Pearson et al. (2000), noted that species in intertidal zones may have special 

mechanisms to tolerate simultaneously freezing, desiccation, and precipitation stresses. Taking 

into consideration the well-established knowledge about the adaptation mechanisms which green 

and brown algae express when facing abiotic stresses, it is important to build the same 

understanding in species of red algae. In addition, make use of modern molecular techniques to 

compare gene regulation and further our understanding of how B. atropurpurea can acclimated 

and adapt to such harsh environmental conditions and compare these mechanisms with other 

seaweeds.  

 

 

1.6 Molecular studies of Red Alga  
 

With the advance of technology and techniques that evolved over the 20th century, 

molecular studies became essential in phycological investigations since they provide insights 

into characteristics never studied before, from morphology differentiation to timing of the origin 

of species. Following the course of many animal molecular studies, algal systematics also relies 

on molecular tools to resolve and identify species (Saunders et al., 2005). Most genetic 

information is contained in nuclear DNA, however, plastids and mitochondria also contain DNA, 
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and each has special characteristics, and provides unique insights into different aspects of algal 

evolution and biology. For the purpose of this study, I will be focusing on the nuclear and 

chloroplast genomes. 

 

Nuclear genes 

The nuclear DNA of red algae will vary between one or more copies of genes due to gene 

duplication, in the copies, numerous tandem repeats of the same sequence can be observed; in 

the same region is the sequence that codes for the ribosomal RNA (rRNA) (Coleman & Goff, 

1991). The rRNA consist of a small subunit (SSU, or 18S rRNA gene) and a large subunit (LSU 

or 28S rRNA gene), the gene 5.8S rRNA, which has internal transcribed spacers (ITS1 and ITS2) 

and intergenic spacers (IGS), that is composed by a non-transcribed spacer and an external 

transcribed spacer (ETS), which separate continuous transcription units such as the SSU, 5.8S 

rDNA, and LSU (Coleman & Goff 1991; Harper & Saunders, 2001; Xu et al., 2016). Within 

Bangiales, the ITS-1 and ITS-2 have served as genetic markers for population genetic analysis of 

Porphyra (Kunimoto et al., 1999) and species identification (Broom et al. 2002). In addition, a 

group I introns have also been identified in the SSU rDNA of collections of Bangia and 

Porphyra (Stiller & Waaland 1993; Oliveira & Ragan, 1994; Müller et al. 1998, 2001a; 

Kunimoto et al. 1999), in the helix 51 at the 3ô end of the gene (Klein et al., 2003). These groups 

of introns have also been used as molecular markers for genus recognition (Oliveira & Ragan 

1994; Kunimoto et al. 1999), for phylogenetic analysis (Müller et al. 2001) and species 

differentiation (Broom et al. 2002). However, the lengths of these introns can vary significantly 

within species; in Bangiales for example, the sequence and structural elements of the introns 

differ from each other and other intron sequences available (Müller et al., 2001), therefore, the 

phylogenetic properties and effectiveness as a marker are unclear (Müller et at. 1998, 2001).  

Studies have confirmed the relevance of the SSU rDNA gene in phylogenetic studies, 

since it is present in all eukaryotes and has a conserved structure and function, evolving at a 

stable rate and, therefore, can be used as a molecular clock to obtain divergence times between 

species (Van de Peer, 1993; Oliveira et al., 1995; Müller et al., 1998 and 2001; Broom et al., 

1999; Milstein & Oliveira, 2005; Yu et al., 2010; Xu et al., 2017). Among Bangiales, the SSU 

rDNA was sequenced for Porphyra phylogeny (Oliveira, 1993; Oliveira et al., 1995; Broom et 

al. 1999, Milstein & Oliveira, 2005), for the distinction among Porphyra species (Broom et al. 
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1999; Kunimoto et al. 1999; Nelson et al. 2001; Klein et al. 2003), and biogeographic and 

systematic of Bangia (Müller et al., 1998 and 2003). The SSU rDNA of red algae has unexpected 

high levels of sequence variation (15%) when compared with higher plants and green algae (Bird 

et al., 1992). The gene regions that are used for phylogenetic studies are the Sô end, from helix 6 

to 19, and the middle of the gene, from helix 19-27 (Bird et al., 1992; Klein et al., 2003), 

however, has relevant variability between species.  

 

Chloroplast genes 

Chloroplasts are organelles present in plants that are responsible for the process of 

photosynthesis, participating in the biosynthesis of amino acids, nucleotides, lipids and starch 

(Sugiura, 1992; Alberts et al., 1994). As mentioned previously in section 1.3, red algal plastids 

have characteristics in common with cyanobacteria, such as the presence of phycobiliproteins 

and the thylakoid arrangement (Kostrzewa et al., 1990; Müller et al., 2001). The application of 

molecular markers has provided insights into the taxonomy of Rhodophyta, and several 

chloroplast genes are currently used as marker genes for phylogenetic reconstruction (Lim et al., 

2017). The Rubisco enzyme for example, which is responsible for the CO2 fixation step in 

photosynthesis, has a small (rbcS) and a large subunit (rbcL), and both are encoded by plastid 

genes (Kostrzewa et al., 1990; Freshwater et al, 1994). The rbcL gene is the most studied 

chloroplast marker gene and has been demonstrated to be reliable when used to assess 

relationships between red algal taxa at species, familial and ordinal levels (Hommersand et al., 

1994; Freshwater et al., 1994). On the other hand, studies indicate that the gene is not as useful 

for species differentiation when the species have low levels of divergence (Freshwater et al., 

1994). The rbcL gene and intergenic spacers were also studied to discriminate Porphyra and 

Pyropia species (Brodie et al. 1996, 1998; Neefus et al., 2000; Teasdale et al., 2002; Klein et al., 

2003; Milstein & Oliveira, 2005; Choi et al., 2019; Meynard et al., 2019) as well as for 

phylogeny, biogeography and systematic analysis of Bangia (Müller et al. 1998, 2003) and 

Porphyra (Teasdale et al. 2002; Klein et al. 2003; Lindstrom & Fredericq 2003; Milstein & 

Oliveira, 2005). 
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1.7 Genomic studies in the Red Alga  
 

With the advance of molecular tools, genomic studies of red algae involving nuclear, 

mitochondrial and plastid complete sequences can be accomplished faster and with more details 

than sequencing just part of the organism's genetic material. Genome sequencing provides 

insights into adaptability, stress resistance, invasion mechanisms and metabolism. With still 

many questions to investigate regarding red algae evolution and their unique biological traits, 

continuous research is extremely important to understand the relationships among species 

molecular changes that can result in adaptability in different habitats (Adl et al., 2005; Reyes-

Pietro, 2007; Burki, 2014; Archibald, 2015; Spang et al., 2015, Hu et al., 2016). Completed 

genomes are available for a growing number of algal species, offering a new understanding 

regarding comparative evolution, molecular biology, biochemistry, physiology, and 

developmental biology (Waaland et al., 2004).  

Because of the small size, prokaryotic genomes have been more extensively sequenced 

and compared, resulting in more than forty thousand bacteria genomes, and more than 2000 

Archaea (https://www.ncbi.nlm.nih.gov/genome/?term=Bacteria and 

https://www.ncbi.nlm.nih.gov/genome/?term=Archaea). In the last few decades, although 

genome sequencing studies have become more popular, complete algal genomes are still limited 

and are largely restricted to unicellular organisms, such as the green microalgae Chlamydomonas 

(Shrager et al., 2003) and the unicellular red algae Cyanidioschyzon merolae (Matsuzaki et al., 

2004), Galdieria sulphuraria (Schönknecht et al., 2013) and Porphyridium purpureum 

(Bhattacharya et al., 2013). Partial sequences (nuclear, plastid or mitochondrial DNAs) of algal 

samples are much more abundant than the list of complete genome sequences. Since whole 

genome sequencing is still a relatively recent technology, the total number of genomics studies 

of macroalgae is still insufficient to answer fundamental questions regarding these important 

organisms. To date, only Ectocarpus siliculosus (Cock et al., 2010), Chondrus crispus (Collén et 

al., 2013), Pyropia yezoensis (Nakamura et al., 2013) and Porphyra umbilicalis (Brawley et al., 

2017) have been completely sequenced (Table 1.1).  
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Table 1. 1 List of algae species with complete genome available at NCBI* 

 

*Genomes available to date.  

 

 

Chloroplast genomes 

Red algal chloroplast genomes are considered ancestral and evolutionarily stable, due to 

the gene content and highly compact genomic organization (Kim et al., 2009; Lang & Nedelcu, 

2012; Janouġkovec et al., 2013), carrying characteristics that resemble the common ancestral 

plastid genome of all photosynthetic eukaryotes (Lang & Nedelcu, 2012; Janouġkovec et al., 

2013; Muñoz-Gómez et al., 2017). According to Lee et al. (2017), Rhodophyta chloroplast 

genomes contain the largest collection of plastid genes ever described, including genes specific 

for red algae, such as regulatory proteins, membrane transporters and biosynthetic enzymes (Kim 

et al., 2009; Muñoz- Gómez et al., 2017). The map of a complete plastid circular chromosome 

was first characterized in 1979 (Bedbrook & Kolodner), since then the organization and 

expression of chloroplast genomes have been extensively studied in plant molecular biology, 

especially in higher plants and green algae (Sugiura, 1992). The chloroplast genomes have 

distinguished inverted repeats (IR), separated by one large and one small single-copy region, and 

can be organized into three groups: chloroplast genomes without IRs, chloroplast genomes 

containing IRs, and chloroplast genomes with tandem repeats (Sugiura, 1992). Since red algae 

are the earliest divergence point of eukaryotes, phylogenetic studies with chloroplast genomes 

are very common to understand the evolution, relationships and changes that have occurred 

throughout history.  

As previously mentioned, after SSU RNA and rbcL gene sequencing analyses, Bangiales 

was restructured, to include seven filamentous and eight foliose genera (Sutherland et al., 2011). 

Subdivision Species Habitat Genome lengh (Mb) Morphology Assembly Number Reference

Rhodophyta Chondrus crispus Marine Intertidal 104.981 Macroalga bush talli GCA_000350225.2 Collén et al., 2013

Rhodophyta Cyanidioschyzon merolae Hot springs 16.547 Unicellular ASM9120v1 Matsuzaki et al., 2004

Rhodophyta Galdieria sulphuraria Hot springs 13.712 Unicellular ASM34128v1 Barbier et al., 2005

Rhodophyta Porphyra umbilicalis Marine Intertidal 87.767 Macroalga sheet thalli GCA_002049455.2 Brawley et al.,2017

Rhodophyta Porphyridium purpureum Marine and soil 22.193 Unicellular GCA_008690995.1 Bhattacharya, et al., 2013

Chlorophyta Auxenochlorella protothecoides Soil 22.925 Unicellular ASM73321v1 Darienko & Pröschold, 2015

Chlorophyta Bathycoccus prasinos Marine 15.075 Non-motile picoplanktonic GCF_002220235.1 Moreau et al., 2012

Chlorophyta Chlorella variabilis Freshwater and  soil 46.160 Unicellular GCF_000147415.1 Junej et al., 2016

Chlorophyta Coccomyxa subellipsoidea  Marine 48.827  Unicellular GCF_000258705.1 Blanc et al., 2012

Chlorophyta Micromonas commoda Marine 21.110 Unicellular GCF_000090985.2 Worden et al., 2009

Chlorophyta Micromonas pusilla Marine 21.959 Picoplanktonic GCF_000151265.2 Cottrell & Suttle, 1991

Chlorophyta Ostreococcus lucimarinus Marine 13.205  Unicellular GCF_000092065.1 Palenik et al., 2007

Chlorophyta Ostreococcus tauri Marine 13.668 Unicellular GCA_000214015.2  Derelle et al., 2006

Chlorophyta Volvox carteri f. nagariensis Freshwater 137.685 Spherical multicellular GCF_000143455.1 Smith & Lee, 2010

Phaeophyta Ectocarpus siliculosus Rocky shorelines 195.812 Macroalga filamentous GCA_000310025.1 Delaroque et al., 2001
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One unexpected finding within the analyses was the reassignment of species to the genera 

Wildemania de Toni, and to confirm, Hughey (2016) did a complete plastid genome study with 

the algae. As result, the chloroplast genomes display similar organization and content to other 

Bangiaceae, however, the commonly present 16S and 23S rRNA gene repeats are lacking. 

Moreover, a mitogenome of the Wildemania schizophylla was made (Silva & Hughey, 2016), 

resulting in a smaller genome due to the lack of large intronic Open Reading Frames (ORFs), 

that are present in other species of Bangiales. Due to these differences, a phylogenetic analysis 

strongly supports the resurgence of the genera Wildemania, positioned between Porphyra C. 

Agardh and Pyropia J. Agardh; in addition, Porphyra and Wildemania species are viewed as 

distinct (Hughey, 2016; Silva & Hughey, 2016). These unpredictable observations about 

Wildemania species emphasize the importance of continuous analyses within species of the 

family Bangiales.  

More recent investigations have performed complete chloroplast genomes sequencing of 

the red alga Pyropia endiviifolia, revealing a compact genome organization in comparison to 

other Pyropia species, probably due to the different copy number of rRNA operons in the 

chloroplast genomes (Xu et al., 2017). Moreover, the complete genome of Porphyra umbilicalis 

was published (Brawley et al., 2017), facilitating comparison with the genomes of other red 

algae (Table 1). The 87.7-Mbp haploid Porphyra genome was sequenced using a combination of 

PacBio and Illumina whole-genome shotgun sequencing (Sturm et al., 2013; Brawley et al., 

2017). The authors agree that genomic reduction has happened in the red algal ancestor since 

some pathways and genes from Porphyra are absent, such as flagellar and autophagy proteins. 

Since the majority of bangiophytes survive severe intertidal conditions, one of the most 

important discoveries was the 11 genes that are essential for photoacclimation and cell viability 

when the plant undergoes stress.  

Moreover, Porphyra exhibits different pathways to protect themselves from the intense 

UV radiation, being one of them the biosynthesis of mycosporine-like amino acids, which act as 

photo protectors in living organisms (Gröninger et al., 1999; Conde et al., 2000; Brawley et al., 

2017). Analyzing samples, Brawley et al. (2017) concluded that Porphyra has genes that encode 

the MAAs catalysts proteins MysA and MysB, which are also found in dinoflagellates. The 

existence of these proteins in an ancestral lineage, such as Porphyra, agrees that dinoflagellates 

possibly acquired these genes from red algae through secondary endosymbiosis (Waller et al., 
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2006; Brawley et al., 2017). Due to the similarities in lineage evolution, morphological 

differences and many other questions that remain between species of Porphyra and Bangia, and 

the possibility of discoveries to understand the relationship between them, a genomic study of 

Bangia is necessary.  

Although the origin and evolution of the red algae have been studied for decades, the 

relationship among species and the molecular pathways that red algae possess, which might have 

facilitated their survival throughout time and in different habitats, are examples of unanswered 

questions which potentially can be explained by new molecular studies. Studies that had focused 

on the pathways of evolution and adaptation to survival, such as Keeling and Palmer (2008), 

conclude that all photosynthetic eukaryotes had an extensive foreign gene transfer, with 

emphasis on the plastid donor through endosymbiotic gene transfer (EGT). Moreover, the genes 

of these organisms also underwent a horizontal gene transfer (HGT) when receiving genes from 

non-cyanobacterial prokaryotes (Qiu et al., 2013). When analyzing the genome of Porphyridium 

purpureum, the authors were able to identify that ancient red algae likely had mediated transfers 

of ~300 prokaryotic genes into chromalveolates, recognizing red algae as a relevant source of a 

genetic novelty among photosynthetic eukaryotes. Furthermore, Qiu et al. (2013 and 2015) 

suggest that Rhodophyta have an important role in eukaryote genome evolution due to the ability 

to assemble and to be the source of foreign genes through HGT and endosymbiosis. These 

observations have led to new investigations regarding the gene reduction in red algae (Qiu et al., 

2015).  

It is hypothesized that the red algal ancestor likely had an intron-rich genome, and was 

able to invade regions with extreme conditions, such as high temperature and acidic 

environments; and following this invasion, the genome became greatly reduced (Collén, 2013; 

Qiu et al., 2013, 2015; Csuros et al., 2011). This genome reduction likely happened during the 

first stages of red algae evolution, because environmental pressures (high temperature and low 

pH) induced a genome reduction, with loss of 25% of genes and flagella (Yoon et al., 2004; 

Csuros et al., 2011; Collén et al., 2013; Qiu et al., 2013 and 2015). Observations made by Collén 

et al. (2013) when analyzing the Chondrus crispus genome indicate the presence of the gene 

mannosylglycerate synthase (MGS), which is very similar to the gene found in marine bacteria 

and archaea. The gene encodes an enzyme responsible for thermal adaptation in thermophilic 

microorganisms is found in other red algae, but absent in green, glaucophytes and land plants 
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(Martins et al., 1999; Collén et al., 2013). This unusual metabolic feature in addition to the 

evolutionary characteristics of C. crispus, such as the compact structure, is evidence that the red 

alga experienced an evolutionary bottleneck (Collén et al., 2013). Only then did red algae 

conquer freshwaters and marine environments, having their genome expanded by the activity of 

transposable elements and evolving to what we know as Bangiophyceae and Florideophyceae 

(Collén, 2013). 

 

 

1.8 Rates of substitution 
 

Natural genetic variation among species is the raw material for evolutionary processes 

(Gillespie, 1994; Thompson, 1999; Whitehead & Crawford, 2006; Bódi et al., 2017). These 

variations, or mutations, can be caused by genetic or environmental variations, or a mix of the 

two. They are usually linked with the adaptation of a trait or characteristic that increases the 

fitness of an organism, as a result of natural selection. Early studies suggested that variation in 

regulatory non-coding DNA, rather than in protein-coding genes, was likely an important source 

of adaptive variation (King & Wilson 1975). Following, studies focused on determining the 

relative roles of nucleotide mutation, drift, and natural selection affecting protein variation 

(Gillespie, 1994). The number of mutations is expected to be minimal between genetically 

identical organisms and to increase among more distantly related species (Whitehead & 

Crawford, 2006). Tests for selection pressures are applied to better understand how species 

evolve and adapt to their environment. For these tests, the accepted theory is that parts of the 

genome that are responsible for adaptive phenotypic changes evolve faster than other parts 

(Nowick et al., 2019). Therefore, the chloroplast genes can help elucidate questions about 

species evolution and adaptation, since changes or mutations affecting chloroplast gene 

expression can quickly alter the plant phenotype. 

The observations and calculations on sequence mutations began in the 60s, with the rise 

of the field of molecular evolution (Zuckerkandl & Pauling,1965; Kimura,1968). These studies 

suggested that there are three types of mutation/selection acting on sequences: neutral, positive, 

and purifying. Neutral selection can be explained according to the Neutral Theory of Molecular 

Evolution (Kimura, 1968 and 1983; King & Jukes, 1969; Ohta, 1973 and 1992; Yang et al., 
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2000), which states that most evolutionary changes at the molecular level are caused by random 

genetic drift of selectively neutral or nearly neutral mutations rather than by natural selection. In 

the absence of selection, the rates of nucleotide substitutions that change the corresponding 

amino acid should be equal, not affecting the fitness of the organism (Kimura, 1968; Ohta, 1973; 

Bush, 2001). The neutral theory has been widely accepted and is the guiding principle for 

studying evolutionary changes, where it is usually used as a null hypothesis (Nei et al., 2010). 

The use of statistical methods to detect deviations from this neutral model is, therefore, able to 

detect other phenomena including positive and purifying selection (Yang et al., 2000; Nei et al., 

2010).  

Positive selection perturbs patterns of genetic variation relative to what is expected under 

the standard neutral theory (Biswas & Akey, 2006). The latest review on statistical methods for 

selection detection states that positive mutations are often lost to drift while still in low 

frequency, but otherwise tend to rise to fixation by natural selection, increasing the fitness in a 

population (Hejase et al., 2020). Identifying signatures of positive selection is important since 

they indicate regions of the genome that are functionally important (Biswas & Akey, 2006). 

Positive selection is a crucial source of evolutionary innovation, and after many decades of 

debates, it is now accepted that both neutral drift and positive selection play major roles in 

evolutionary change (Kosiol, et al., 2008). Lastly, purifying or deleterious mutations, which are 

present among all populations, are responsible for genomic sequence conservation across long 

evolutionary timescales (Cvijoviĺ et al., 2018; Brunet et al., 2021). They tend to be eliminated by 

natural selection, having fewer contributions to molecular evolution, and there is evidence for 

reducing genetic diversity at sites under direct selection and at linked neutral sites (Comeron, 

2014; Elyashiv et al., 2016; Cvijoviĺ et al., 2018). It is important to note, however, that purifying 

mutations appear less likely to lead to strong effects on diversity in natural populations having a 

small absolute effect on fitness but can be substantial if a large portion of individuals in the 

population acquire the mutations in every generation (Cvijoviĺ et al., 2018). Despite the large 

number of DNA sequences available, positive, and purifying selection has been understudied and 

is poorly understood (Yan & Bielawski, 2000; Cvijoviĺ et al., 2018). To comprehend genomic 

evolution, it is important to study the evolution of protein-coding genes and gene-regulatory 

elements in the context of their structure and molecular interactions (Adams et al., 2017), as well 

as their developmental and physiological processes (Nei et al., 2010). Nevertheless, much 
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remains to be learned about the types of selection acting on genes and genomes, even within 

protein-coding regions. 

 

 

1.9 The Eukaryotic Meiosis Toolbox 
 

The origins of meiosis in early eukaryotic history remain elusive and it is considered one 

of the most difficult evolutionary problems yet to be resolved (Smith & Maynard-Smith, 1978; 

Hamilton & Hamilton,1999; Wilkins & Holliday, 2009). However, the study of the evolution of 

meiosis based on cytology and genetics shows evidence for meiosis to have evolved from mitosis 

(Simchen & Hugerat, 1993; Cavalier-Smith, 2002). The similarity between the events in mitosis 

and meiosis (Table 1.2) argue for a close evolutionary relationship between them, and the greater 

complexity of meiosis indicates that it is the derived process (Wilkins & Holliday, 2009). 

Comparative evidence suggests that meiosis arose early in eukaryotic cell history (Ramesh et al., 

2005; Schurko & Logsdon, 2008), and its high degree of similarity in different taxonomic groups 

suggests that it happened once in the eukaryotic history (Hamilton & Hamilton,1999; Ramesh et 

al., 2005). Four main events differentiate mitosis and meiosis: the acquisition of homolog 

pairing, the occurrence of efficient intergenic recombination between homologs during pairing, 

the suppression of sister-chromatid separation in the first division, and the absence of S phase at 

the start of the second division (Wilkins & Holliday, 2009) (Table 1).  

Meiotic cell division consists of a single DNA replication followed by two rounds of 

chromosome segregation (meiosis I and meiosis II), which splits the chromosome number to 

ultimately produce haploid gametes (Haversat et al., 2021; Takemoto et al., 2020). Several 

highly conserved genes are active during each stage of meiosis, and together they are referred to 

as the Meiotic Toolkit (Malik et al., 2008; Schurko & Logsdon, 2008). According to a review 

done by Hofstatter et al. (2020), there are a total of 12 meiosis-specific proteins identified in 

eukaryote model organisms that will work alongside other proteins that although not specific to 

meiosis, have an essential role in meiosis success (hap2, spo11, rec8, hop1, pch2, dmc1, mnd1, 

hop2, mer3, msh4, msh5 and zip4). A previous review was done by Malik et al. (2008), which 

mentions that the eukaryotic meiosis toolkit has 29 genes in total, being 9 of them meiosis-

specific (dmc1, hop1, hop2, mer3, mdn1, msh4, msh5, rec8 and spo11). Much of the discussion 
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about the maintenance of sex and meiosis has been done using model organisms, particularly in 

animals, and does not analyze the phylogeny of these genes. Since animals are a group of 

organisms that arose long after meiosis originated (Wilkins & Holliday, 2009), it is interesting to 

consider and study organisms that are early eukaryotes evolution such as red algae. 

Unfortunately, there is a lack of genetic information regarding the meiotic genes of 

Rhodophyta species. Only recently, transcriptome studies of red algae species such as Thorea 

hispida (Nan et al., 2020) and Bostrychia moritziana (Shim et al., 2021) include more details 

about possible meiotic genes in action. Previous studies do identify the presence of some 

meiotic-related genes, but not an in-depth understanding of how the red algal meiotic toolbox 

looks like if the meiotic machinery among these organisms is conserved, or about the 

phylogenetic relationship of the meiotic genes among the different taxonomic groups. In chapter 

4 of this thesis, I will analyze the meiotic genes present in Rhodophyta species, using the meiosis 

toolbox of Arabidopsis thaliana as a reference (Malik et al., 2008). From this toolbox, I analyzed 

a total of 6 gene groups were analyzed phylogenetically: spo11; rad51 and dmc1; mnd1 and 

hop2; smc gene family; mutL, mlh gene family and pms1; mutS and msh gene family. These 

results, in addition to the new sequencing of the chloroplast genome, and the detailed analysis of 

the rates of substitution of 74 chloroplast genes among 30 red algae species, will deepen the 

understanding of the molecular structure, and the relationship of B. atropurpurea to other red 

algae species. 

 

 



  

25 
 

Table 1. 2 Comparison of mitotic and meiosis stages*. 

 

*Table based on Wilkins & Holliday, 2009. The four novel events of meiosis are indicated by italics and red. 

   

 

 

 

 

 

 

 

Mitotic stage Result Meiotic stage Result

S phase Chromatid duplication S phase, I
Chromatid duplication; 

DNA breaks introduced

Prophase
Chromosome 

condensation
Prophase, I

Chromosome 

condensation; homolog 

pairing, recombination

Metaphase
Chromosome alignment 

in center of spindle body
Metaphase, I

Alignment of homologs 

in center of spindle body

Anaphase
Centromere splitting; 

chromatids separated
Anaphase, I

Separation of homologs 

with independent 

assortment; centromere 

splitting suppressed

Telophase

Chromatid 

decondensation; two 

daughter nuclei with 

mother-cell ploidy, 

single-chromatid 

chromosomes

Telophase, I

Partial or complete 

chromatid 

decondensation; two 

haploid nuclei with 

replicated chromatids

Prophase, II

No S phase; 

chromosome 

condensation

Metaphase, II
Alignment of replicated 

chromatids

Anaphase, II

Centromere splitting; 

separation of 

chromatids

Telophase, II

Chromatid 

decondensation; four 

haploid nuclei, single-

chromatid chromosomes
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1.10 Thesis objectives 
 

 

This thesis aims to address the following objectives in order to understand the similarities 

and differences of Bangia atropurpurea when compared to other Rhodophyta genomes: 

Chapter 2: 

- To sequence, assemble and analyze a draft genome of the B. atropurpurea 

chloroplast.  

 

- To provide a detailed comparison of the first freshwater chloroplast genome of the 

Bangiales order to pertinent species. 

 

Chapter 3: 

 

- To estimate the rates of substitutions of the chloroplast genes from Rhodophyta 

species, pointing to similarities and differences that could have contributed to the 

survival of B. atropurpurea in the Great Lakes. 

 

Chapter 4: 

 

- To investigate the presence or absence of specific genes related to meiosis in Bangia 

atropurpurea, which may provide information on the evolution of this species. 
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Chapter 2  

The chloroplast genome of the sole freshwater species, Bangia 

atropurpurea, in the Bangiales (Rhodophyta), using metagenomic 

sequencing 
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2.1 Introduction 

 

Studies revolving around chloroplast genes and genomes in red algae are biologically 

relevant since these organelles retain unique genes that tell us the history of the evolution of 

photosynthetic organisms on Earth. Because of the number of molecular evidence produced in 

the last decade, the hypothesis of a monophyletic origin of all chloroplasts is broadly accepted 

(Bhattacharya and Medlin, 1995; Turner et al., 1999; Simpson and Stern, 2002; Palmer, 2000; 

Qiu et al., 2013; Kim et al., 2014; Rockwell et al., 2014). The universal ancestor for the 

Eukaryotes belongs to the Archaea group, the Lokiarchaeota (Spang et al., 2015), which 

branched into six supergroups: Opisthokonta, Amoebozoa, Archaeplastida (Plantae), 

Chromalveolata, Rhizaria, and Excavata (Adl et al., 2005, 2012; Keeling et al., 2005; Reyes-

Prieto et al., 2007). From the supergroup Archaeplastida emerged green algae and plants, the red 

algae and the glaucophyte algae (Adl et al., 2005; Reyes-Prieto et al., 2007; Bhattacharya et al., 

2004, 2013; Burki, 2014). The endosymbiotic events that are supported by recent research 

provide evidence that the primary endosymbiosis evolved from a cyanobacterium that can be 

compared with the modern cyanobacterium Gloeomargarita lithophora, which is present in 

freshwater and microbial mats (Ponce-Toledo, 2017; de Vries and Archibald, 2017).  

The secondary endosymbiosis led to the origin of plastids in important algal groups, such 

as dinoflagellates, heterokonts, cryptomonads, and parasites such as the apicomplexa (Douglas 

and Penny, 1999; Müller et al., 2001b; van Dooren et al., 2001; Oliveira and Bhattacharya, 2000; 

Simpson and Stern, 2002; Gould et al., 2015). Since it is settled that red algae are an early 

branching within eukaryotes, and, therefore, play a very important role in algal evolution, they 

continue to be excellent models for new investigations regarding plastid evolution (Gray, 1993; 

Bhattacharya & Medlin, 1995; Palmer et al., 2003; Bhattacharya et al., 2004; Reyes-Prieto et al., 

2007). During the process of endosymbiosis, part of the gene content of the original organism 

was transferred to the nucleus of the host, and part was maintained in the chloroplast to keep the 

organelle machinery active, mostly involved in photosynthesis and proteins needed for building 

ribosomes (Glöckner et al., 2000; Zhang et al., 2020). In addition, the chloroplast genome has a 

complete independent set of tRNA, rRNA and consequently, exclusive gene expression (Martin 

et al., 1998; Zhang et al., 2020).  
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The order Bangiales (Bangiophyceae) includes both foliose and filamentous forms and 

the latter have been reported in the fossil record dating 1.2 MA and 1.6 BYA (Butterfield, 2000; 

Bengtson et al. 2017).  Some foliose members within the genus Pyropia and Porphyra have 

considerable economic importance as nori and are generally well studied, (Broom et al., 2002; 

Chan et al., 2011; Sutherland et al., 2011; Xie et al., 2013; Brawley et al., 2017; Yang et al., 

2017); however, less is known about the filamentous forms except several phylogenetic studies 

using marker genes (Müller et al. 1998, 2003, 2005).  Members of this order primarily occupy 

marine environments (Nelson, 2006; Moenne et al., 2016; Kogame et al., 2017) except Bangia 

atropurpurea, initially  described from the Weser River in Germany (Roth, 1806), and 

subsequently reported in other European lakes and rivers and also in Asia (Den Hartog, 1972; 

Reed, 1980; Kumano, 1980; Müller et al., 2003 and 2005). In addition, this species is a known 

invader to the Laurentian Great Lakes, likely the result of ballast water discharge (Müller et al., 

2003; Shea et al., 2014).  This species was first observed in Lake Erie in 1964 (Lin and Blum, 

1977) and has spread to all the Laurentian Great Lakes except Lake Superior (Sheath, 1987; Shea 

et al., 2014).  Phylogenetic analyses of chloroplast and nuclear gene markers have noted that the 

populations in the Great Lakes are all genetically identical to each other and closely related to 

freshwater populations from Europe (Müller et al., 1998; Müller et al., 2003; Shea et al., 2014). 

More recently, there are reports of this species in the Finger Lakes in New York State (Müller et 

al. unpublished).  

The most extended taxonomic revision of the orderBangiales using molecular markers 

(nuclear SSU rRNA and rbcL genes) was done by Sutherland et al. (2011) where 157 Bangiales 

species were analyzed. This study resulted in 15 genera of Bangiales being recognized, of which 

7 are filamentous - four previously described and three newly recognized - and 8 are foliose. 

According to their findings and those noted in Müller et al. (1998, 2003, 2005), the species, 

B.꜡atropurpurea, is phylogenetically affiliated with two foliose genera, Clymene and Porphyra. 

However, this relationship was only moderately supported and the position of B. atropurpurea is 

still unresolved. Despite the extensive work on the phylogeny of members of the Bangiales using 

various marker genes, there are still few nuclear and organellar genomes available for members 

of this group.  There is only one chloroplast genome from a Bangia species, collected from an 

estuary in China (Cao et al., 2018), that groups with marine collections in the ñBangia 2ò clade 

noted in Sutherland et al. (2011) and is phylogenetically distant from Bangia atropurpurea. 
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Even though several genomes (nuclear and chloroplast) were sequenced for foliose 

members of the Bangiales, knowledge is lacking for filamentous species.  Given the long 

evolutionary history of filamentous Bangiales in the fossil record (Butterfield, 1990; 2000), and 

that the species Bangia atropurpurea is the sole freshwater species within the order, in addition, 

to being a known invader into North American lakes, this species is ideal for genomic 

sequencing. Isolating and growing algal species for genomic analyses is often challenging due to 

an inability to grow in culture, slow growth, or contamination; since obtaining an axenic culture 

of algae tends to be more difficul t than for higher plants (Polne-Fuller, 1988; Fries, 1980 and 

1985; Baweja et al., 2009). Although B. atropurpurea is fairly easy to isolate, growth is very 

slow (~9 mm/month) and hence obtaining enough biomass for DNA extraction for genomic 

sequencing is difficult.  Hence, the present study mapped a draft of the first chloroplast genome 

(97% coverage) from environmental metagenomic data in the only freshwater species in the 

order Bangiales. Not only does this study provide clarity regarding the relationship of this 

species within the order Bangiales, but it also highlights a method by which chloroplast genomes 

can be obtained from environmental samples of small macroalgae. 

 

 

2.2 Materials and Methods 

 

To overcome the slow-growing in vitro challenges, we employed a strategy involving the 

following steps: 1) collection of filaments from a location in the Laurentian Great Lakes; 2) 

metagenomic sequencing of the environmental sample; and 3) isolation and assembly of the red 

algal chloroplast genome through a targeted bioinformatics workflow (Fig. 2.1).  

 

2.2.1 Sample preparation and sequencing: 

Samples of the multicellular filamentous red alga B. atropurpurea were collected from 

rocks on the Lake Ontario shoreline, in the city of Burlington, Ontario, Canada (43°19'12''N 

79°47'59''W), on July 17th, 2017. The filaments were manually cleaned of macroscopic 

epiphytes, micro-algae, Cladophora sp. filaments and sediment under a dissecting microscope 

and rinsed twice with sterile autoclaved lake water and frozen at -20°C until DNA extraction 

(Fig. 2.1-1). To extract DNA, the filaments were ground using a clean mortar and pestle and 
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liquid nitrogen until the material was a fine powder. The Sox DNA isolation kit (Metagenom Bio 

Inc., Waterloo, Canada, Appendix A) was then used to extract DNA with the following 

modification: After adding 100 mg of ground cells and buffer Sox1 to a bead tube, the mixture 

was incubated at 70oC for 10 min. Cells were then homogenized using FastPrep-24 (MP 

Biomedicals) at 6M/second for 40 seconds. The quality of genomic DNA was evaluated with 

0.8% TAE agarose gel.  The final DNA prep was quantified using the dsDNA HS Assay Kit  

(ThermoFisher) and diluted to 0.25 ng/ml. The genomic sequencing library was constructed 

using the Nextera XT kit (Illumina) based on the supplierôs guide. Index sequences (i5, 

GTACTGAC; i7, TCATGAGC) were incorporated into PCR primers. Library DNA was 

evaluated with 2% TAE agarose gel and quantified with the dsDNA HS Assay Kit  (Fig.1-2a). 

The DNA of 0.4 kb to 1 kb was denatured and pooled with other sequencing amplicons. 

Sequencing was performed for 2×250 cycles using the MiSeq platform (Illumina). After 

trimming off adapter sequences, DNA sequences were assembled (Fig. 2.1-2b).  

 

2.2.2 Assembly, alignment, and annotation: 

The mixed pool of short DNA sequences, paired-end reads (250 bp) from three runs of 

the same sample, were combined and were the input for the ATLAS framework (v1.0.31; White 

et al., 2017) with default parameters using SPAdes (v3.11.0; Bankevich et al., 2012) as the 

assembly tool. Reads were trimmed, filtered, error-corrected, and normalized prior to assembly 

with SPAdes. To separate algal chloroplast-derived contigs from non-algal (e.g., bacterial, Fig. 

2.1-3) contigs, all contigs were aligned to reference chloroplast genomes (Porphyra purpurea, 

accession number NC_000925, and Porphyra umbilicalis, accession number 

NC_035573.1) using BWA-MEM (Li  and Durbin, 2010) with default parameters. Reads were 

aligned back onto the reordered contigs to visualize read coverage using Bowtie2 (Langmead 

and Salzberg, 2012) (with default parameters). The resulting BAM file and contig FASTA file 

were manipulated with in-house scripts and the shinyCircos R package (Yu et al., 2018) to 

produce a Circos plot (Fig. 2.1-5b and Fig. 2.2 in details) having the Porphyra purpurea 

chloroplast genome as reference.  The contigs were then reordered to produce a scaffold (Fig. 1-

4) using MeDuSa (Bosi et al., 2015). Gene annotation was then performed using GeSeq (Tillich  

et al., 2017), refined manually using Geneious Prime, and visualized using OGDRAW 

(http://ogdraw.mpimp-golm.mpg.de). Finally, several assembly artifacts (insertions of likely 
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bacterial origin) were removed from the scaffold and replaced with gaps. The final B. 

atropurpurea assembly was deposited into the NCBI (GenBank accession number MN484624). 

 

2.2.3 Synteny and phylogeny 

The B. atropurpurea chloroplast genome organization was analyzed through syntenic 

comparison to related red algal chloroplasts using Progressive Mauve (Darling et al., 2010), 

which generated a synteny map and identified conserved orthologous blocks (Fig. 2.1-5a and 

Fig. 2.5 in details). The concatenated alignment of orthologous chloroplast genes was then 

analyzed, and the orthologous genes were extracted from the output file with an in-house script 

that was uploaded to GitHub (https://github.com/doxeylab/labScripts/tree/master/mauveExtract). 

The data was then used for the phylogenetic analyses with other 20 chloroplast genomes (Table 

2.1), performed using MEGA 10 (Kumar et al., 2016) with the evolutionary history inferred by 

using the Maximum Likelihood Method using the General Time Reversible + G model (Posada 

and Crandall, 1998) (Fig.2.1-6 and Fig. 2.6 in details).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://github.com/doxeylab/labScripts/tree/master/mauveExtract


  

33 
 

Table 2. 1. Chloroplast genomes of Rhodophyta species available at NCBI database 

 

 Available chloroplast genomes until the moment this study was conducted. ND = not determined/not on NCBI. 
*  Species used for phylogenetic analysis. The remain of species were not available during the analysis as complete chloroplast genomes. 
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Figure 2.1. Bioinformatic workflow for assembling the chloroplast genome of B. atropurpurea from metagenome data. An 
environmental sample containing mixed organisms was obtained (1), DNA was extracted from all the organisms in the sample 
(2a) and sequenced using the Illumina MiSeq platform (2b). A mixed pool of assembled contigs (2b) was then separated into 
contigs from B. atropurpurea and those from the other organisms (mainly bacterial) by taxonomic binning (3), using the 
chloroplast genome of Porphyra purpurea (genome A, NC_000925) and P. umbilicalis (genome B, JQ408795) as reference. The 
Bangia chloroplast genome was re-aligned and re-ordered by comparison with the synteny of close related red algal genomes (4; 
Figure 2.5). Conserved, orthologous blocks were concatenated into a whole-chloroplast-genome multiple sequence alignment 
(5a), and once the coverage was obtained (97%), the chloroplast genome was annotated to produce a gene map (5b; Figure 2.2). 
The concatenated alignment was used to produce a whole-chloroplast-genome phylogeny (6; Figure 2.6). 



  

35 
 

2.3 Results 

 

 

2.3.1 Sequence analysis 

 

 Using a metagenomic assembly pipeline, I was able to successfully bin and assemble a 

high-quality draft chloroplast genome of B. atropurpurea (Fig. 2.2). The assembly is 186,840 bp 

in length, has a G+C content of 32.9%, and has estimated coverage of 97% (Table 2.1; Fig. 2.2). 

The depth of coverage across the full  circle genome was visualized by a Circos plot, which 

shows variation in coverage distributed across 13 total contigs. We inspected regions of high 

coverage to rule out the possibility of spurious or non-specific read alignments from other 

species and found that these regions were genomically conserved within the class Bangiophyceae 

(Lee et al., 2016), and distinct from green algae and bacterial DNA present in the original 

environmental material. 
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Figure 2.2 Estimated coverage of B. atropurpurea chloroplast genome having as reference the Porphyra purpurea chloroplast 
genome (NC_000925). Once the Bangia contigs were re-aligned and re-ordered by synteny, the BAM and FASTA files were 
manipulated using scrips and shinyCircos R package to create this circular plot. The name of the contigs is around the outer-circle. 
The purple inner-circle indicates the 97% coverage of B. atropurpurea in comparison to P. purpurea chloroplast genome. The gap 
between contigs accounts for 3% of the chloroplast genome. 
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2.3.2 Genome organization 

 

The chloroplast genome of B. atropurpurea (Fig. 2.3) encodes a core set of 207 protein-

coding sequences (CDS), 35 tRNAs and 3 rRNAs, and, despite the 3% estimated gap content in 

the chloroplast genome sequence based on alignment to the reference genome, these numbers are 

similar with what has been observed in chloroplast genomes from related red algal species such 

as P. purpurea, P. umbilicalis and B. fuscopurpurea (Table 2.1) (Reith and Munholland, 1995; 

Brawley et al., 2017; Cao et al., 2018). The rRNA and tRNA content are more variable than the 

protein-coding genes, with the B. atropurpurea assembly lacking both copies of the trnL tRNA 

and trnA tRNA genes. These are present in both Porphyra species, and they are known to occur 

inside of the repeated rRNA operons (Reith and Munholland, 1995; Brawley et al., 2017; 

DePriest et al., 2013). The same genes (trnL and trnA) are present in B. fuscopurpurea but not 

duplicated. The similarity between the gene content of chloroplast genomes from closely related 

Bangiales species and B. atropurpurea is visualized by a Venn Diagram (Fig. 2.4 and Table 2), 

revealing that there are no exclusive or novel genes in our assembly. Plus, the 207 genes are 

shared between all species, and only 11 genes are in common with PU and PP but not with BF, 

and 11 other genes are shared with PP and BF and not with PU. Interestingly, there are 11 genes 

shared exclusively with PP, and no exclusive genes are shared with BF. The chloroplast map of 

the same four species presents high similarity in terms of translation direction: PP is the only 

chloroplast genome with a significant difference in direction. When comparing the gene content 

of B. atropurpurea chloroplast genome with other Bangiales and Rhodophyta species (Appendix 

B), a few genes are missing from the assembly, being absent in P. umbilicalis and B. 

atropurpurea, but present in most of the other Bangiales and Rhodophyta species used for 

comparison in this study: petN, ycf27, orf38, orf68, ftrC, bas1, sufC, ccdA, psbY. Moreover, 

there are genes absent in P. umbilicalis but present in B. atropurpurea and other red algae 

species: orf27, orf111, orf114, orf199, orf287, orf382, orf621, preA and rpl29 (Table 2.2 and 

Appendix B).  
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Figure 2.3 Gene map of the B. atropurpurea chloroplast genome. Annotated genes are indicated in different colours and 
correspond to the functional categories listed in the legend. Genes inside the circle are transcribed clockwise whereas those 
outside the circle are transcribed counterclockwise. The inner circle displays the GC content represented by dark gray bars.  
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Figure 2.4 Venn diagram of genes shared among four closely related Bangiophyceae chloroplast genomes. BA: B. atropurpurea 
(accession number: MN484624); PU: Porphyra umbilicalis (accession number: JQ408795); PP: Porphyra purpurea (accession 
number:NC_000925); BF: Bangia fuscopurpurea (accession number:KP71473337). PU and PP chloroplast genomes were used as 
reference genomes in this study. BF is the only other Bangia species with a complete chloroplast genome available to date.
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Table 2.2 Gene content of B. atropurpurea in comparison to the most common chloroplast encoded genes of other red algae species. 
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2.3.3 Synteny and Phylogeny 

 

 In the synteny analysis of 12 red algal chloroplast genomes (Fig. 2.5), B. atropurpurea 

exhibits extensive conservation with P. purpurea, P. umbilicalis and other Bangiales species. In 

general, all the Bangiales species have a highly conserved chloroplast genome, and, therefore, a 

high degree of identity, which can be verified when comparing the genomes against Palmaria 

palmata, a red alga that belongs to the class Florideophyceae, order Palmariales, and show 

different degrees of rearrangement. The Maximum Likelihood tree constructed from 17 species 

of 5 different classes of Rhodophyta organisms was used to estimate the relationships of B. 

atropurpurea within the Bangiales (Fig. 2.6). The tree exhibit 100% support for the placement of 

B. atropurpurea, being closer to the marine species Porphyra species than to the marine species 

with the same genus B. fuscopurpurea. 
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Figure 2.5 Synteny based on the chloroplast genomes of red algae species closely related to B. atropurpurea, and one member of the Florideophycidae, Palmaria palmata. The 
orthologous blocks shown here provided the concatenated alignment used for the phylogenetic analysis.
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Figure 2.6.  Phylogenetic tree based on a concatenated 35,032 bp multiple alignment of ortholog blocks, placing the B. atropurpurea chloroplast genome within the Bangiales 
species. The pictures that exemplify the different types of thalli were retrieved from the AlgaeBase database (http://www.algaebase.org).



  

44 
 

2.4 Discussion 

 

The draft chloroplast genome 

This thesis presents for the first time a pipeline created to retrieve a complete draft of the 

chloroplast genome using an environmental sample and MiSeq technology.  The focus for this 

pipeline was on the only freshwater and invasive species within the order Bangiales, Bangia 

atropurpurea.  I validated the use of this new method to obtain an organelle genome from an 

organism that is difficult  to grow or to grow enough in abundance for other types of genome 

sequencing.  Because the sequencing was based on an environmental sample, the DNA 

sequences from other organisms, including archaea, bacteria and other eukaryotes, were also 

generated.  The identification of the B. atropurpurea contigs was possible due to the large 

conservative blocks present in other Rhodophyta species, that acted as reference genomes. These 

blocks also worked as references for the alignment and genome organization. The excellent 

genome coverage obtained in this process allowed further investigation into gene identification 

in the chloroplast of B. atropurpurea. However, novel and unique genes in the chloroplast 

genome were not detected, and this may be associated with the methodology used, establishing 

the alignment, annotation and gene identification of B. atropurpurea exclusively based on the 

available data, leaving novel genes yet to be discovered.  

 

Chloroplast genomes in Rhodophyta 

The gene content of chloroplasts in Rhodophyta can be grouped by function or synthases 

into Photosystem I, Photosystem II, the cytochrome b6f complex and ATP synthase (Appendix 

B). The available chloroplast genomes of Rhodophyta species (Table 2.1) are represented by a 

circular DNA molecule with a size varying from 149 to 217 kb, with GC% from 28 to 38%, 

rRNA genes from 2 to 6 and 22ï37 tRNA genes. In addition, the coding genes that are 

responsible for the translation of all amino acids necessary to fulfill  the chloroplast functions in 

Rhodophyta can vary from 209 to 250. The genome of B. atropurpurea follows in between the 

same values. Agreeing with previous literature (Kessler et al., 1992; Green, 2011), all the 

Rhodophyta species, including B. atropurpurea, also have four subunits of a prokaryotic-type 

RNA polymerase (rpoA, B, C1 and C2). Although chloroplast genomes in Rhodophyta are 

known for having large conserved blocks among species (Ilha et al., 2018; Yesson et al., 2020), 
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with gene content and genome organization well understood, some red algal species have 

specific genes that vary even within the same taxonomic family or genus (Martin et al., 1998). 

This variance is observed mainly in the ORFs and ycfôs genes (Appendix A), where the ycf gene 

family encodes conserved protein sequences that are still identified as uncharacterized protein, 

therefore, lacking in-depth information for most of them, especially regarding their role. Because 

of this lack of information, it is difficult  to conclude how these differences within the genomes 

can alter the organelle functionality and evolution of each species or family. The habitat that an 

alga occupies is one explanation for the variance in the chloroplast gene content since the 

differences in the environment is strong evolutionary pressure for all algal organisms (Glöckner 

et al., 2000; Cho et al., 2018). The rates of substitution of chloroplast genes taking into 

consideration the habitat of the algal species will  be addressed in Chapter 3 of this thesis. 

 

Chloroplast genomes in Bangiales 

All  Bangiales species, including the new B. atropurpurea data presents the same genome 

organization and gene content:  8 ATPase proteins, 11 for photosystem I, 18 for the photosystem 

II, 6 photosynthetic electron transport proteins - Cytochrome b6f complex, both ribulose-l,5-

bisphosphate carboxylase (Rubisco) subunits and 5 phycobilisome polypeptides (apc gene 

family) (Table 2.2). Their genome size varies from 186 to 195 kbp, with an average GC content 

of 33%, and an average of 215 protein-coding genes. The number of rRNAs varies from 2 to 6 

and tRNAs from 34 to 37. The similarities of the genomes are also shown in the synteny plot 

(Fig. 2.5), where only minor or no rearrangements are present within the Bangiales species. 

However, to understand how the chloroplasts in Bangiales species evolved and its mechanisms to 

strive in both marine and freshwater environments, the differences within the genomes must be 

considered.  

When Bangiales genomes are compared on their gene content basis, the variance between 

the species becomes more evident. Like in the Rhodophyta comparison, the ycf gene family is 

inconsistent throughout the Bangiales species. The gene ycf27, for example, is absent in B. 

atropurpurea, P. umbilicalis, B. fuscopurpurea, Py. yezoensis, Py. perforata, Py. endiviifolia, Py. 

fucicola and W. schizophylla. This gene is homologous to an OmpR-like gene (Kessler et al., 

1992; Martin et al., 1998; Ashby et al., 2002; Puthiyaveetil and Allen, 2009), which has a 

prokaryotic origin (Ashby and Mullineaux, 1999; Puthiyaveetil and Allen, 2009) and is known to 
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be responsible for a two-component sensory transduction pathway that regulates the coupling of 

phycobilisomes to the  Photosystem I (PSI) and Photosystem II  (PSII) (Hakenbeck and Stock, 

1996; Ashby and Mullineaux, 1999; Martin et al., 1998; Ashby et al, 2002). The homologous 

chloroplast gene was first described in the unicellular red algae species Porphyridium 

aerugineum and Cyanidium caldarium (Kessler et al., 1992), but is also known to be present in 

several different taxa, such as in haptophyte, cryptophyte, glaucophyte, charophyte and 

cyanophyte (Duplessis et al. 2007). A study with cyanobacteria species that analyzed gene loss in 

chloroplast sequences, has shown that the ycf27 gene was lost in chloroplast genomes on two 

occasions throughout the evolution of the chloroplast, possibly being transferred to the 

nucleus (Martin, 1998). Curiously, a second chloroplast response regulator was identified as a 

by-product of chloroplast genome sequencing, the ycf29 gene (Maris et al., 2002; Puthiyaveetil 

and Allen, 2009). The ycf29 gene is phylogenetically distributed among the non-green algae 

(Duplessis et al., 2007), and is present in B. atropurpurea and all other Bangiales, with exception 

of Pyropia yezoensis and Porphyridium purpureum. It has been hypothesized that the loss of the 

ycf27 and ycf29 genes are correlated with the loss of phycobilisomes (Ashby et al., 2002), 

however, the same genes were found in genera that never had phycobilisomes, therefore, the 

genes are not linked exclusively to the phycobilisomes regulation (Duplessis et al., 2007, 

Puthiyaveetil and Allen, 2009). The presence of the ycf29 gene in B. atropurpurea may suggest 

that the regulatory function of the ycf27 gene is being done by the ycf29 gene, but there are still 

no answers on how Py. yezoensis, species without both copies, does its regulatory function, and 

if  there are other targets for these genes in the chloroplast. 

Another gene that is missing in B. atropurpurea, P. umbilicalis, P. purpurea, Py. 

haitanensis, Py. yezoensis and Por. purpureum is the 2-Cys peroxiredoxins gene (bas1). This 

gene is known for its role in cell protection against oxidative stress, acting in the developing 

shoot and photosynthesizing leaves of plants (Broin et al., 2002). Other studies suggest that the 

chloroplast bas1 gene is associated with ahpC gene (alkyl hydroperoxide reductase), a 

homodimer related to the stromal surface of the thylakoids (Baier and Dietz, 1999). Both genes 

act to protect the photosynthetic apparatus against oxidative damage during leaf development 

(Baier and Dietz, 1999) and are an integral part of the organellar antioxidant network (Baier et 

al., 2000). Regardless of the importance of thioredoxins proteins in oxidative stress responses in 
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plants, their role is largely unexplored (Broin et al., 2002) and there is no literature connecting 

this protein with any function in Rhodophyta or Bangiales.  

In addition to the ycf27 and bas1 genes, the psbY gene is absent in the chloroplast 

genomes of B. atropurpurea, P. umbilicalis, P. purpurea, Pyropia. haitanensis and Pyropia 

yezoensis. The psbY gene is part of the PSII (Debus, 1992; Gau et al., 1995; Ke 2001; Neufeld et 

al., 2004; Biswas and Eaton, 2018), along with several genes on the same family. In 

cyanobacteria species there are 26 psb genes (psbA ï Z) (Neufeld et al., 2004), while in 

Bangiales species there are 18 commonly shared psb genes (present study ï Appendix A) with 

only psbY gene is missing from the above-mentioned species. A study focused on the psbY gene 

observed that the protein is present in cyanobacteria has the role of preventing photodamage to 

PSII (Biswas and Eaton, 2018), while in red algae species, there is no defined role, but the gene 

responsible for the protein translation was the ycf32 gene (Gau et al., 1995; Gau et al., 1998). 

Curiously, the ycf32 gene, homologous to the psbY gene, is encoded in the chloroplast by B. 

atropurpurea, P. umbilicalis, Py. haitanensis and P. purpurea. Since the psbY gene plays an 

important role in optimizing the process of water oxidation (Meetam et al., 1999; Neufeld et al., 

2004) it is peculiar that Py. yezoensis does not present either psbY or ycf32 genes. Because the 

psbY gene is known to be nuclear-encoded in Viridaeplantae (Plöchinger et al., 2016), it is 

possible that a gene duplication event may have occurred and the gene was translocated from the 

organelle to the nucleus (Gau et al., 1998; Thompson et al., 1999). Even though the role of the 

PSII in the photosynthetic process is well understood, the individual role of many low molecular 

weight proteins that form the PSII remains elusive, with research being almost exclusive to 

cyanobacteria (Kashino et al., 2002; Neufeld et al., 2004; Schwenkert et al., 2007). 

Lastly, a gene not observed in the B. atropurpurea chloroplast genome but present in all 

the other Bangiales species was the petN gene. This gene is located in the PSI and encodes the 

Cytochrome b6f (Cyt b6f) complex subunit 8 protein (Kurisu et al., 2003; Schwenkert et al., 2007; 

Mohanta et al., 2019). Along with other subunits of part of the Cyt b6f complex (petG and petL), 

the petN gene is the smallest in the plastid genome and encodes a low molecular weight protein 

(Schwenkert et al., 2007). The protein complex acts within the thylakoid membranes, more 

specifically, providing the electronic connection between PSI and PSII in oxygenic 

photosynthesis (Kurisu et al., 2003; Allen, 2004; Oliver et al., 2010). The research done 

exclusively around the petN gene functions is with Viridiplantae species, where it shows to have 



  

48 
 

a crucial role in the assembly and stability of the cytochrome complex (Schwenkert et al., 2007; 

Oliver et al., 2010; Mohanta et al., 2019) and some cases the gene has been transferred to the 

nucleus (Park et al., 2018). In cyanobacteria, the petN gene is present in all studied species 

(Oliver et al., 2010) and in micro and macro green algae there is a gene loss in several species 

(Mohanta et al., 2019). Due to the high importance role of the petN gene concerning desiccation 

tolerance (Oliver et al., 2010) and with Cyt b6f complex, it is likely that the gene is present in B. 

atropurpurea chloroplast genome, but it was not covered by the sequencing, possibly due to its 

small size. To verify the possibility of translocation to the nuclear genome, a BLAST search 

using the petN gene nucleotide sequences was performed against B. atropurpurea complete data, 

but with no matching results. Further assembly will  be needed to determine the presence or 

detect the gene loss of the petN gene in B. atropurpurea. 

 

Bangiales taxonomy   

The class Bangiales has had many changes in taxonomy throughout the years due to the 

morphological plasticity of species and the lack of molecular data, which makes it difficult to 

understand the relationship and evolution of the group. As shown in Fig. 5 there is significant 

conservation of gene order and large-scale synteny between all the Bangiales chloroplasts 

genomes. This provides additional support for the high quality of our draft genome and assembly 

method. Despite strong synteny overall, it is observed that the B. atropurpurea chloroplast 

exhibits stronger similarity to the chloroplast genome from P. purpurea and P. umbilicalis than 

from the same genus species B. fuscopurpurea. In this study, the phylogenetic analyses were 

done based on the concatenate ortholog blocks produced in the synteny plot, produced with 

whole chloroplast genomes data. The use of ortholog blocks for the phylogeny analyzes was a 

great alternative since the B. atropurpurea chloroplast genome still contained small non-

sequenced gaps, and the blocks optimize the array of the analysis. Due to the amount of 

phylogenetic information present in the whole-genome alignment, Maximum Likelihood analysis 

was capable of resolving the phylogeny with significant confidence (i.e., most nodes achieved 

100% bootstrap support). The placement of organisms in the phylogeny (Fig. 6) is consistent 

with previous literature. The chloroplast genome from B. atropurpurea grouped with a clade 

including Porphyra species and B. fuscopurpurea. According to the tree, the chloroplast genome 

from B. atropurpurea shares a more recent common ancestry with the chloroplast genome from 
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P. purpurea and P. umbilicalis than to B. fuscopurpurea. This is consistent with the patterns of 

synteny observed in Fig. 5 and supports earlier work done by Müller et al. (1998, 2001a, 2001b) 

and Sutherland et al. (2011), studies based on phylogenetic analyses of red algal molecular 

markers (nuclear SSU rRNA and rbcL genes).  

It is noteworthy that the order Bangiales have a heteromorphic life history, alternating 

macroscopic gametophyte and microscopic sporophyte (conchocelis stage) (Nelson et al., 1999; 

Blouin et al., 2011); in addition, there are significant differences in the morphology of mature 

thallus, where B. atropurpurea is a distally multiseriate filament, while the related Porphyra 

species have a sheet-like thallus (Sheath and Cole, 1984; Lindstrom and Cole, 1992; Stiller and 

Waaland., 1993; Brodie et al., 1996; Woolcott et al., 1998; Oliveira and Bhattacharya, 2000; 

Müller et al., 2003; Broom et al., 2004; Brawley et al., 2017). A summary of sheet-like and 

filamentous thallus within Bangiales species is present in Fig 6. Moreover, the species B. 

maxima differs from B. atropurpurea and Porphyra by its long fi laments and a multiseriate tube-

like growth form (Lynch et al., 2008), which displays a morphology that appears to be 

intermediate between filamentous and sheet-like thallus. Future molecular analyses using B. 

maxima and comparing them to other Bangiales species is needed to shed light on the thallus 

morphological transitions in this order. Given that ancient related red algal species also possess a 

filamentous form (Butterfield et al., 1990 and 2000; Bengtson et al., 2017), this implies 

evolutionary transitions in morphological form (Hayden et al., 2003; Lynch et al., 2008), that do 

not simply mirror patterns of speciation and genome divergence.  

Additional investigation of the genes that might contribute to the change in morphology 

of the thallus in Bangiales (Stiller and Waaland, 1993; Asamizu et al., 2003; Lynch et al., 2008) 

can hopefully be answered with further analyses of the nuclear genome of B. atropurpurea, also 

retrieved in this study (Poletto Borges et al. unpublished). Also of interest, is that B. 

fuscopurpurea and Porphyra species are both marine red algal species (Geesink, 1973; Woolcott 

et al., 1998; Cao et al., 2018), while B. atropurpurea is observed in freshwater (Lin & Blum, 

1977; Jackson, 1985; Seath, 1987; Müller et al., 1998; Shea at al., 2014; Müller et al., 2003; 

Kucera and Saunders, 2012). This implies an evolutionary transition from an ancestral marine 

species related to P. purpurea and to the freshwater occupying lineage that gave rise to B. 

atropurpurea (den Hartog, 1972; Sheath and Cole, 1980; Müller et al. 1998, 2001b), and 

ultimately a freshwater invasive species of the Great Lakes (Sheath and Cole, 1984; Müller et al. 
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1998, 2001b; Shea at al., 2014).  This raises an interesting question as to whether or not the 

transition to a filamentous form happened prior to or after the ancestral marine organism moved 

to freshwater habitat.  

 

 

2.5 Conclusion 

 

The present study suggests a new way to retrieve molecular data from difficult -to-culture 

organisms from metagenomic data, not only retrieve random or highly conserved genes but a 

complete chloroplast draft genome. The organization of B. atropurpurea chloroplast genome 

exhibits similar gene content, order and translation orientation when compared with other 

available chloroplast genomes from the Bangiales, and a very strong similarity with Porphyra 

species. Overall, the phylogenetic analysis in this chapter created based on all the conservative 

blocks of complete genomes of Bangiales species agreed with the literature (Sutherland et al. 

2011; Müller et al. 1998, 2003, 2005), which was done based on marker genes. The matching 

results indicate that the use of traditional methods of sequencing a few conserved genes such as 

rbcL, SSU and copies of PSA complex, can generate relatable phylogeny for red algae, which 

can be useful for studies towards the relationship between species. However, other in-depth 

sequencing and analysis, like the one performed in this chapter, will  help answer questions 

related to the evolutionary history between the species, such as shared common ancestor and 

gene content variation. 

It is interesting to confirm the close relationship between B. atropurpurea P. purpurea 

and P. umbilicalis, a freshwater filamentous species and two marine with foliose thallus species. 

Although there is no confirmation on the morphology of the thallus of their common ancestor, it 

is important to remember that Porphyra species pass through a filamentous stage during their 

lifecycle, and perhaps the ancestral thallus form was also a filament that develops the foliose 

thallus, maybe to survive in a marine environment. Curiously, B. atropurpurea is the only 

filamentous Bangiales species that migrated to freshwater, invading the Great Lakes and striving 

through both harsh winter and summer. The metagenomic data obtained in this study provided 

substantial data for further research to characterize the remaining genomes (e.g., nuclear and 

mitochondrial) of B. atropurpurea which can reveal specific gene gains/losses, substitutions, or 
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genomic rearrangements that coincide with the changes in morphology. Furthermore, additional 

analysis of the macroalgal microbiome content of the B. atropurpurea metagenome will  be 

important to uncover additional factors responsible for its adaptation to a new ecological niche 

(Egan et al., 2013; Hollants et al., 2013; Singh & Reddy, 2014; Saha et al., 2016; Brawley et al., 

2017; Ihua et al., 2019). These data may reveal potential symbiotic relations and uncover a 

broader pan-genome for B. atropurpurea that better reflects its metabolic and functional 

dependencies, capabilities and its adaptation to freshwater habitats. 
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Chapter 3 

Analysis of substitution rates of the chloroplast genes in Rhodophyta species  
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3.1 Introduction 

 

To examine the possible selective pressures acting at the protein of species, tests of rates 

of substitutions among genes or genomes are applied. Several tests are available to date, but the 

most common test consists of the analysis of the synonymous (Ks) and non-synonymous 

substitutions (Ka), or Ks and Ka mutations, and their ratios (ɤ= Ka/ Ks) (Kimura, 1983; Ohta, 

1993; Yang & Bielawski, 2000; De la Fuente et al., 2003; Yang et al., 2005; Han et al., 2021). 

The Ks substitutions are generally considered silent since they are usually in the third position of 

the codon where substitutions do not cause changes in the amino acid sequences, hence not acted 

by natural selection (Akashi, 1995; Han et al., 2021). Ka on the other hand, often occur in the 

first or second position of the codon, altering the amino acid and, consequently, the protein 

product (Yang et al., 2000; Yang et al., 2005; Doron-Faigenboim & Pupko, 2007). Traditionally, 

the model used to study rates of substitution follows the Miyata & Yasunaga (1980) 

methodology, where ɤ lower than 1 (< 1) indicates purifying selection, ɤ equal to 1 indicates 

neutral selection, and ɤ higher than 1 (> 1), indicates positive selection. Although some authors 

have expressed concern about the number of false-purifying results that can be generated by the 

Miyata & Yasunaga method, and suggested different methods to double-check the accuracy of 

the results precise (Yang et al., 2000; Yang & Nielsen, 2002; Filip & Mundy, 2004; Moury, 

2004; Wong et al., 2004), this method is a valid test to perform for an overview of the possible 

rates of selection. 

The Rhodophyta are an ancient lineage, being one of the primary plastids-bearing hosts, 

and the origin of plastids for the secondary and tertiary endosymbiosis (Yoon et al., 2002; Nan et 

al., 2017; Chapter 2 of this Thesis). Species within the Rhodophyta are primarily marine, and 

only a small proportion, around 3%, is observed in freshwater (Sheath, 1984; Wehr et al., 2015; 

Nan et al., 2017; Fangru et al., 2020; Han et al., 2021). The probable origin of freshwater red 

algae is still debated, with little molecular evidence to determine if the species are migrants from 

the sea or have arisen from original inhabitants of inland waters (Skuja, 1938; Nan et al., 2017). 

Freshwater red algae species are an important constituent of stream floras, usually striving in 

clean water with a lower temperature than those in the ocean, they are benthic and macroscopic, 

but smaller than marine species (Sheath & Hambrook, 1990; Kumano, 2002; Han et al., 2019). 

Red algae species living in different environments are under different stress factors, both biotic 
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and abiotic. The abiotic factors can influence the species is genome wide rate of molecular 

evolution (Mitterboeck et al., 2016). One example of an abiotic factor is light exposure, which 

includes changes in quality, intensity and photoperiod, being a key factor affecting the 

distribution and successful survival of the species (Sheath & Hambrook, 1990). This correlation 

happens because illumination affects algal growth via photosynthesis (Sheath & Vis, 2015). 

Therefore, it is expected that gene groups related to the photosynthetic activity will have 

differences at a molecular level that corresponds to the habitat where the species is observed, and 

the stresses that are upon the organisms will also reflect in differences in the rates of substitution.  

The species Bangia atropurpurea is the only freshwater species of the Bangiales 

(Rhodophyta) that invaded the Laurentian Great Lakes and is likely derived from a freshwater 

species in Europe (Müller et al., 1998; Shea et al., 2014). The unexpected appearance of B. 

atropurpurea in the Great Lakes is probably due to vector-assisted transport from Europe, 

indicating a single invasion of the Great Lakes (Sheath, 1984; Müller et al., 1998). This 

hypothesis is supported by the disjunctive distribution of Bangia in the Great Lakes and 

molecular data (Müller et al., 1998). Phylogenetic studies confirm a closer relationship to the 

marine Porphyra species than to the same genus species B. fuscopurpurea, which indicates a 

marine common ancestor (Chapter 2 of this thesis). Interestingly, however, B. atropurpurea and 

B. fuscopurpurea have the same filamentous thallus morphology. The Porphyra species have 

foliose thallus but pass through a filamentous phase during the early stage of their life cycle. In 

addition, B. atropurpurea is known for being an asexual species, while all the other species of 

the Bangiales are known to reproduce sexually. These characteristics make B. atropurpurea an 

excellent model for rates of substitution studies focusing on habitat adaptation and resproductive 

strategies.  

Studies about the adaptative evolution of the chloroplast genes among Rhodophyta that 

inhabit different environments are non-existent. The available literature that mentions gene 

evolution typically focuses on a few chloroplast genes, mostly the ones used as gene markers in 

phylogenetic studies (Moreno & Spreitzer, 1999; Mitterboeck et al., 2016; Xu et al., 2018; Han 

et al., 2021), excluding all the other genes that are part of the chloroplast genome resulting in a 

large gap of knowledge about these genes. Hence, examining the rates of substitution of the 

chloroplast genomes of red algae, making use of a large dataset of chloroplast genes is needed. 

With the chloroplast data of the only freshwater species within the Bangiales (B. atropurpurea, 



  

55 
 

Chapter 2 of this thesis) the analysis will provide an opportunity to examine the potential impact 

of habitat on the evolution of photosynthetic genes within Rhodophyta orders. Since little has 

been done to examine the selection pressures on chloroplast genes within the red algae, this is 

also an opportunity to examine the differences among various taxonomic lineages.   

Chloroplast genomes of red algae have high gene capacity and compact structure (Yoon 

et al., 2006; Janouġkovec et al., 2013; Wang et al., 2013; Brawley et al., 2017; Nan et al., 2017), 

being a tool to resolve phylogenetic relationships in deep terminal branches, reflecting the 

evolutionary history among Rhodophyta species (Tajima et al., 2014; Lee et al., 2016). 

Moreover, the chloroplast genomes of red algae can be useful for genome evolution studies due 

to the low variability in gene content and high similarity in gene arrangement (Costa et al., 

2016). The present chapter aims to investigate how the chloroplast genes of Rhodophyta species 

vary regarding rates of substitution, and to elucidate these differences among the species based 

on their habitat and taxonomy. The substitution rates of 71 chloroplast genes of 30 Rhodophyta 

species are organized and compared not only by their taxonomic position but also by the habitat 

where the species are usually found. Due to the lack of research on selection pressures among 

Rhodophyta species, our results will help the understanding of the chloroplast evolution process 

of red algae, possible molecular pathways used for adaptation to different environmental 

pressures, and the relationship between nucleotides and the molecular mechanism of evolution. 
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3.2 Material and Methods 

 

 

3.2.1 Sequence data 

 

The sequence of the chloroplast genome of Bangia atropurpurea was retrieved as 

mentioned in Chapter 2 and analyzed amongst 30 other Rhodophyta species with complete 

chloroplast genomes available on NCBI, and one Chlorophyta species, Bryopsis plumosa (Table 

1). Once all the chloroplast genomes were retrieved, all coding genes were plotted in a table 

(Appendix D1, E1, F1, G1 and H1) to verify the presence or absence of each gene in every 

genome. Traditionally, the chloroplast genes are separated into 12 groups according to their 

function (Chapter 2), and this study focused on eight of these groups: ATP synthase (8 genes), 

Photosystem I and II (11 and 17 genes), Ribosomal proteins LSU and SSU (27 and 19 genes), 

RNA polymerase (4 genes) and RubisCO (Du et al., 2016). The nucleotide sequences of each 

gene were retrieved manually and combined into fasta files for alignment, performed using 

ClustalW (Thompson et al., 1994) within the Geneious Prime software (www.geneious.com). 

Gene sequences from B. atropurpurea that were considerably smaller than the sequences from 

other Rhodophyta species were not selected to avoid false results and/or extreme values. The 

aligned sequences were then analyzed for substitution rates using DnaSP 6 (Rozas et al., 2017), 

using the chloroplast data format option and assigned coding regions for the 1st, 2nd and 3rd 

positions. To estimate the balance between neutral mutations, positive or purifying selection 

acting on the chloroplasts genes, the values of the nonsynonymous substitutions per non-

synonymous site (Ka) and the synonymous substitutions per synonymous site (Ks) were 

calculated and its ratio (ɤ) compared. 

 

3.2.2 Analysis with DnaSP 

 

Once the DNA sequences were aligned, they were imported to DnaSP software and 

analyzed with the command Substitution Rate Analysis. This command estimates Ka and Ks for 

any pair of sequences, using the Nei and Gojobori (1986, equations 1-3) branch methodology. 

The software can also estimate the substitution rates on noncoding protein regions, but this 

feature was not used in our final analysis. For computing Ka and Ks sites, DnaSP excludes all 

http://www.geneious.com/
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pathways that go through stop codons. Although DnaSP allows the user to choose the input data 

format for chloroplast data, there are no pre-defined genetic codes specific for chloroplasts, and 

the universal nuclear code was chosen. Sites (or codons) with alignment gaps or missing data are 

not used, being completely excluded. The substitution analysis is done by calculating the average 

number of nucleotide differences per site between two or more sequences, or nucleotide diversity 

(Nei 1987, equations 10.5 or 10.6), with additional correction using the Jukes and Cantor (1969) 

(Lynch and Crease 1990, equations 1- 2). The correction is performed in each pairwise 

comparison of two or more sequences (Nei and Gojobori 1986, equations 1-3).  

It is important to note that the software calculates the average of differences, or 

mutations, in the whole sequence, not providing an in-depth analysis of the number of 

substitutions per site. Therefore, the result of the ɤ ratio (Ka/Ks) is an average of all the 

substitutions present in the gene, which can be positive, purifying, and neutral at the same time. 

Since this is the first research work looking into rates of substitution of a significant number of 

chloroplast genes (71 in total) in Rhodophyta species, the analysis with DnaSP is a good option 

because it provides an overview of the mutation rates. The results obtained here are the grounds 

for future studies, pointing out genes that can be evolutionary interesting for in-depth analysis 

and to verify the presence of selection forces. For that, other software that can analyze the 

substitutions per site, methodologies that compare the specific sites among sequences, and 

different tests for verifying false positives, such as PAML, are possibly more appropriate (Yang, 

2007). 

The well-studied species Cyanidiozchyzon merolae was selected as the reference genome, 

allowing the comparison of B. atropurpurea in the context of its own group. Therefore, all genes 

of all species were first compared with C. merolae, and all the rates of substitution values are a 

reflection of this comparison. The species C. merolae belongs to the Cyanidiales order, a 

paraphyletic group to the Bangiales and is found in hot springs.  

 

3.2.3 Data comparison 

 

 To understand if selective pressures are acting on the chloroplast genes of B. 

atropurpurea and other red algae species, the chloroplast genes of every species were first 

analyzed for high (ɤ > 1.25), neutral (ɤ from 0.75 to 1.25) or low ɤ ratios (ɤ < 0.75). 
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Afterwards, the same ɤ ratio dataset was arranged in two different ways for comparison. First, 

the species were arranged according to the habitats where they are usually found, and the average 

ɤ ratio of each habitat was compared. For this chapter, 4 different habitats were selected: 

freshwater, salt marshes, hot springs and marine. This comparison can provide insights into the 

impact that different habitat constraints have on chloroplast genes by pointing to the 

group/habitat with more differences/mutations in the genes. Secondly, the species were 

rearranged according to the phylogenetic position (taxonomy) they are currently classified, and 

the same ɤ ratio dataset from DnaSP was used to compare the average rate of substitution on 

each taxonomic class or order. In this study, 6 classes and 12 orders are compared:  

Bangiophyceae (Bangiales), Florideophyceae (Thoreales, Batrachospermales, Palmariales, 

Gigartinales, Caramiales, Gracilariales, Hildenbrandiales), Porphyridiaceae (Porphyridiales), 

Compsopogonophyceae (Compsopogonales), Cyanidiophyceae (Cyanidiales) and Ulvophyceae 

(Bryopsidales). To confirm the phylogenetic position of the species, reference phylogenetic trees 

were used (Yoon et al., 2006; Sutherland et al., 2011) and a new phylogenetic tree was built 

based on the rbcL gene sequences from the species used in this study (Fig. 3.1). The 

evolutionary analyses of the rbcL gene were conducted in MEGA X (Kumar et al., 2018) and the 

evolutionary history was inferred by using the Maximum Likelihood method and General Time 

Reversible + G +I as the evolutionary model (Posada & Crandall, 1998; Nei & Kumar, 2000). 

The bootstrap consensus inferred was 1000 replicates (Felsenstein, 1985). By comparing the 

average substitution ɤ ratio among different phylogenetic groups it is possible to detect and 

observe trends of selection forces acting on chloroplast genes of specific taxonomic groups.  

 Because the rbcL gene is known to be a conserved gene among Rhodophyta and used 

extensively for phylogenetic studies, the other gene families present in this study most likely will 

not exhibit the same phylogenetic tree patterns. To observe the phylogeny of each gene family, 

the complete gene sequences that were retrieved manually were concatenated and aligned using 

ClustalW (Thompson et al. 1994) within the Geneious Prime software (www.geneious.com). The 

aligned sequences were then analyzed with Seaview (version 4, Gouy et al., 2010) and gblocks 

of conserved areas were selected. The gblocks were used to build phylogenetic trees of each gene 

family on MEGA X (Kumar et al., 2018). The evolutionary history was inferred by using the 

Maximum Likelihood method and General Time Reversible + G +I as the evolutionary model 

(Posada & Crandall, 1998; Nei & Kumar, 2000). The bootstrap consensus inferred was 1000 

http://www.geneious.com/
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replicates (Felsenstein, 1985). The trees resulting from this analysis are in the Appendix section 

of this chapter (Appendix Figures D3, E5 and F5). 

 

3.2.3 Substitution rates interpretation 

 

 To determine possible purifying, neutral or positive selection forces acting on the 

selected genes, the ɤ ratios calculated using the DnaSP were plotted in Microsoft Excel for 

statistical analysis. The traditional interpretation of the ratio states that a ɤ ratio equal to or 

around 1 represents neutral selection, ɤ < 1 represents purifying selection and, ɤ > 1 indicates 

positive selection (Yang, 2007).  However, the ratio results are in most cases very subjective and 

can greatly vary from 0 up, with values around 1 in many cases, leading to questions on how 

strict the value of 1 should be taken into consideration to validate an evolutionary selection type. 

Because of the ratio variation, this study will follow a couple of more recent publications that 

better interpret the ratio values and specify a cut-off value for ɤ ratios (Wang et al., 2011; 

Hussain & Rasool, 2017), where ɤ with values from 0.75 to 1.25 as neutral selection; ɤ > 

1.25 as positive selection and ɤ < 0.75 as purifying selection.  

 

3.2.3 Statistical analyzes and data visualization 

 

 Once the ɤ ratios were calculated, the rates of substitution were tested with the 

Kolmogorov-Smirnov test (KS test) for a normal distribution. If the data followed a normal 

distribution, the value of the KS would be 0 and a parametric test would be performed. A p-value 

threshold of 0.05 was used to determine whether the difference is significant to reject the null 

hypothesis (H0), which assumes a normal distribution. If the p-value was > 0.05, the distribution 

is not normal (H1) (Massey, 1951). Because most of the results obtained by the normality test 

rejected the null hypothesis, a non-parametric test, the Kruskal-Wallis test (h-test), was chosen to 

verify significant differences within the ɤ ratios (Theodorsson-Norheim, 1986) for both 

phylogenetic position and habitat comparisons.  

For the h-test, the H0 is that the rates of substitution will not have statistical differences 

among the species. The data analysis will be verified by an h-value that is lower than the critical 

value, or a p-value < 0.05, indicating significant differences among the compared groups. On the 
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other hand, if the h-value is higher than the critical value, or the p-value > 0.05, there is not 

support for significant differences among the compared groups (H1). As a non-parametric test, it 

is worth noting that the h-test performs a statistical comparison of ranks instead of comparing the 

actual values of the observations. Given the nature of the h-test analysis, it is important to note 

that if the rates of substitution agree with H1, the different groups will be flagged as having 

differences, but not pointing out specifically which species are different. The observations that 

point out which group is different from the other were possible due to the data arrangement into 

the habitats or phylogenetic groups, but no additional statistical analysis was performed to detect 

the significance of these differences. Following most of the rates of substitution studies 

previously published the p-value of 0.05 is satisfactory for an overall perspective of possible 

selection pressures acting on a gene. The complete list of the h-test and p-values obtained in this 

analysis are in Appendix J. 

To minimize false-positive selection results a Bonferroni correction was initially 

performed; however, the correction test was excessively conservative and, the accuracy appeared 

to be altered when the different habitats were compared. The Bonferroni correction is usually 

applied in experiments that compare different groups at baseline and study the relationship 

between variables (Streiner & Norman, 2011; Dmitrienko & DôAgostino, 2013). However, 

despite the testôs popularity, the routine use of this test has been criticized as deleterious to sound 

statistical judgment, testing the wrong hypothesis (Armstrong, 2014). A similar result for the 

Bonferroni correction was obtained by Hartmann & Golding (1998), and other authors share the 

same opinion regarding the extreme conservative results from this test (Narum, 2006; Streiner & 

Norman, 2011). Due to these undesirable properties, the Bonferroni method of correction was 

not performed further. Graphs reflecting the ɤ ratios of each chloroplast gene for both habitat 

and phylogenetic position arrangements were generated on Excel and edited on Adobe 

Illustrator. 
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Table 3.1. Chloroplast genomes of Rhodophyta and Chlorophyta species used in this study. 

 
 

The highlighted species are found in freshwater.  

Species Class Order Morphology
Genome 

size (bp)
GC% 

Coding 

genes

Accession 

number
References

Bangia atropurpurea Bangiophyceae Bangiales Fi lament 186.84 32.9 207 MN484624 This s tudy

Porphyra umbilicalis Bangiophyceae Bangiales Fol iose 190.173 32.9 207 NC_035573 Brawley et a l ., 2017

Porphyra purpurea Bangiophyceae Bangiales Fol iose 191.028 33 250 NC_000925 Reith and Munhol land, 1995

Bangia fuscopurpurea Bangiophyceae Bangiales Fi lament 196.913 33.5 205 KP714733 Cao et a l ., 2018

Pyropia fucicola Bangiophyceae Bangiales Fol iose 191.982 32.7 206 KJ776837 Hughey et a l ., 2014

Pyropia endiviifolia Bangiophyceae Bangiales Fol iose 195.784 33.3 210 KT716756 Xu et a l ., 2018

Pyropia haitanensis Bangiophyceae Bangiales Fol iose 195.597 32.98 213 NC_021189 Wang L, 2013

Pyropia kanakaensis Bangiophyceae Bangiales Fol iose 194.631 32 209 KJ776836 Hughey et a l ., 2014

Pyropia perforata Bangiophyceae Bangiales Fol iose 189.788 32.9 209 KF515973 Hughey et a l ., 2014

Pyropia yezoensis Bangiophyceae Bangiales Fol iose 191.975 32.09 213 KC517072 Wang L, 2013

Wildemania schizophylla Bangiophyceae Bangiales Fol iose 193.008 34.4 211 NC_029576 Hughey et a l ., 2016

Thorea hispida Florideophyceae Thoreales Fi lament 175.193 28.3 194 NC_031171.1 Cho et a l ., 2018

Palmaria palmata Florideophyceae Palmaria les Flat fronds 192.961 33.9 203 NC_031147 Cho et a l ., 2018

Chondrus crispus Florideophyceae Gigartinales Flat fronds 180.09 28.7 204 NC_020795 Col len et a l ., 2013

Caloglossa beccarii Florideophyceae Ceramiales Fol iose 165.038 26.9 201 NC_035269.1 5ƝŀȊπ¢ŀǇƛŀ Ŝǘ ŀƭΦΣ нлмр

Caloglossa intermedia Florideophyceae Ceramiales strap-l ike 166.397 31 209 NC_035265.1 5ƝŀȊπ¢ŀǇƛŀ Ŝǘ ŀƭΦΣ нлмр

Kumanoa americana Florideophyceae Batrachospermales Pedici late 184.026 29.3 201 NC_031178.1 Cho et a l ., 2018

Sheathia arcuata Florideophyceae Batrachospermales Branched 187.354 29.9 187 NC_035231.1 Paiano et a l ., 2018

Hildenbrandia rubra Florideophyceae Hi ldenbrandiales Crust 180.141 31.4 191 NC_031146 Lee et a l ., 2016

Hildenbrandia rivularis Florideophyceae Hi ldenbrandiales Crust 189.725 32.4 186 NC_031177 Lee et a l ., 2016

Gracilaria changii Florideophyceae Graci laria les Branched 183.555 28.1 201 NC_038051 Ho et a l ., 2018

Gracilaria chorda Florideophyceae Graci laria les Branched 182.459 27.4 203 NC_031149 Lee et a l ., 2016

Gracilaria edulis Florideophyceae Graci laria les Branched мтфΦпмл30 201 NC_046041 Liu et a l ., 2019

Gracilaria ferox Florideophyceae Graci laria les Branched 180.255 27.4 204 NC_039140 Ilha et a l ., 2018

Gracilaria salicornia Florideophyceae Graci laria les Sol id cyl indrical 179.757 28.8 206 NC_023785 Campbel l  et a l ., 2014

Porphyridium purpureum Porphyridiaceae Porphyridia les Unicel lular 217.69 30.3 224 NC_023133.1 Tajima et a l ., 2014

Compsopogon caeruleus CompsopogonaceaeCompsopogonales Fi lament 221.013 29.9 195 NC_035350.1 Nan et a l ., 2017

Cyanidioschyzon merolae Cyanidiophyceae Cyanidia les Unicel lular 149.987 37.6 243 AB002583 Otha et a l ., 2003

Cyanidium caldarium Cyanidiophyceae Cyanidia les Unicel lular 164.921 32.7 197 NC_001840.1 Glöckner et a l ., 2000

Galdieria sulphuraria Cyanidiophyceae Cyanidia les Unicel lular 167.741 28.5 182 NC_024665.1 Jain et a l ., 2015

Bryopsis plumosa Bryopsidaceae Bryopsidales Sinophonus 106.859 30.8 115  NC_026795.1 Lel iaert & Lopez-Bautis ta, 2015
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Table 3.2. Chloroplast genes encoded in Rhodophyta species that were used for the substitution rates comparison study. 
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Figure 3.1. Maximum likelihood phylogenetic tree based on the rbcL gene sequences. All sequences, with exception of B. 
atropurpurea, were retrieved from the NCBI database. 
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3.3 Results and Discussion 

 

The investigation of the rates of substitution of 71 chloroplast genes among Rhodophyta 

species is presented in this chapter. As a preview of the detailed data analysis of each gene, Fig. 

3.2 shows a summary of the result of the average ɤ ratios observed in every gene and the 

comparison among the species habitats as well as the phylogenetic position comparison. The 

detailed analysis of each comparison is described next. Since the ɤ ratios are the same for both 

comparisons, the difference between the analysis is due to the rearrangement of these values. 

Examination of Fig. 3.2, reveals that different habitats and taxonomic relationships act on the 

molecular evolution of the chloroplast genes which exhibit different patterns of rates of 

substitution. 

When the species ɤ ratios were averaged and grouped by habitat, the comparison shows 

that most genes are under similar selection pressures, but some genes with divergent ratios are 

also detected. In species observed in hot springs, the atpH gene appears to be under strong 

positive selection pressure which is different from the selection pressure over other species 

habitats. Also, the habitat comparison of the atp genes shows that species observed in salt 

marshes and freshwater are under similar selection forces for the atpB gene, being different from 

the selection forces over species observed in hot springs and the marine environment. Moreover, 

the comparison by habitat shows that the psb genes have different selection pressures over the 

psbF and psbL genes, with emphasis on the salt marshes species which are under strong positive 

selection forces. The psa, rpl, and rps genes are under similar selection pressure among species 

independently of the habitats they are found. Although the graphs seem to show that different 

habitat constraints have little impact on the rates of substitution overall (Fig. 3.2), the statistical 

analysis shows that 24 of the 71 genes analyzed exhibit significantly different patterns of 

selection forces among the species (p-value < 0.05, h-test). 

Following the result obtained by the rbcL tree (Fig 3.1), the species ɤ ratios were also 

averaged and grouped by taxonomical orders. Like in the habitat comparison, the graphs show 

evidence that different taxonomic orders have specific selection forces patterns acting over their 

chloroplast genes (Fig. 3.2). All six orders exhibit a different rate of substitution for the atpB 

gene, and the green algae order, Bryopsidale, has the highest ratio which indicates positive 

selection. A similar scenario is shown on the atpH gene, but with the Cyanidiales having the 
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highest average rate. The Bangiales on the other hand is the order with the lowest averages and is 

considered under purifying selection for the atpH gene. The psa genes exhibit a very different 

pattern from the habitat comparison when the species are compared by their phylogenetic 

position. Where the rate of each order seems to follow a particular trend. The exception is the 

psaI gene, where all Rhodophyta orders are under strong positive selection. Interestingly, the 

average of the Bangiales species is again the lowest among the orders for the psa gene family. 

The psb genes are again the gene family with a more uniform average of rates of substitution. 

For the psbF, however, the Bangiales exhibit the highest rate, and along with the 

Florideophyceae and Cyanidales are under strong positive selection. The psbL and psbT genes 

exhibit high substitution rates and the Porphyridiales have the highest rate, indicating strong 

positive selection. The rpl and rps genes have a similar average of substitution ratios among the 

orders, yet, the Bangiales contrast with the other orders by having the highest (rpl11, rpl13, 

rps14) and lowest ratios (rps5, rps10, rps18) rates of substitution for several genes. Although 

these are the genes that visually have differences, the statistical analysis shows that 31 of the 71 

chloroplast genes have significant differences in the rates of substitution (p-value < 0.05, h-test). 

Undoubtedly, different selective forces are acting on the chloroplast genes of the 

Rhodophyta species based on their taxonomy, even among species within the same orders. The 

same is observed among different habitats, even when species share a similar environment. 

Nonetheless, a comprehensive analysis of the rates of substitutions of every species is needed to 

answer if there are exclusive trends of mutation in any of the 30 species and to determine which 

habitat has more impact over the molecular changes. Thus, a detailed and complete analysis will 

be presented next. 
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Figure 3.2Φ {ǳƳƳŀǊȅ ƻŦ ǘƘŜ ŀƴŀƭȅǎƛǎ ƻŦ ǘƘŜ ŀǾŜǊŀƎŜ ˖ Ǌŀǘƛƻǎ ƻŦ ǘƘŜ Ŏhloroplast genes, which were grouped according to the species 
habitats (graphs on the left) and according to the species phylogenetic position (graphs on the right). The X-axis values are the 
chloroplast genes used in the analysis. Every bar represents the ŀǾŜǊŀƎŜ ˖ ǾŀƭǳŜ ǘƘŀǘ ǘƘŜ ǎǇŜŎƛŜǎ ƛƴ ǘƘŀǘ Ƙŀōƛǘŀǘ ƻǊ ǘŀȄƻƴƻƳƛŎ 
order have.  
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 3.3.1 Rubisco (rbcL) gene   

 

The rbcL gene, which encodes the large subunit of ribulose- 1,5-bisphosphate 

carboxylase oxygenase (RubisCO), has been widely sequenced from numerous plant taxa, 

resulting in a large database that has been applied to several plant phylogeny studies (Palmer et 

al. 1988; Clegg and Zurawski 1991; Chase et al. 1993; Gielly & Taberlet, 1994). Since this gene 

is known for being conserved, the sequences were used in this study as a reference for the 

substitution rates among the species of the different phylogenetic groups. In Fig. 1, the 

phylogenetic tree matches the trees used as a reference, supporting the methodology chosen for 

data retrieval and for the analysis that was performed for all the other genes.  

When observing ɤ ratios of the rbcL gene on the species individually, most are under 

possible positive selection (> 1.25). Only 6 of the 30 species have values that support neutral 

selection (0.75 to 1.25): B. atropurpurea, S. arcuata, Chondrus crispus, Pyropia kanakaensis, 

Porphyra purpurea and the green alga Bryopsis plumosa. Once the data was organized by the 

phylogenetic order based on the tree on Fig. 1, statistical support for significant differences 

between the phylogenetic groups was confirmed (p-value = 0.01), and the higher ratios were 

observed for Florideophyceae species, with emphasis on the Gracilaria genus (Fig. 2). The class 

has a ratio average of 1.43 which is indicative of positive selection. The highest ratio in the rbcL 

gene, however, belongs to the Cyanidiales species Galdieria sulphuraria (1.68), which is a 

species found in hot springs and has strong support for positive selection. The Bangiales species 

have an average of 1.3 and agree with the literature that states that Bangiales species have a 

highly conserved rbcL gene, therefore, with low rates of mutation (Müller et al., 1998; 

Sutherland et al., 2011; Xu et al., 2018). There were no ratios below the cut-off value (< 0.75), 

therefore, no species have the rbcL gene under purifying selection. When species are arranged 

based on habitat, the ɤ ratios do not have statistical support for significant differences between 

the groups (Appendix Figure C1).  
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Figure 3.3. {ǳōǎǘƛǘǳǘƛƻƴ ˖ Ǌŀǘƛƻǎ ƻŦ ǊŜŘ ŀƴŘ ƎǊŜŜƴ ŀƭƎŀŜ ƛƴ ŎƻƳǇŀǊƛǎƻƴ ǘƻ C. merolae rbcL gene, and then compared by 
phylogenetic position. The phylogenetic position of each species follows the rbcL gene tree. 

 

 

3.3.1.1 Rubisco (rbcL) gene - Discussion 

  

The rbcL gene encodes the Rubisco protein, which is within the chloroplast matrix of 

plants and is a crucial enzyme involved in plant photosynthesis (Young et al., 2012; Fangru et 

al., 2020; Han et al., 2021). A large amount of Rubisco protein is needed to maintain the normal 

metabolic process of cells, and as result, is the most abundant protein in plant cells, accounting 

for about 50% of the total soluble protein (Kapralov et al., 2007). Due to the critical role of the 

protein, it is often postulated that Rubisco is a highly conserved enzyme. Data availability about 
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adaptive evolution of the rbcL gene is mostly in Viridiplantae species, such as in fern, sweet 

wormwood and small trees species (Zhang et al., 2010; Liu et al. 2010; Zhou et al.,2011; Xiong 

et al. 2014). These studies detected multiple positive selection loci, that are essential to the 

functionality of the rbcL gene. Despite the importance of the rbcL, there are only a few studies 

on the adaptive evolution of this gene in Rhodophyta species.  

Young et al. (2012) investigated the history of evolution adaptation of Rubisco protein in 

red and Chromista algae and observed that there was no signal of positive selection in recent 

lineages, and the positive selection that did occur in the rbcL gene happened prior to the 

divergence of large algal taxonomic groups, but not within the Rhodophyta and Chromista 

species. However, other studies that focused on red algae species disagree with the previous 

statement and noted adaptive positive evolution on the rbcL gene in species within the order 

Batrachospermales (Gong et al., 2017), and in Galdieria species (Han et al., 2021). The sites in 

the sequence that exhibited positive selection agree with our results, where the G. sulphuraria 

represents the highest substitution rates among all the other 29 Rhodophyta species analyzed. 

The high ɤ rates in Galdieria can be explained by the unique characteristics of the species, such 

as the extreme environments in which they are observed, typically high-temperature and high-

acid hotsprings (Pinto et al., 2007; Ciniglia et al., 2014). The nucleotide substitutions related to 

Rubiscoôs function are likely subjected to selection pressures due to their direct relationship to 

the biological fitness of the species (Nozaki & Morita, 2002). 

Another study examining the adaptive evolution of the rbcL gene in Rhodophyta focused 

on Hildenbrandia species (Fangru et al., 2020). In this study, positive selection sites were not 

detected, implying that the rbcL gene in Hildenbrandia species evolved neutrally. This genus 

includes the freshwater species H. rivularis, and the marine species H. rubra, and both species 

were part of our dataset as well. However, our study shows conflicting results, where a positive 

selection was detected in the rbcL gene of both species. One explanation for the different results 

is the lack of representation of other Rhodophyta species in the Fangru et al. (2020) analyses, 

where the evolution rates were compared only within Hildenbrandia species. Therefore, among 

Hildenbrandia species the rbcL gene can be evolving neutrally, yet, when the species rates are 

compared among other Rhodophyta, they are under positive selection. This emphasizes the 

importance of integrating as many species as possible in a comparison study and the need for 

more literature around the adaptive evolution in Rhodophyta. 
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Investigations about the connection between the rbcL gene evolution in response to the 

freshwater habitat in comparison to species found in the ocean noted that environmental stresses 

such as oxidative stress and osmotic stress affect the activity of Rubisco (Moreno & Spreitzer, 

1999). This theory was confirmed by Mitterboeck et al. (2016), which hypothesized that 

freshwater species have higher evolutionary rates within protein-coding genes when compared 

with marine relatives. Although the theory is not based on algal species, it states that a different 

evolutionary rate is expected when the rbcL gene of species found in freshwater is compared to 

the ones found in the ocean. 

Contradicting the above literature, other studies that exclusively analyzed red algae genes 

argue that freshwater species, in most cases, have no signal of adaptive evolution and/or are 

under strong negative selection pressure (Gong et al., 2019; Han et al., 2021). In our data 6 of the 

8 freshwater species have ɤ that support positive selection. However, it is important to note that 

B. atropurpurea and S. arcuata showed no signal of positive adaptive evolution for the rbcL 

gene, instead showing ɤ that support neutral selection. Moreover, most of the marine species 

used in our study also show ɤ that support positive selection, having a very similar ɤ trend when 

compared with the freshwater species. The incongruence of results regarding the evolution of the 

rbcL gene can be explained by several important points, such as the sample size, sequence 

quality, method of analyses, and most importantly the species being compared. Reinforcing the 

importance of more data analysis including Rhodophyta species with a focus on the adaptive 

evolution of its genes.  

 Rates of substitutions that support positive selection indicate beneficial changes for the 

species and can be reflecting different impact factors and underlying variables that result in 

higher mutation rates. One of these factors can be the population size. Moreover, the substitution 

values are an average, and although there is support for positive selection, a combination of 

neutral and purifying selection can be acting on different gene sites. Another point to be 

considered given the high substitution rates of the rbcL gene for Rhodophyta species is sequence 

saturation. Given the common use of the rbcL gene in phylogenetic analysis of red algae, it is 

important to verify for sequence saturation, since if confirmed, might not reflect the true 

relationships among species. 

 

 



  

71 
 

3.3.2 atp genes  

 

 There are 8 genes present in the atp gene family and for the present study, seven were 

analyzed for its ɤ ratios in Rhodophyta and Chlorophyta species: atpA, atpB, atpE, atpF, atpG, 

atpH and atpI. The green algae species B. plumosa does not have a copy of the atpD and atpG 

genes (Appendix Table D1), therefore were excluded from the atp gene family analysis.  

  The individual species ratio analysis shows that all 30 species have at least 3 atp genes 

with low ratios, with exception of the C. caeruleus, which has only 2 low ratio genes. These 

genes vary according to the species. However, the ɤ ratios of atpA and atpE genes are lower 

than the cut-off value (0.75) in all the species, which is strong support for purifying selection 

(Appendix Fig. D1 and D2).  The number of atp genes with high and neutral ratios are similar 

throughout the species, while the number of genes with low ratios vary. Curiously, the species B. 

atropurpurea does not have any atp genes with high ratios, but yet has most of its genes under 

low and neutral values. The highest ɤ ratio from the atp gene family is represented by G. 

sulphuraria for the atpH gene (Fig. 3.3), and the lowest ratio is represented by W. schizophylla 

for the atpE gene. 

 

3.3.2.1 atp genes ï Habitat 

 

 The comparison of ɤ ratios by species and their ecological habitat show that 5 of the 7 

genes had statistical support: atpB, atpE, atpH, atpG and atpI (Appendix Fig. C2). Of the 19 

marine species with a copy of the atpB gene, 15 species have ɤ ratios above 1.25, resulting in a 

group ratio average of 1.86, indicating possible positive selection in the marine species. This 

result contrasts with the values for the freshwater species, where the ratio average is 1.2, 

representing a possible neutral selection. For the atpE gene, the difference is not that evident 

when examining the graph (Appendix Fig. C2), where all the species have low ratios and express 

strong evidence for this gene to be under purifying selection. However, the data shows 

significant differences in the ratios for the compared habitats. The salt marshes species P. 

purpureum, with a 0.36 ratio, is significantly different than the freshwater and hot spring species, 

which have an equal average of 0.26. The marine species, for the atpE gene, represents the 

lowest values of the group, with an average of 0.24. The atpG gene, similarly to the atpB gene, 
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has a mix of high and neutral ratios among the species (Appendix Fig. C2). The higher ratio in 

this gene is observed in the species found in hot springs, G. sulphuraria (1.51), followed by the 

species in the marine environment, which have a significantly lower average of 1.35. In addition, 

the ratio for species inhabiting salt marshes is also above the maximum cut-off value (1.26) and 

in all these three habitats, the high average supports a possible positive selection in the atpG 

gene of these species. On the other hand, the species found in freshwater have an average ratio is 

below the maximum cut-off value (1.22), and it is possibly under neutral selection. 

Two atp genes stand out when observing the ɤ ratios of the species, the atpH and atpI 

genes. The atpH gene has high ratios (> 1.25) in most of the species and across all the observed 

habitats (Fig. 3.3A), which indicates that positive selection forces are acting in most of the 

species. Moreover, the ɤ ratio of G. sulphuraria in the atpH gene represents the highest ratio in 

the entire atp gene family (4.19), being strong support for positive selection forces. Although the 

ratios are very similar throughout the species, there is a large difference from the average ɤ ratio 

in this gene among all species,1.81, to B. atropurpurea ratio, 0.29. This extremely low ratio is 

strong support of purifying selection forces action and represents the lowest ratio of the gene. 

When observing the other freshwater species, the average ɤ ratio is 2.33, and the only species 

that indicate a possible neutral selection is H. rivularis (1.14) which is still a high rate when 

comparing it to B. atropurpurea. The atpI gene expressed ratios that are the opposite of the atpH 

gene ratios. All the species in different habitats have ratios below the minimum cut-off value 

(0.75), with an average of 0.55 which is strong support for purifying selection (Fig. 3.3B). The 

atpI gene ratios of B. atropurpurea and C. caeruleus, however, are different from the rest of the 

species, having neutral values, which is indicative of neutral selection. 
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Figure 3.4. {ǳōǎǘƛǘǳǘƛƻƴ ˖ Ǌŀǘƛƻǎ ƻŦ ǊŜŘ ŀƴŘ ƎǊŜŜƴ ŀƭƎŀŜ ƛƴ ŎƻƳǇŀǊƛǎƻƴ ǘƻ C. merolae atpH and atpI gene, and then compared by 
the ecological habitats of each species. 
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3.3.2.2 atp genes ï Phylogeny 

 

 The dataset for this analysis reflects the ɤ ratios of the atp genes compared by the species 

phylogenetic positions. Different genes to the ones mentioned in the atp habitat comparison had 

statistical significance (p-value < 0.05), the atpA, atpB, atpE, atpF and atpH (Appendix Fig. 

D1). The ɤ ratios of the atpA gene indicate a possible purifying selection acting in all species 

since all species gene had ratios below the minimum cut-off value (0.75). The members of the 

class Florideophyceae, along with the order Porphyridiales, Compsopogonales and Cyanidiales 

are either identical or have a very similar low ɤ ratio average (0.54, 0.56, 0.54 and 0.52 

respectively). The species within the orders Bangiales (0.61) and Bryopsidales (0.69), represent 

the highest ɤ of the atpA gene analysis. There is also strong evidence for purifying selection in 

the atpE gene, where the Bangiales and Compsopogonales have the same ɤ ratio averages 

(0.21), being the lowest ratios of the atpE gene.  

However, compared to the above-mentioned genes, the atpB gene shows evidence of 

neutral selection forces acting on the Compsopogonales and Cyanidiales (0.92 and 1.09), and an 

indication of positive selection for Bangiales, Florideophyceae, Porphyridiales and Bryopsidales  

(1.75, 1.5, 2.46, 3.85 respectively). The highest average ratio for the atpF gene belongs to the 

Bryopsidales species  (1.5), which is strong evidence for positive selection. The species in the 

class Florideophyceae (1.22) and the orders Compsopogonales (1.13), Porphyridiales (1.03), 

Bangiales (0.98) and Cyanidiales (0.94) show evidence of being under neutral selection forces 

(Fig. 3.5).  For the atpH gene, all lineages have ratios that support positive selection with 

exception of the Bangiales, which average (1.24) is evidence of neutral selection (Fig. 3.5). It is 

important to note that the concatenated atp gene sequences phylogeny (Appendix, Figure D.3) 

shows that B. atropurpurea genes are closely related to Porphyra species, but is represented in a 

long branch. 
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Figure 3.5. {ǳōǎǘƛǘǳǘƛƻƴ ˖ Ǌŀǘƛƻǎ ƻŦ ǊŜŘ ŀƴŘ ƎǊŜŜƴ ŀƭƎŀŜ ƛƴ ŎƻƳǇŀǊƛǎƻƴ ǘƻ C. merolae atpH and atpF gene and compared by 
phylogenetic position. The phylogenetic position of each species follows the rbcL gene tree. 

 

  

  Overall, the species ɤ ratios comparison by phylogenetic position complemented the 

observations on the species ɤ comparison by habitat, where 42% of the ratios are low (< 0.75), 

being strong evidence of purifying selection for the atp gene family. The ratios support purifying 

selection for the atpA, atpE and atpI genes. Possible positive selection is observed in the atpH 

gene, since it has high averages (> 1.25) for all lineages, with exception of Bangiales, which 

have a neutral average (1.24). High average ratios are also in most lineages for the atpB gene. 

For the atpF gene, all lineages are neutral with exception of the Bryopsidales order, which has a 

high average (1.5). Lastly, the atpG gene has high averages in the Bangiales, Florideophyceae 

and Cyanidiales, which are indicative of positive selection.  

 

 

 

 



  

76 
 

3.3.2.3 atp genes ï Discussion 

 

The statistical support (p-value < 0.05) for 5 of the 7 atp genes confirms that different 

habitats have an impact on these genes and that different selection forces are acting on the 

species based on the habitat they are usually found in. The species observed in salt marshes, C. 

intermedia and P. purpureum, exhibit the highest averages of ɤ ratios for the atpB, atpE and 

atpH genes. These high ratios are strong evidence for positive selection and can be linked to the 

light and water level variations the salt marshes species experience in their habitat. For example, 

Pomeroy (1959) noted that algal species inhabiting salt marshes have different photosynthetic 

rates according to the season (optimal during summer and spring, below optimal during winter 

and fall), tide (high is optimal) and light availability. Therefore, mutations in the atp genes are 

passed to other generations to adapt to their habitat and obtain better fitness. 

The atpB and atpG genes ɤ ratios for the freshwater species are considered neutral. This 

indicates that neutral selection forces are acting on these genes in freshwater species and that 

mutations that have occurred are not affecting the fitness of these species (Duret, 2008). There is 

strong evidence of purifying selection for the atpI gene, where all species exhibit low ratios 

except for two freshwater species: B. atropurpurea and C. caeruleus. These two species have 

ratios that indicate neutral selection. It is difficult to interpret at present how the atpI gene and its 

protein affect red algae chloroplast function and the reason for it to be under different selection 

forces in different species since there is no research about the specific role of the gene in 

Rhodophyta, and no research studies that confirm or refute the adaptive molecular evolution for 

this gene to be purifying.  

The ɤ ratios of the species arranged by phylogenetic position resulted in 5 atp genes with 

statistical support. For the atpA gene, the Chlorophyta species Bryopsis plumosa has the highest 

ɤ ratio (positive selection) and all Rhodophyta lineages have a low ratio average (purifying 

selection). The same pattern in ratio averages from green and red species was observed in the 

atpB and atpF genes. The difference between the substitution ratios between the chloroplast 

genes of green and red algae was expected since there is a large evolutionary distance between 

Chlorophyta and Rhodophyta lineages (Parfrey et al., 2011; Sánchez-Baracaldo et al., 2017; 

Gibson et al., 2018; Tang et al., 2020). However, the class Florideophyceae and the order 

Bangiales are sister groups (Müller et al., 2001 and 2010; Saunders and Hommersand, 2004; 
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Yoon et al., 2006), and because of the closeness of these lineages, it was expected that the ɤ 

ratios would be similar when compared to the other lineages. Yet, the Bangiales exhibit a 

different trend when compared to not only the Florideophyceae but to all the other Rhodophyta 

orders. For example, the Bangiales atpB gene has an average ratio of 1.75, whereas the ratio in 

the Florideophyceae is 1.5, which indicates that this gene is evolving under different selection 

pressures in the different lineages.  The atpB gene codes the beta (ɓ) subunit of ATP synthase 

enzyme and is vastly used as a sequence marker, and on many occasions is analyzed together 

with rbcL and 18S rRNA genes to help resolve phylogenetic relationships (Hoot et al., 1995; 

Chiang et al., 1998; Magee et al., 2010; Iqbal et al., 2019; Savolainen et al., 2000). The evolution 

rate of the atpB gene is known for being similar to the rbcL rate (Hoot et al., 1995), and our data 

corroborates this conclusion. 

Within the Bangiales species, differences in evolution rates were also noted, as in the 

atpH gene. The species B. atropurpurea had an extremely low ɤ ratio, indicating being under 

purifying selection, while the other Bangiales species have ratios that support being under neutral 

or, in most species, positive selection. In addition, the evolutionary trend in Rhodophyta species 

observed for the atpH gene indicates that most of the Florideophyceae, Porphyridiales, 

Compsopogonales, Cyanidiales and Bryopsidales species are under positive selection forces as 

well. Like the atpI gene, there is no research about the atpH gene and its role in Rhodophyta, nor 

in any of the orders compared in the present study. Our results show that B. atropurpurea is the 

only species that has kept a conserved atpH gene, enforcing a stasis in terms of sequence and 

function of the protein (Prztycka et al., 2008). Other Rhodophyta species, from the Bangiales or 

different orders, freshwater or marine, had a fast evolution of the gene. More investigation about 

this specific gene is necessary to conclude the reason for the contrasting results. 

As described in the first chapter of this thesis, during the evolution of chloroplasts from 

cyanobacteria prokaryotic ancestors, the gene clusters and main arrangements of the genes 

remain mostly unchanged. It is known that a couple of atp genes were transferred to the nucleus 

in the course of evolution, the atpC for example is a nuclear gene on Rhodophyta species such as 

Porphyra purpurea (Reith & Munholland, 1995) and in Glaucophytes (Stirewalt et al. 1995). In 

Viridiplantae species, the atpD and atpG are also known to be found in the nucleus (Herrmann et 

al. 1985; Leliaert & Lopez-Bautista, 2015), which agrees with the retrieved data from the green 

alga used in this analysis, Bryopsis plumosa. 
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When the substitution rates of the atp genes are compared, the species B. atropurpurea 

stands out for exhibiting the lowest values and/or having a very different trend in terms of ratio 

values, being the opposite of most species. The only ratio that is similar to the other species is on 

the atpB gene, and the lower ratios can be observed on the atpE, atpG and atpH genes. Neutral 

ratios are observed for the aptI gene, however, all the other species with exception of C. 

caeruleus exhibit low ratios. These results are supported by the ML phylogenetic tree of the 

concatenated atp genes, which shows B. atropurpurea within the Bangiales, but in a very long 

branch. Long branches represent a large number of evolutionary changes (Parks & Goldman, 

2014), and therefore, how many mutations occurred in the evolutionary time between lineages. 

As mentioned in Chapter 1 of this thesis, the population of B. atropurpurea most likely derived 

from freshwaters in Europe, and due to an excellent adaptation mechanism invaded successfully 

into the Laurentian Great Lakes (Müller et al., 1998; Shea et al., 2014). Because the ATP 

complex is responsible for the photosynthetic electron transport (Gillham & Boynton, 1986; 

Groth & Stromann, 1999), it can be relevant for the adaptation of B. atropurpurea into new 

freshwater habitats, since a photosynthetic mechanism change must have occurred to survive in 

such a different environment. 

During the evolution of chloroplasts from cyanobacteria prokaryotic ancestors, the gene 

clusters and main arrangements of the genes have remained mostly unchanged (Groth & 

Stromann, 1999). There is evidence that some of the atp genes were transferred to the nucleus in 

the course of evolution, the atpC for example, is a nuclear gene on Rhodophyta species such as 

Porphyra purpurea (Reith & Munholland, 1995) and in Glaucophytes (Stirewalt et al. 1995), 

justifying the absence of the atpC gene on this study. In Viridiplantae species, the atpD and atpG 

are also found in the nucleus (Herrmann et al., 1985), which agrees with the retrieved data from 

the green alga used in this analysis, Bryopsis plumosa. 

When the substitution rates of the atp genes are compared, the species B. atropurpurea 

stands out for exhibiting the lowest values and/or having a very different trend in terms of ratio 

values, being the opposite of most species. The only ratio that is similar to the other species is on 

the atpB gene, and the lower ratios can be observed on the atpE, atpG and atpH genes. Neutral 

ratios are observed for the aptI gene, however, all the other species with exception of C. 

caeruleus exhibit low ratios. These results are supported by the ML phylogenetic tree of the 

concatenated atp genes, which shows B. atropurpurea within the Bangiales, but in a very long 
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branch. Long branches represent a large number of evolutionary changes (Parks & Goldman, 

2014), and therefore, how many mutations occurred in the evolutionary time between lineages. It 

is important to consider that for the analysis performed in this chapter, all the substitution rates 

are a result of the comparison of the species gene sequence against C. merolae (as detailed in the 

material and methods). This, together with the long branches observed in the concatenated 

sequence phylogeny, must be taken into consideration given the unique characteristics of C. 

merolae, such as the known accelerated evolution due to the extremophile habitat the organism is 

observed (Kuroiwa, 1998; Kobayashi et al., 2014; Antoshvili et al., 2019). Interestingly, previous 

observations of the Bangia species in long branches were noted by Sutherland et al. (2011), with 

the use of the marker genes rbcL and SSU rRNA to create the phylogenetic analysis. The long 

branches and the discrepancy on the rates of substitution of B. atropurpurea atp genes, could be 

an indication of fast evolution or sequence saturation, and should be investigated further. As 

mentioned in Chapter 1 of this thesis, the population of B. atropurpurea most likely derived from 

freshwaters in Europe, and due to an excellent adaptation mechanism invaded successfully into 

the Great Lakes in Canada (Müller et al., 1998; Shea et al., 2014). Because the ATP complex is 

responsible for the photosynthetic electron transport (Gillham & Boynton, 1986; Groth & 

Stromann, 1999), it can be relevant for the adaptation of B. atropurpurea into Canadian waters, 

since a photosynthetic mechanism change must have occurred to survive in such different 

environment. 
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3.3.4 psa genes  

 

The psa genes are part of the Photosystem I complex (PSI), built by two large subunits 

(psaA and psaB) and some low-molecular-weight polypeptides (psaF, psaL, psaK, psaG, psaI, 

psaJ, and psaM), that are integral membrane proteins with transmembrane domains (Shimada 

and Sugiura, 1991; Chitnis, 1996). Moreover, the psaC, psaD, psaE, and psaH are peripheral 

proteins on the reducing side of PSI, whereas psaN associates with the luminal side (Chitnis, 

1996). The functions of the small PSI proteins have been studied for their biochemical 

mechanisms, such as the psaC, psaI, and psaJ, that make up the protein P700 and are responsible 

for the cyclic electron flow around in the thylakoid membranes (Arnon et al., 1954; Shimada and 

Sugiura, 1991); the psaD, is part of the photosynthesis reaction center (Bolle et al., 1996; Chitnis 

et al., 1996); the psaE act on stabilizing the interaction between psaC and psaI (Sonoike, et al., 

1993); the psaF is essential for the thylakoid viability and part of the electron transfer (Xu et al., 

1994; Farah et al., 1995; Hippler et al., 1997); the psaL  is responsible for mRNA binding 

(Chitnis et al., 1993; Schluchter et al., 1996); the psaM is involved in the coordination of some 

antenna pigments and stabilization of PSI trimers (Naithani et al., 2000). There are no studies 

regarding the role of the protein produced by the psaJ gene, but it is a recognized part of the PSI 

(Chitnis, 1996). The PSI is essential for photosynthesis because it contributes to the ATP 

synthesis and regulates the ATP: NADPH ratio (Munekage et al., 2004), which is crucial for 

preventing stroma over-reduction (Backhausen et al., 2000; Kramer et al., 2004; Munekage et 

al., 2004; Gao & Wang, 2012). In addition, studies demonstrated that the PSI is a key element in 

plant responses to drought or desiccation stress (Horváth et al., 2000; Golding and Johnson, 

2003; Gao et al., 2011; Gao & Wang, 2012). 

Although this pathway is known to be present in Viridiplantae, cyanobacteria and 

eukaryotic algae, research around the PSI functionality have focused on model organisms such 

Arabidopsis thaliana, Chlamydomonas reinhardtii, and tobacco (Horváth et al., 2000; Joët et al., 

2001, 2002; Munekage et al., 2002, 2004; DalCorso et al., 2008; Iwai et al., 2010). The main 

difference between the photosynthetic apparatus of green algae and Viridiplantae species to 

Rhodophyta is the presence of phycobilisomes instead of chlorophyll a/b complexes in red algae 

species (Gantt, 1980). Unfortunately, there is only a small amount of literature available about 

the PSI complex in Rhodophyta and most studies use only marine species, focusing on the 
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cycling electron flow and photosynthesis analyzes of the red species undergoing stress (Levy & 

Gantt, 1990; Marquardt & Rehm, 1995; Sagert & Schubert, 1995; Figueroa et al., 1995; Lin et 

al., 2009; Gao & Wang, 2012). Therefore, the knowledge about the PSI and the evolution rates 

on each PSA gene in Rhodophyta is very limited. 

For the psa gene family, 11 genes were analyzed for their ɤ ratios in Rhodophyta and 

Chlorophyta species: psaA, psaB, psaC, psaD, psaE, psaF, psaI, psaJ, psaK, psaL and psaM. 

The green algae Bryopsis plumosa does not have a copy of the psaC, psaD, psaE, psaJ, psaK and 

psaL genes. The freshwater species C. caeruleus (Compsopogonales), lack the psaJ and psaM 

genes. Another freshwater species, Sheathia arcuata (Batrachopsermales), does not have the 

psaF and psaI genes (Appendix Table E1). The calculation error of the number of synonymous 

substitutions per synonymous site (Ks) noted previously on the atpD gene, was also observed 

with the psaK gene, in the following species: Hildenbrandia rivularis, Cyanidium caldarium, 

Caloglossa intermedia, Gracialaria salicornia, G. ferox, G. changii, G. edulis, Pyropia 

yezoensis, P. fucicola, P. endiviifolia, Bangia fuscopurpurea, Porphyra umbilicalis and P. 

purpurea. Hence, the analysis of the psaK gene was concluded without these species since the 

ratio of B. atropurpurea was not affected. 

The ɤ ratios for the individual species show that 15 species have at least one psa gene 

with a ratio below 0.75, which is indicative of purifying selection. The species B. atropurpurea, 

with 3 genes with low ratios (psaC, psaL and psaM), has strong support for being under 

purifying selection for the psa genes. In addition, the ratios of B. atropurpurea are opposite to 

the trend of the other species in the psaC, psaF and psaM genes. Of the 30 species analyzed, H. 

rivularis, Kumanoa Americana and Thorea hispida donôt have any low ratios within the psa 

genes, having ratios that suggest neutral or positive selection only. The species G. ferox have 8 

of the 15 psa genes with high ratios (> 1.25), being the species with the highest ɤ average and is 

possibly under positive selection for the psa genes. Neutral ratios (0.75 to 1.25) were mostly 

observed in C. beccarii, 8 psa genes, indicating these genes to be under neutral selection. Of the 

whole analysis, the lowest ɤ ratio is observed on the psaK of the species Pyropia haitanensis 

(0.16), and the highest ratio is observed on the psaI of the species Kumanoa americana (6.95). 
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3.3.4.1 psa genes ï Habitat 

 

 The comparison of ɤ ratios by species and their ecological habitat show that four of the 

eleven genes have statistical support (p-value < 0.05), confirming significant evolutionary 

differences in different environments: psaA, psaD, psaL and psaM (Appendix Figures E1 and 

E2). For the psaA gene, all species but C. beccarii (freshwater) and Galdieria sulphuraria (hot 

springs), have high ɤ ratios. These two species have ratios of 1.21 and 1.24 respectively, which 

according to the followed methodology, are under neutral selection. All the other species fall 

under possible positive selection (ɤ > 1.25). The species observed in the marine environment 

have the highest average (1.42) for the psaA gene and are significantly different from the species 

in freshwater (1.38) and the salt marshes group (1.35).  

Among the different environments, the species have high and neutral ɤ ratios for the 

psaD gene. The graph (Fig. 5a) shows that the species observed in hot springs have the highest 

ratio of the psaD gene (1.94), being significantly different from the second-highest average, the 

freshwater group (1.38). High ratios were also noted for the species observed in salt marshes, 

with an average of 1.36. The high ratios for the psaD gene in hot springs, freshwater and salt 

marshes species indicate possible positive selection forces occurring in these habitats. On the 

other hand, the average ratio of the species observed in the marine environment (1.18), is the 

lowest average of the psaD gene and indicates neutral selection. 

 Differently from the psaA and psaD genes, the ratios of the psaL gene are below the 

minimum cut-off value (< 0.75) in 23 species. The remaining 6 species have ratios that are 

considered neutral (0.75 ï 1.25) and are observed in freshwater and salt marshes. The only 

marine representative with neutral ratios for the psaL gene is the species Bangia fuscopurpurea 

(Fig.5b). The species observed in hot springs and the marine habitat have an average of 0.7 and 

0.63, the lowest ratios for the psaL gene, which is strong evidence for purifying selection forces 

(Fig. 5b).  

Lastly, the psaM gene has ratios that vary from high (> 1.25), neutral (0.75 to 1.25) and 

low (< 0.75). The marine environment species concentrate the highest ratios observed, with an 

average of 1.3 (Fig. 5c). This high ratio suggests that the species found in the marine 

environment have positive selection forces acting on the psaM gene. The species observed in hot 

springs and salt marshes have an average below the minimum cut-off (0.56 and 0.67), indicating 
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possible purifying selection. The species found in freshwater are possibly under neutral selection, 

with an average of 0.95. 
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Figure 3. 6. {ǳōǎǘƛǘǳǘƛƻƴ ˖ Ǌŀǘƛƻǎ ƻŦ ǊŜŘ ŀƴŘ ƎǊŜŜƴ ŀƭƎŀŜ ƛƴ ŎƻƳǇŀǊƛǎƻƴ ǘƻ C. merolae psaD, psaM and psaL gene, and then compared by the ecological habitats of each species. 
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3.3.4.2 psa genes ï Phylogeny 

 

 The comparison of ɤ ratios by species and their phylogenetic position shows that 7 of the 

11 PSA (psaB, psaC, psaE, psaF, psaI, psaL and psaM) have statistical support for different 

selection forces acting on these genes according to the phylogenetic position of the species, 

confirming evolutionary differences among the lineages. For the psaB gene, the species exhibit a 

mix of high (> 1.25) and neutral ratios (0.75 to 1.25), with Bangiales species concentrating the 

highest ratios (Fig. 6a). Therefore, the gene is possibly under positive selection in the Bangiales 

species. All the other lineages have average ratios are under 1.25, indicating neutral selection.  

 For the psaC gene, most species have high ɤ ratios, with only four species having neutral 

ratios: Pyropia perforata, Wildemania schizophylla, Porphyridium purpureum and 

Compsopogon caeruleus. Figure 6b shows that the ratio of B. atropurpurea (Bangiales) is 0.62, 

which is below the minimum cut-off value and the opposite of all the other species. This is 

strong evidence for purifying selection on the psaC gene of B. atropurpurea. However, all the 

other Bangiales species have ratios that support positive selection, with a ɤ average of 1.35. The 

Florideophyceae lineage has the highest ratio for the psaC gene, and the group is considered to 

be under positive selection as well, along with the Cyanidiales and Bryopsidales lineages. 

Neutral ratios are observed for the Porphyridiales and Compsopogonales, suggesting that the 

species of these lineages are under neutral selection. Likewise, the compared species have high 

and neutral substitution ɤ ratios for the psaE gene.  The neutral ratios indicate possible neutral 

selection forces acting on species of the Florideophyceae (1.29), Bangiales (1.19) and 

Compsopogonales (0.81). The Porphyridiales and Cyanidiales have high average ratios (1.45 and 

1.95 respectively), indicating strong evidence for being under positive selection.  
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Figure 3. 7. {ǳōǎǘƛǘǳǘƛƻƴ ˖ Ǌŀǘƛƻǎ ƻŦ ǊŜŘ ŀƴŘ ƎǊŜŜƴ ŀƭƎŀŜ ƛƴ ŎƻƳǇŀǊƛǎƻƴ ǘƻ C. merolae psaB and psaC gene, and then compared by 
the phylogenetic position of each species. The phylogenetic position of each species follows the rbcL gene tree. 

 

 

There is a considerable difference between the Bangiales and the other lineages on the 

substitution rates of the psaF gene (Fig. 7b), where 7 of the 11 species have low ɤ ratios (< 

0.75), suggesting strong evidence for purifying selection forces acting on these species. The 

species B. atropurpurea, B. fuscopurpurea, P. fucicola and W. schizophylla have neutral ratios 

for the psaF gene and are possibly under neutral selection.  The Porphyridiales is the only order 

with average ratios higher than the maximum cut-off value (1.36) which is support for positive 

selection.  

All 30 species, and consequently all lineages, have high ɤ ratios for the psaI gene (Fig. 

7a). Although all species have high ratios and have strong support for being under positive 

selection, there are substantial differences between the lineages. The Bryopsidales have the 

lowest ratio (1.4), followed by the Bangiales (2.22) and Porphyridiales (2.86). The ratios of 

Cyanidiales, Compsopogonales and Florideophyceae (3.5, 3.74 and 3.84 respectively) represent 

the highest of the gene.  
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Figure 3. 8. {ǳōǎǘƛǘǳǘƛƻƴ ˖ Ǌŀǘƛƻǎ ƻŦ ǊŜŘ ŀƴŘ ƎǊŜŜƴ ŀƭƎŀŜ ƛƴ ŎƻƳǇŀǊƛǎƻƴ ǘƻ C. merolae psaI and psaF gene, and then compared by 
the phylogenetic position of each species. The phylogenetic position of each species follows the rbcL gene tree. The green algae 
B. plumosa does not have a copy of the psaF gene and was not used in this analysis. 

 

 

Of the 29 species that have a copy of the psaL gene, 23 have ɤ below the minimum cut-

off ratios (< 0.75), indicating being under purifying selection (Fig. 8a). The other species have 

neutral ɤ ratios and are possibly under neutral selection. The species with neutral ratios are 

spread throughout the lineages, therefore, the ɤ ratio average of the lineages is low. The 

Compsopogonales and Florideophyceae have similar ratios (0.72 and 0.7), while Bangiales 

represents the lowest average of the psaL gene (0.61).  

 The substitution ratios of the psaM gene are high, neutral and low. The Bangiales order is 

the only lineage with species expressing all three types of ratios (Fig. 8b), and despite the high 

ratio of some of the Bangiales species, the orderôs ɤ ratio average is 1.19, supporting neutral 

selection. Curiously, like on the ratio for the psaC gene, B. atropurpurea (0.52) has similar ratios 

to the ones expressed by the Porphyridiales, Cyanidiales and Bryopsidales orders (0.43, 0.56, 

0.62), and are possibly under purifying selection. The Florideophyce species have neutral and 

high ratios, where the dominance of high values is observed in the Gracilaria and Hildenbrandia 
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species. Because of these high ratios, the Florideophyceae is the only lineage with an ɤ ratio 

average above the maximum cut-off (1.3), indicating positive selection for the psaM gene. 

 

 

 

Figure 3. 9. {ǳōǎǘƛǘǳǘƛƻƴ ˖ Ǌŀǘƛƻǎ ƻŦ ǊŜŘ ŀƴŘ ƎǊŜŜƴ ŀƭƎŀŜ ƛƴ ŎƻƳǇŀǊƛǎƻƴ ǘƻ C. merolae psaL and psaM gene, and then compared by 
the phylogenetic position of each species. The phylogenetic position of each species follows the rbcL gene tree. The green algae 
B. plumosa does not have a copy of the psaL gene and was not used in this analysis. 

 

 

  

The comparison of ɤ ratios by species and their phylogenetic position shows that 46% of 

the ratios are considered high (ɤ > 1.25), being strong evidence of positive selection forces 

acting in almost half of the compared species. Higher ɤ averages are particularly noted for the 

Florideophyceae, Porphyridiales and Cyanidiales lineages, each having 6 psa genes with ratios 

above 1.25. The Bangiales species has a distinct ɤ pattern for the psaB, psaD, psaF and psaM, 

where: it is high in psaB while all the other lineages are neutral; neutral in psaD while all the 

other lineages are high; low in psaF where all but Porphyridiales (which is high) are neutral; and 

neutral in psaM, where all lineages but Florideophyceae (high) are low.  
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3.3.4.3 psa genes ï Discussion 

 

In our analysis, 4 of the 11 psa genes exhibit statistical support when ɤ ratios are 

compared by species and their ecological habitat.  The species observed in the marine 

environment have either the highest (psaA and psaM) or the lowest (psaD and psaL) ɤ ratios. 

There is no research about the substitution rates of these particular genes in Rhodophyta, but 

because they are part of the PSI, we can speculate that the marine species have different ɤ ratios 

for some of the psa genes due to environmental adaptation. The species used in the present study 

are predominantly marine intertidal species (Reith & Munholland, 1995; Wang, 2013; Hughey et 

al., 2014; Gao &Wang, 2012; Brawley et al., 2017; Cao et al., 2018; Xu et al., 2018). Marine 

intertidal species must adapt to the environment to survive desiccation during low tides, re-

hydration, and drought during high tides (Gao & Wang, 2012). A study about the physiology of 

the PSI in Rhodophyta was performed with the species Pyropia yezoensis, which has elevated 

PSI electron flow during desiccation, suggesting that the PSI has an important role during 

desiccation and re-hydration of its blades (Gao & Wang, 2012). More research about specific psa 

genes is needed to conclude how the PSI in marine Rhodophyta evolved, and how they are 

connected to the adaptation mechanisms of the species.    

Curiously, of the 8 freshwater species, B. atropurpurea has a unique pattern of ɤ ratios 

pattern for the psa genes, having more genes under purifying selection than the other 29 species 

being compared. More specifically, the psaC, psaF and psaM genes. It is worth noting the deficit 

of literature around these genes and their evolution ratios even for Viridiplantae species. Studies 

focusing on Rhodophyta species are limited to describing the presence or absence of these genes 

in their genomes. Since the PSI is a vital part of the photosynthetic cell (Fromme & Mathis, 

2004) and plays an important role in response to stress (Lin et al., 2009; Gao & Wang, 2012), 

one can hypothesize that B. atropurpurea has a different gene evolution pattern due to the 

adaptation in freshwater. The species is the only freshwater within the Bangiales, and its 

successful adaptation to different environments has been tested by Geesink (1973) and Sheath & 

Cole (1980). The studies show that B. atropurpurea can quickly adapt from freshwater to 

saltwater and vice-versa, reinforcing how peculiar the physiology and adaptation mechanisms of 

this species are. Moreover, the ɤ ratios of B. atropurpurea are significantly different from the ɤ 

ratios of other freshwater species, which indicates that B. atropurpurea has an exclusive 
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substitution rates pattern, therefore, making use of its PSI complex to overcome environmental 

stress and strive in harsh environments such as the Laurentian Great Lakes. 

 The comparison of ɤ ratios by species and their phylogenetic position shows statistical 

support in 7 of the 11 psa genes, indicating that different selection forces are acting on the 

species based on their taxa (Appendix E3 and E4). The most distinctive results are for the 

Bangiales order, where the ɤ ratios are the opposite of all the other lineages in 4 psa genes: 

psaB, psaD, psaF and psaM. The psaB gene is essential for the biogenesis in the PSI since the 

suppression of the gene results in the disruption of the complex (Smart & McIntosh, 1993). This 

gene is vastly used in phylogenetic studies, usually in addition to rbcL and other marker genes 

(Tullberg et al., 2000; Cameron, 2004; Yoon et al., 2006; Saunders & Moore, 2013; Zhan et al., 

2020), is considered suitable for intrafamilial investigations within Viridiplant species 

(Nishiyama & Kato, 1999; Graham & Olmstead, 2000; Sanderson et al., 2000).  

The higher average substitution ratio for the psaB gene in Bangiales is due to the high ɤ 

ratios of the Pyropia and Bangia species and is support for positive selection. The Porphyra 

species have ɤ that indicates neutral selection, which is very similar to all the other lineages. 

Curiously, Pyropia and Bangia species are more distant phylogenetically than Bangia and 

Porphyra species, which share a common ancestor. Moreover, B. atropurpurea is the only 

freshwater species in this analysis with a high ɤ ratio for psaB gene. The mutations occurring on 

the psaB genes of Pyropia and Bangia are accumulating faster than in the other species. 

However, the gene is conserved and evolving at a neutral rate in most Rhodophyta, and can 

continue being used for phylogenetic studies along with other marker genes.  

The other genes with a different ɤ pattern in Bangiales, psaD, psaF and psaM, are small 

protein subunits that are associated and assist in the functionality of the PSI complex (Fromme & 

Mathis, 2004). With exception of the psaF gene, which is known for its critical role on the 

thylakoid structure and viability (Xu et al., 1994; Farah et al., 1995; Hippler et al., 1997), there 

are not many studies about the other genes besides their main roles. Unquestionably, more 

research about these genes in Rhodophyta and their evolution mechanisms is necessary to better 

understand how and why the evolutionary pattern of the PSI genes in Bangiales are so different 

from the other orders, even among species that share the same habitat. 
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3.3.5 psb genes  

  

The photosystem II (PSII), located in the thylakoid membrane of algae, cyanobacteria, 

and plants, is responsible for the photochemical and electron transport reaction of oxygenic 

photosynthesis, performed along with the PSI, cytochrome b6f complex and ATP synthase 

(Whitmarsh & Govindjee, 1999; Freeman, 2006; Kern et al., 2010; Mizusawa & Wada, 2012). 

During photosynthesis, these organisms fix carbon dioxide (CO2) into carbohydrates, resulting in 

the release of molecular oxygen into the atmosphere; this process is vital to support life on Earth 

(Murata et al., 2007; Kern et al., 2010; Shevela et al., 2012). Therefore, the production of oxygen 

and the evolution of oxidative respiration depends on this unique protein complex that is the 

PSII. The structure and function of PSII in Viridiplantae species, algae and bacteria are 

extremely similar (Kern et al., 2010). Sadekar et al. (2006), notes that the PSI and PSII reaction 

centres of bacterial, algae and land plants share several structural features, indicating ancient 

evolutionary links. However, the antenna system, responsible for the light capture, will vary its 

structure in different organisms, which indicates multiple origins along with the evolution of the 

photosynthesis (Green et al., 2003; Kern et al., 2010).  

The PSII is known as a multiprotein super complex which requires the production of over 

30 proteins subunits (BaenaïGonzález & Aro, 2002; Minagawa & Takahashi, 2004). It is also 

known that part of the critical proteins of the PSII is encoded not only in the chloroplast but also 

in the nucleus (BaenaïGonzález & Aro, 2002). The PSII is built by two types of proteins, 

intrinsic and extrinsic. The intrinsic proteins are conserved in most photosynthetic organisms and 

are commonly found in prokaryotic cyanobacteria and eukaryotic plants (Bricker & Ghanotakis, 

1996; Enami et al., 1998; Gardian et al., 2007). These intrinsic proteins are the D1/D2 

heterodimer proteins ï encoded by the psbA and psbD genes; the Ŭ and ɓ subunits of the 

cytochrome b559 ï encoded by the psbE and psbF genes; and the psbI and psbW gene products 

(Lorkoviĺ et al., 1995; BaenaïGonzález & Aro, 2002; Green et al., 2003). Other subunits include 

the chlorophyll-binding proteins CP43 and CP47, which are encoded by the psbB and psbC 

genes (Mullet et al., 1990; Bricker & Frankel, 2002; Minagawa & Takahashi, 2004). Research 

shows that the inactivation of the genes responsible for the translation of the core subunits 

proteins leads to a loss of normal PSII assembly and a loss of the ability to evolve oxygen (Kiss 
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et al., 2012). Therefore, all photosynthetic organisms are expected to have a copy of these core 

genes.  

The extrinsic proteins are significantly different among the photosynthetic organisms. For 

example, in green algal and Viridiplantae species, the PSII has 3 extrinsic proteins: 33, 23, and 

17 kDa, which maintain the stability and activity of the oxygen-evolving complex (Enami et al., 

1998; Shen et al., 1995). These proteins are encoded by the psbO, psbP, psbQ genes respectively 

(Seidler, 1996; Ohta et al, 2003). In cyanobacteria, only the 33 kDa protein is present, along with 

two different extrinsic proteins, the cytochrome c550 and a 12 kDa, which have similar roles as 

the 23 and 17 kDa proteins (Shen et al., 1992; Enami et al., 1998; Gardian et al., 2007), and are 

encoded by the psbU and psbV genes respectively (Shen et al., 1993; Ohta et al., 2003). The 

difference between the extrinsic proteins in cyanobacteria and Viridiplantae species elucidates 

the evolutional process of the oxygen-evolving complex from prokaryotes to eukaryotes (Enami 

et al., 1998). Studies with the species Cyanidium caldarium (Rhodophyta), show that red algae 

have cyanobacterial-type extrinsic proteins - cytochrome c550 and the 12 kDa protein, in addition 

to the 33 kDa protein (Enami et al., 1995; Enami et al., 1998; Ohta et al., 2003). This implies that 

the red algae PSII is closely related to cyanobacterial PSII and that the replacement of the two 

extrinsic proteins by the 23 and 17 kDa proteins occurred beyond the development of red algae 

(Enami et al., 1998; Ohta et al., 2003; Gardian et al., 2007; Busch et al., 2010; Tian et al., 2017).  

In Rhodophyta, the PSII contains more than 25 subunits (coded by psbA-psbZ genes) 

(Gardian et al., 2007), but the functions of the majority of these subunits remain obscure (Kiss et 

al., 2012). Research about the photosynthetic apparatus indicates how unique the red algae PSII 

is. The red algae species have a novel extrinsic protein, the 20 kDa, which is not present in 

cyanobacterial nor Viridiplantae species (Enami et al., 1995; Ohta et al., 2003; Enami et al., 

2005; Zheng et al., 2020). Moreover, the light-harvesting antenna, which is distinct to 

Rhodophyta, Cyanophyta, Glaucophyta and Cryptophyta, contain phycobilisomes, similar to 

those found in prokaryotic cyanobacteria, rather than chlorophylls to capture light like in 

Viridiplantae (Bricker & Frankel, 2002; Green & Gantt 2005; Kern et al., 2010; Zheng et al., 

2020). However, the connection between the red algae PSI and PSII follows what is observed in 

all the major groups of photosynthetic eukaryotes (Jansson, 1994; Wolfe et al., 1994; Scheller et 

al., 2001; Yokono et al., 2011). There might be other peculiarities among the PSII genes of 
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Rhodophyta species, especially regarding differences in evolution, but more research is needed 

to have a conclusion.  

In our study, a total of 15 genes part of the psb gene family were analyzed: psbA, psbB, 

psbC, psbD, psbE, psbF, psbH, psbK, psbL, psbN, psbT, psbV, psbW, psbX and psbZ. The 

marine species, Pyropia fucicola, P. kanakaensis, P. perforata and Wildemania schizophylla 

have its psbB gene named as psi gene. Other species lacked one or few copies of PSB genes: 

Sheathia arcuata lacks psbL and psbX genes; Kumanoa americana and Compsopogon caeruleus 

lack psbT gene; Chondrus crispus lack psbW; Bryopsis plumosa lacks psbV, psbW and psbX; 

Cyanidium caldarium lacks psbX and psbZ (Appendix Table F1). A total of ten species (B. 

atropurpurea, B. fuscopurpurea, P. fucicola, P. yezoensis, P. haitanensis, P. kanakaensis, P. 

perforata, P. endiviifolia, W. schizophylla, and K. americana) could not have their Ks value 

calculated by the DNAsp software because the Jukes and Cantor (1969) correction could not be 

computed for the psbJ gene, affecting the further analysis of the gene. 

   

3.3.5.1 psb genes - Habitat 

  

 From the 15 psb genes, three had statistical support for significant differences in the 

various habitat groups: psbE, psbH and psbZ (p-value < 0.05) (Appendix Figures F1 and F2). Of 

the 7 gene families analyzed in this study (rbcL, atp, psa, psb, rpl, rps, rpo), the comparison of 

the psb genes of species in different habitats has the lower number of significant differences. 

This reinforces that the psb genes are conserved in most species independently of their habitats.  

  The psbE gene has high ɤ ratios for all species, with a total average of 2.3, which is 

strong evidence for positive selection (Figure 8a). Curiously, B. atropurpurea is the only species 

with a low ɤ ratio, 0.33, one of the lowest of the whole psb gene analysis, which is strong 

support of purifying selection. When analyzing the habitats, the hot springs have the lowest ratio 

of the psbE gene (1.5), which is already above the maximum cut-off (1.25) being under positive 

selection. Also, under possible positive selection, the other groups have higher averages such as 

the freshwater group, with an average of 2.18, followed by the marine (2.34) and salt marshes 

(2.84) (Fig. 8).  

 Contrasting with the high ratios of the psbE gene, the psbH has a mix of low ratios (< 

0.75) and average ratios (0.75 to 1.25) with a total average of 0.87. Although all habitats have 
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ratios that suggest the gene to be under neutral selection, there is more similarity between the 

freshwater and marine groups (0.91 and 0.84) than between salt marshes (1.03) and hot springs 

(1.24) groups (Appendix F1 and F2). With more species with lower-than-average ratios, the psbZ 

gene is probably under purifying selection. The difference between habitats is visible when 

observing the graph in Fig. 8b, where all the freshwater species have ratios below the minimum 

cut-off (0.57), as well as the hot springs (0.58) and salt marshes species (0.27). These ratios 

indicate that the psbZ gene is possibly under purifying selection. The marine habitat is the only 

group with species with average ratios, but the group average is 0.68 which is still below the 

minimum cut-off and suggests purifying selection. 

 

 

Figure 3. 10. {ǳōǎǘƛǘǳǘƛƻƴ ˖ Ǌŀǘƛƻǎ ƻŦ ǊŜŘ ŀƴŘ ƎǊŜŜƴ ŀƭƎŀŜ ƛƴ ŎƻƳǇŀǊƛǎƻƴ ǘƻ C. merolae psbE and psbZ gene, and the ecological 
habitat of each species. 

3.3.5.2 psb genes ï Phylogeny 
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 The comparison of ɤ ratios by species and their phylogenetic position show 4 genes with 

statistical support: psbA, psbB, psbK and psbV (Appendix F4 and F5). It is important to note the 

phylogeny of the concatenated sequences of 15 psb genes: (psbA, psbB, psbC, psbD, psbE, psbF, 

psbH, psbK, psbL, psbN, psbT, psbV, psbW, psbX and psbZ) shown on Appendix Figure F5. 

Although being located in the expected place in the phylogenetic tree, closer to Porphyra 

species, the species B. atropurpurea is represented by a long branch.  

Most species exhibit low ɤ ratios (< 0.75) for the psbA gene. Only 5 of the 30 compared 

species have neutral ɤ ratios (0.75 to 1.25), however, not all 5 are in the same lineage. The 

Cyanidiales and Bangiales orders represent the lowest ɤ ratios of the psbA gene (0.61 and 0.66), 

with all species in these orders with ɤ ratios below 0.75, which is strong evidence of purifying 

selection. The highest ɤ ratio was observed by the green algae Bryopsis plumosa, 0.98, 

indicating neutral selection (Fig. 9a). On the other hand, for the psbB gene, many species exhibit 

high ɤ ratios (Fig. 9b). However, the Bangiales is the only lineage with average ɤ ratios 

supporting positive selection (1.27), while all the other lineages have average ɤ ratios supporting 

neutral selection. 
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Figure 3. 11. {ǳōǎǘƛǘǳǘƛƻƴ ˖ Ǌŀǘƛƻǎ ƻŦ ǊŜŘ ŀƴŘ ƎǊŜŜƴ ŀƭƎŀŜ ƛƴ ŎƻƳǇŀǊƛǎƻƴ ǘƻ C. merolae psbA and psbB gene, and then compared 
by the phylogenetic position of each species. The phylogenetic position of each species follows the rbcL gene tree.  

 

 

 

 For the psbK gene, the species have ɤ ratios that vary among the lineages. For example, 

all the Bangiales species that are in the first clade of the phylogenetic tree have low ratios and 

support purifying selection, while the other Bangiales species have neutral ratios and are 

indicative of neutral selection (Fig. 10a). The first clade includes the species B. atropurpurea, P. 

umbilicalis, P. purpurea and B. fuscopurpurea. Similarly, the Gracilaria species, part of the 

Florideophyceae, have neutral ɤ ratios, while the other species exhibit low or even high ratios. 

The ɤ ratio average of the Florideophyceae (0.89), supports neutral selection as well. 

 The Bangiales species stands out for its ɤ ratios for the psbV gene, which is very 

different from the other species (Figure 10b). Of the 29 species that have a copy of the gene, 4 

Bangiales species exhibit high ɤ ratios, all Pyropia. The high ɤ ratios (> 1.25) indicate positive 

selection forces acting on the psbV gene of Pyropia species. Although Pyropia has high ɤ ratios, 
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the Bangiales as an order has an average of 1.21, indicative of possible neutral selection. All the 

other lineages have lower averages but also fall under possible neutral selection. 

 

 

Figure 3. 12. {ǳōǎǘƛǘǳǘƛƻƴ ˖ Ǌŀǘƛƻǎ ƻŦ ǊŜŘ ŀƴŘ ƎǊŜŜƴ ŀƭƎŀŜ ƛƴ ŎƻƳǇŀǊƛǎƻƴ ǘƻ C. merolae psbK and psbV gene, and then compared 
by the phylogenetic position of each species. The phylogenetic position of each species follows the rbcL gene tree. The green 
algae B. plumosa does not have a psbV gene copy, therefore, not used in this analysis. 

 

  

The overall results of the substitution ratios for the psb genes compared by phylogenetic 

position shows that 37% of the average ɤ ratios are low (< 0.75), 34% are neutral (0.75-1.25) and 

28% are high (> 1.25). This is a more linear distribution of ɤ ratios than what was observed in the 

atp and psa genes. Moreover, the average results of the habitat comparison are congruent to the 

phylogeny comparison, where a small number of genes have statistical support for differences 

between species. The psbC, psbN and psbW genes have low ratios among all the lineages, which 

is strong evidence of purifying selection forces acting in all Rhodophyta species. Contrary, the 

psbF has high averages in all lineages, which confirms the positive selection of the gene in 

Rhodophyta species.  
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3.3.5.3 psb genes ï Discussion 

 

 Our analysis shows that 20% of the psb genes of the compared species are under 

selection forces based on the habitat they are usually found, represented by the psbE, psbH and 

psbZ. The psbE and psbF genes transcribe the subunits of the cytochrome b559, Ŭ and ɓ proteins 

respectively (Herrmann et al., 1984; Mor et al., 1995; Kiss et al., 2012). In all photosynthetic 

organisms studied up to date, the psbE and psbF genes form a cluster with the psbJ and psbL 

genes, known as psbEFLJ operon (Swiatek et al., 2003; Kiss et al., 2012). Studies suggest that 

the cytochrome b559 is essential for the PSII assembly (Tae & Cramer,1992; Mor et al., 1995; 

Swiatek et al., 2003), and the genes play a role in protecting the PSII from photoinhibition by 

providing the PSII with an alternative cyclic route of electron flow (Thompson & Brudvig, 1988; 

Nedbal et al., 1992; Alizadeh et al., 1994). We identified that the psbE gene in Rhodophyta 

species is under positive selection and is highly conserved, with exception of B. atropurpurea, 

which has a substitution rate that supports purifying selection. This implies that the Ŭ protein of 

the cytochrome b559 is unique in B. atropurpurea, and consequently, the psbEFLJ operon as well. 

Thus, B. atropurpurea has a different repair system for its PSII and consequently a distinct 

mechanism to avoid photoinhibition.  

 Photoinhibition is the decline in photosynthetic viability due to excessive illumination 

and it occurs in all oxygen-evolving photosynthetic organisms exposed to light (Adir et al., 

2003). The process is determined by the balance between the rate of photodamage to the PSII 

and the rate of its repair (Murata et al., 2007). Environmental stress factors can enhance the 

extent of photoinhibition, such as salinity, low temperature, light levels and oxidative stress, by 

inhibiting the repair of the PSII (Murata et al., 2007; Nishiyama & Murata, 2014; Campbell & 

Serôdio, 2020). The species B. atropurpurea is extremely adaptive, striving in niches where 

many stress factors are present, such as different accessibilities of light, as well as variable 

temperatures and salinity levels (Geesink, 1973; Sheath & Cole, 1980; Graham & Graham, 

1987). The intertidal marine habitat, where all the closest related species of B. atropurpurea are 

observed, is extremely different from the Great Lakes, therefore, the marine species face 

different environmental stressors and different repair systems are needed to control 

photoinhibition.  Since purifying selection is a mechanism on which there is a purging of 

changes that cause deleterious impacts on the fitness of the host (Buckling et al., 2006), the 
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purifying selection in the psbE gene of B. atropurpurea might be linked to the adaptations 

needed to survive in the Great Lakes despite the environmental stress factors. Until now, there 

were no studies that help elucidate how does the photoacclimation of B. atropurpurea takes place 

on a molecular basis. Although more research about this topic is needed, the purifying selection 

forces on the psbE gene shed light on what can be a novel PSII mechanism connected to the 

fitness of B. atropurpurea. 

 The psbH gene is located in another highly conserved gene cluster including psbB-psbT-

psbH-petB-petD, and the gene product is essential for the PSII assembly (Minagawa & 

Takahashi, 2004; Iwai et al., 2006). No literature explains more about the role of the psbH gene 

in Rhodophyta. Our data shows that all 30 Rhodophyta species have a copy of this core gene, 

with substitution rates that have a statistical difference between species from freshwater and 

marine environment to the species from salt marshes and hot springs. Although the statistical 

support, the substitution ratios indicate that all species have neutral selection forces acting on the 

psbH gene, therefore, evolving neutrally throughout the species.  

The psbZ gene, first identified as ycf9, encodes a protein that is part of the stabilization of 

the PSII supercomplex (Swiatek et al., 2001; Minagawa & Takahashi, 2004). Our results show 

that the substitution rates of the psbZ gene are under purifying selection for 21 of the 29 

compared species. The species from salt marshes have a significantly lower ratio (almost 50% 

lower) than the species observed in other habitats. The species Porphyridium purpureum has 

been a model organism since the 1980s for its systematics and photosynthetic apparatus (Gantt, 

1980; Ley & Butler, 1980, Levy & Gantt, 1988; Levy & Gantt, 1990), but not much is known 

about its rates of substitution. The only psb gene analyzed in P. purpureum is the psbD gene 

(Scherer et al., 1993). As well, there is little information about other species observed in salt 

marshes used in our study, Caloglossa intermedia, which the only substitution rate study made 

use of only one gene - the nuclear-encoded large-subunit ribosomal RNA (LSU rDNA- to help 

determine the species phylogeny (Kamiya et al., 2003). There are no specific studies about the 

psbZ gene in Rhodophyta species to the present date, however, many substitution rates analyses 

in Viridiplantae species agree with our results for purifying selection forces on the psbZ gene 

(Choi & Park, 2015; Yu et al., 2019; Du et al., 2020). Still, more investigation is needed to 

determine how the purifying selection of the psbZ gene is connected to the stabilization of the 

PSII. 
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The comparison of ɤ ratios by species and their phylogenetic position shows statistical 

support in 27% of psb genes, for the psbA, psbB, psbK and psbV genes. For the psbA gene, 

Bangiales, Cyanidiales and Florideophyceae species have substitution ratios that indicate 

purifying selection, which is significantly different from Porphyridiales and Compsopogonales. 

The psbA gene encodes the D1 protein, and together with the D2 protein (psbD gene), forms the 

reaction center core that binds most of the PSII electron transport components (Adir et al., 2003; 

Bittner et al., 2011; Wegener et al., 2015). Due to its important role, the psbA gene has been 

extensively studied among many organisms and is considered a marker gene that can help solve 

phylogenetic relationships (Yang & Boo, 2004; Nelson et al., 2015). In Rhodophyta species, the 

psbA gene is used simultaneously with the psaA, rbcL and SSU genes in multi-gene sequences 

analyzes for taxonomic studies. For example, in the evolutionary history of the Corallina species 

(Bittner et al., 2011; Brodie et al., 2021); to identify lineages of Griffithsia (Ceramiaceae) (Yang 

& Boo, 2004); and the divergence time and the evolution of major lineages in the 

Florideophyceae (Yang et al., 2016; Yang et al., 2020).  

Research about the psbA gene in Viridiplantae species has been done more in-depth, not 

only for taxonomy but also for describing its nucleotide substitution rate pattern. According to 

Wolfe et al. (1989), in a study on Solanaceae and Brassicaceae species, the psbA gene is 

identified as a low ɤ ratio gene. A different study confirms that the psbA gene has the lowest 

rate of synonymous substitution among plant chloroplast genes, suggesting that purifying 

selection is acting on this gene (Morton, 1997). In agreement, Li et al. (2016), which studied the 

molecular evolution of ferns, show that the psbA gene has a significant 2- to 3-fold deceleration 

in their substitution rate among species. A study with Cryptophyte algae species, done by Yang 

et al. (2020), tested the psbA gene for possible selection pressure, which resulted in a very low 

synonymous substitution rate, like the results of our analyzes. Despite the extensive use of the 

psbA gene in many taxonomic and evolutionary studies, no literature focus on the nucleotide 

substitution rates of the gene in Rhodophyta.  

For the psbB gene, our results show that Rhodophyta species have high substitution 

ratios, with Bangiales, Porphyridiales and Cyanidiales lineages supporting positive selection, and 

the Florideophyceae and Bryopsidales exhibiting significantly lower ratios and supporting 

neutral selection. The psbB gene encodes the CP-47 protein, a major intrinsic protein, which 

constitutes an important operon along with the psbH, petB and petD genes (Johnson & Schmidt, 
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1993; Bricker et al., 1998; de Santana Lopes et al., 2018; Khattab et al., 2021). Many authors 

describe the psbB gene as a highly conserved gene, which allows adequate inference of 

relationships at deep phylogenetic levels (Graham & Olmstead, 2000; Sanderson et al., 2000; 

Magallón & Sanderson, 2002). However, like the psbA gene, not many substitution ratios 

analyses were made with the psbB gene, especially with Rhodophyta species. Hu et al. (2019), in 

a study with Chlaminomonales species (green algae), argues that the psbB gene is under positive 

selection, contradicting previous results that show the psbB gene as being the lowest 

synonymous substitution rates among single copy plastid genes (Olmstead & Palmer, 1994). 

Moreover, de Santana Lopes et al. (2018) analyzed the selection forces on the macaw palm 

(Acronomia acueata) chloroplast genes, and also described the psbB gene as being under 

positive selection. Other studies with Brassicaceae and grasses (both Viridiplantae species) have 

the same results of positive selection (Hu et al., 2015; Piot et al., 2017), and our results agree 

with these studies. More analyses about the substitution rates of the psbB gene in Rhodopophyta 

species are needed to better understand the selective forces acting on the gene and to clarify why 

sister groups like Bangiales and Florideophyceae have different substitution rates for a highly 

conserved gene.  

 Our results for the psbK gene show that the Florideophyceae and Compsopogonales are 

distinct from the other lineages for exhibiting high ɤ ratios, indicating that the gene is under 

positive selection for its species. The Porphyridiales, Cyanidiales and Bryopsidales have the 

opposite trend, with ɤ ratios supporting purifying selection. The Bangiales is the only lineage 

that the average substitution ratio indicates neutral selection, although half of the analyzed 

species ratios support purifying selection. The available literature about the psbK gene and its 

low molecular weight protein is limited when compared to the psbA and psbB genes. It is known 

that the gene is part of the structure assembly and stabilization of the PSII (Koike et al., 1989; 

Takahashi et al., 1994; Sugimoto & Takahashi 2003; Minagawa & Takahashi, 2004), and 

although the gene product is needed for optimal functions, it is not essential for the PSII activity 

(Ikeuchi et al., 1991; Löffelhardt & Bohnert, 1994; Rochaix, 1997). Studies suggest that the 

psbK gene is under positive selection pressure in many different species, such as in palm 

cultivars (Enan & Ahmed, 2016), in the tree species Robinia (Yu et al., 2019) and Calligonum 

(Duan et al., 2020), and the flower Echinacanthus (Gao et al., 2019). The psbK gene is highly 

conserved in some lineages and was proposed as a marker gene to construct reliable phylogenetic 
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trees (Enan & Ahmed, 2016; Li et al., 2018). Contradicting these results, oak (Quercus sp.), and 

a leguminous species (Vicia sepium) have their psbK under strong purifying selection (Yin et al., 

2018; Li et al., 2020). Therefore, the psbK gene in Viridiplantae has a similar pattern to the one 

observed in Rhodophyta, with lineages varying between positive and purifying selection. There 

are no reviews that indicate the psbK gene as evolving neutrally as suggested by our results for 

the Bangiales, and although the gene is conserved in the repertoire of red algal chloroplast 

genomes (Ng, et al., 2017), this is the first study that shows the difference of adaptive evolution 

of the gene among the reds. 

 Our data reveal that the psbV is under neutral selection in all lineages, but there is a 

considerable difference between the Bangiales and the other orders. The extrinsic protein 

encoded by the psbV gene, also called cytochrome c550, is found in cyanobacteria and red algae, 

with function linked to the optimization of oxygen evolution (Enami et al., 1998; Ohta et al., 

2003; Bricker et al., 2012). The gene is not present in higher plants evolution (Bricker et al., 

2012), and our data shows that the green algae Bryopsis plumosa does not have a copy for the 

gene as well. Despite the extensive structural analyses about the psbV gene from different 

cyanobacteria (Frazão et al., 2001; Sawaya et al., 2001; Kerfeld et al., 2003), there are no studies 

that report the adaptive evolution of the gene. For Rhodophyta, a study done by Kimura et al. 

(2002) demonstrates that the removal of the psbV gene from Porphyra species results in 

development failure to cellular thermotolerance when grown at moderately high temperatures. 

This might be the reason why there are high substitution ratios in Porphyra species for the psbV 

gene. 

It is known that the PSII reaction centre shares several structural features, indicating 

ancient evolutionary links (Sadekar et al., 2006), and our analysis agrees with this statement, 

where most Rhodophyta species share the same genes. Furthermore, the substitution ratio 

analyses of Rhodophyta species show that almost 50% of the PSII genes are under positive 

selection (psbB, psbE, psbF, psbL, psbT and psbX), contributing to the conservation of the 

genes. Similarly to what was observed within the atp gene family, the psb concatenated sequence 

phylogeny shows B. atropurpurea in a long branch, corroborating with the possibility of the 

organism to be under rapid evolution and/or sequence saturation. The available literature about 

the photosynthetic apparatuses in red algae includes the species Cyanidium caldarium, C. 

merolae, Galdieria sulphuraria, Porphyridium cruentum, and Pyropia yezoensis (Wolfe et al., 
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1994; Busch et al., 2010; Gardian et al., 2007; Thangaraj et al., 2011; Zheng et al., 2020); in 

addition to a physiological study that focuses on the chloroplast pigmentation of P. umbilicalis 

(Figueroa et al., 1995). The structure of the PSII is, therefore, well-investigated, however, the 

adaptive evolution of the genes that build the structure is yet to be analyzed in more depth. 
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 3.3.6 rps genes 

 

 Of the 19 rps genes commonly present in Rhodophyta species, 15 were analyzed for its ɤ 

ratios: rps2, rps4, rps5, rps6, rps7, rps9, rps10, rps11, rps12, rps13, rps14, rps16, rps17, rps18, 

rps20. Although most species have a copy of all the 15 genes, some species do not have all of the 

selected genes, for example, Wildemania schizophylla does not have a copy of the rsp20 gene; 

Palmaria. palmata rps17 gene; Compsopogon caeruleus rps5 and rps8 genes; Cyanidium 

caldarium rps1 gene. The green algae, Bryopsis plumosa, is the most different species in terms 

of gene content, missing a copy of the rps1, rps5, rps6, rps10, rps13, rps16, rps18 and rps20 

(Appendix Table G1). 

 The individual species ratio analyses show the prevalence of low ɤ ratios (57%), more 

than what was observed in all the other gene families analyzed in this study. Of the 15 rps genes, 

8 species have 10 genes each with ratios below 0.75 (Bangia atropurpurea, Pyropia perforata, 

P. fucicola, P. haitanensis, W. schizophylla, Chondrus crispus, Caloglossa intermedia and 

Hildenbrandia rubra). This is strong evidence that the rps complex genes are under purifying 

selection in these species. Neutral ratios were observed in all species, with exception of C. 

caldarium, which does not have any genes within neutral values.  

 

3.3.6.1 rps genes ï Habitat 

 

The ɤ ratios comparison by species and their natural habitat had statistical support in five 

of the 15 rps genes: rps2, rps4, rps10, rps14 and rps17. The freshwater species have ɤ ratios that 

indicate neutral selection and are the highest ratios of the rps2 gene. Curiously, the freshwater 

species H. rivularis, has a high ɤ ratio (> 1.25) and is possibly under positive selection 

(Appendix Figures G1 and G2). The species observed in salt marshes and the marine 

environment have low average ɤ ratios (< 0.75), which indicates purifying selection and are 

statistically different from the species present in the other habitats.  

The freshwater habitat comprises the lowest ɤ ratios for the rps4 gene (0.66), which is 

support for purifying selection. Of all low ratios observed in rps4 gene, B. atropurpurea has the 

lowest one (0.27), which is almost 60% is lower than the other species with low ratios, being 

strong evidence for purifying selection forces acting in this species gene. The species observed in 

salt marshes (0.75) and hot springs (0.78) are possibly under neutral selection, and although the 
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species found in the marine environment also have support for neutral selection, they are 

statistically different (0.86) (Fig. 14a).  

Purifying selection forces can also be suggested for the rps10 gene, where all species 

have ɤ ratios is lower than 0.75. There are, however, two species with neutral ratios, the species 

observed in freshwater B. atropurpurea, and the species observed in the marine environment, G. 

chorda, which indicates a possible neutral selection happening on the rps10 gene of these 

species. Although most species are under purifying selection, the species observed in freshwater 

exhibit the highest ratios (0.56) and are statistically different from species in different habitats. 

There is no statistical difference between the ratios of species observed in salt marshes (0.39) and 

species observed in the marine environment (0.35). 

The rps14 gene has a different pattern from what was observed previously on the RPS 

genes, where most species have high ɤ ratios (> 1.25). The spices found in the marine 

environment have the highest average ɤ ratios (1.99), which is strong support for positive 

selection (Fig. 14b). The species observed in freshwater have high and neutral ɤ ratios, but 

curiously, the species B. atropurpurea is the only species with a low ɤ ratio (0.31) for the rps14 

gene, which is strong support for purifying selection. On the other hand, the marine species that 

share the same genus, B. fuscopurpurea, has the highest ratio not only for the rps14 gene but is 

the highest ɤ ratio of all the rps gene family (3.26). 

For the rps17 gene, the freshwater species B. atropurpurea also has a peculiar ɤ ratio, 

this time being high (1.71), and possibly being under positive selection (Fig. 14c). All the other 

species have low or neutral ɤ ratios for the rps17 gene, where the neutral is observed 

predominantly in freshwater species. This factor resulted in the average ɤ ratios of the 

freshwater habitat being higher than the other habitats (0.8), indicating a possible neutral 

selection. The species found in salt marshes (0.5), hot springs (0.5), and marine environment 

(0.54) have similar low averages which are strong support for purifying selection. 
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Figure 3. 13Φ {ǳōǎǘƛǘǳǘƛƻƴ ˖ Ǌŀǘƛƻǎ ƻŦ ǊŜŘ ŀƴŘ ƎǊŜŜƴ ŀƭƎŀŜ ƛƴ ŎƻƳǇŀǊƛǎƻƴ ǘƻ C. merolae rps4, rps14 and rps17 gene, and then compared by the ecological habitat of each species.  
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 Summarizing, when Rhodophyta species rps genes ɤ ratios were compared by habitat, 

the analyzes resulted in mostly low ratios. The species observed in the marine environment have 

10 of the 15 rps genes with ratios below 0.75, which is strong support for purifying selection. 

Not so different, the species observed in freshwater and salt marshes, have 9 rps genes with low 

ratios. The most particular pattern was observed in the species found in hot springs, that have 7 

genes with low ratios, and 5 genes with neutral ratios (0.75 to 1.25). These values indicate that 

like in the marine environment, a possible purifying selection can be happening within the rps 

genes of species in different environments. 

 

3.3.6.2 rps genes - Phylogeny 

 

The comparison of ɤ ratios by species and their phylogenetic position shows that five of 

the 15 rps genes have statistical support: rps2, rps5, rps11, rps14 and rps16. For the rps2 gene, 

which also exhibited statistical differences for ɤ ratios among different habitats, the phylogenetic 

comparison shows that the Bryopsidales and Florideophyceae have neutral ɤ ratios (1.01, 0.81), 

and are different from the other lineages. The Bangiales, Porphyridiales and Cyanidiales have ɤ 

ratios below 0.75, having strong support for purifying selection (Appendix Figures G3 and G4).  

Although all lineages have low average ɤ ratios for the rps5 gene and possibly have 

purifying selection forces acting on the gene. There is a statistical difference (p-value < 0.005) 

between Bangiales and the other lineages, where the Bangiales have the lowest ɤ ratios average 

(0.26). Curiously, the species B. atropurpurea has a ɤ ratio that is almost double of the ɤ ratios 

observed in the other Bangiales species (0.59). The class Florideophyceae (0.38), the order 

Porphyridiales (0.39) and Cyanidiales (0.38) also have strong support to have purifying selection 

forces acting on this particular gene.  

Most of the species exhibit high ɤ ratios for the rps11 gene (> 1.25) (Fig. 15a). All the 

species part of the Bangiales have high ɤ ratios and have the highest ɤ average ratio for the gene 

(1.73), which is strong evidence for positive selection. Once again, the species B. atropurpurea 

has a particular result and is the only species with a low ɤ ratio (0.4), which is indicative of 

purifying selection forces acting on the rps11 gene of this species. It can also be observed that 4 

of the 5 Gracilaria species (Florideophyceae) have neutral ɤ ratios, and similar ɤ ratios are 
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noticed on the clade including the Hildenbrangia species, which is strong support for neutral 

selection forces.  

The Bangiales also exhibit the highest ɤ ratios for the rps14 gene, with an average ɤ 

ratio of 2.31,  which is almost double the average of the other lineages, which is strong evidence 

of positive selection. As noted in the habitat comparison, B. atropurpurea has a different pattern 

than the other Bangiales species regarding its substitution rates, exhibiting a low ɤ ratio (Fig. 

15b). The low ɤ ratio of B. atropurpurea is one of the lowest registered for the entire rps gene 

family (0.3), which is strong support for purifying selection. Interestingly, the same genus 

species B. fuscopurpurea has the highest ɤ ratio (3.26), which is the highest substitution rate 

registered for the rps genes. The Rhodophyta species exhibit neutral and low ɤ ratios for the 

rps16 gene. Neutral ɤ ratios are predominantly observed on species that belong to the class 

Florideophyceae (1.07) and Porphyridiales (0.76). These lineages are statically different from 

Bangiales (0.64), Compsopogpnales (0.47) and Cyanidiales (0.58), which have support for 

purifying selection.  

 

 

 

Figure 3. 14. {ǳōǎǘƛǘǳǘƛƻƴ ˖ Ǌŀǘƛƻǎ ƻŦ ǊŜŘ ŀƴŘ ƎǊŜŜƴ ŀƭƎŀŜ ƛƴ ŎƻƳǇŀǊƛǎƻƴ ǘƻ C. merolae rps11 and rps14 genes, and then compared 
by the phylogenetic position of each species. The phylogenetic position of each species follows the rbcL gene tree. 

 






































































































































































































































































































































































