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1. Introduction

The red algae (or Rhodophyta) are an ancient and diversified group of photo-
autotrophic organisms. A 1,200-million-year-old fossil has been assigned to 
Bangiomorpha pubescens, a Bangia-like fossil suggesting sexual differentiation 
(Butterfield, 2000). Most rhodophytes inhabit marine environments (98%), but 
many well-known taxa are from freshwater habitats and acidic hot springs. Red 
algae have also been reported from tropical rainforests as members of the suba-
erial community (Gurgel and Lopez-Bautista, 2007). Their sizes range from uni-
cellular microscopic forms to macroalgal species that are several feet in length. In 
aquatic environments, they are found as members of the planktonic and benthonic 
communities. Rhodophytan life cycles are highly contrasting. They include 
simple life cycles characterized by binary cell division and complex triphasic, 
haplo-diplobiontic life cycles, with one haploid (gametophytic) and two diploid 
(tetrasporophytic and carposporophytic) generations. The latter life cycle can be 
either isomorphic or heteromorphic. This is dependent on whether or not game-
tophytes and tetrasporophytes are morphologically similar or dissimilar, respec-
tively. Rhodophyta share many biochemical and ultrastructural features with other 
algal groups. However, they are often characterized by a unique set of features 
such as the absolute lack of flagella and centrioles, presence of phycobilisomes and 
unstacked thylakoids in the chloroplast, absence of parenchyma, and presence of 
pit-connections between cells. Rhodophyta are characteristically red in color, but 
other shades of green, brown, and purple are common. Photosynthetic pigments 
include chlorophyll a, which is accompanied by accessory pigments or phycobilip-
roteins. These phycobiliproteins are responsible for the alga’s red coloration. They 
include water-soluble pigments such as phycoerythrin (red), phycocyanin (blue), and 
allophycocyanin (blue-greenish) (Grossman et al., 1993). These red and blue pigments 
are associated into phycobilisomes, a light-harvesting complex, on the surface of thy-
lakoids. In this report, a summary is presented of genomic studies targeting this algal 
group, the Rhodophyta, with suggestions for future research in phylogenomics.

Red algae systematics is an exciting and dynamic field, because of recent 
advancement in molecular biology, computational technology, and phylogenetics. 
New classification systems and new taxa descriptions are frequent in recent sys-
tematic literature. The two most recent current systems of classification were 
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proposed by Saunders and Hommersand (2004) and Yoon et al, (2006). These 
systems recognize the red algae as one of the earliest divergent groups in the Plant 
Kingdom, the monophyly of Florideophyceae, a redefined Bangiophyceae sensu 
stricto, and the sister position of Cyanidiales to the rest of the red algae. Both 
systems recognize the class level of the latter group, as Cyanidiophyceae, a level 
previously revived by Seckbach (1999). This intriguing group of ancient red algae 
is found inhabiting acidic hot springs.

During the last 15 years, rhodophytan systematics has made significant 
progress due to the advent of molecular-based analyses (Gurgel and Lopez-
Bautista, 2007). The two most commonly used genes are the chloroplast-encoded 
rbcL large subunit of the ribulose 1,5-bisphosphate carboxlase/oxygenase enzyme 
and the nuclear-encoded ribosomal cistron encoding 18S, ITS1, 5.8S, ITS2, and 
the 28S rDNA regions (Freshwater et al., 1994; Harper and Saunders, 2001; 
Hommersand et al., 2006). The latest systematic account by Yoon et al. (2006), 
using the psaA (PSI P700 chl a apoprotein A1) and rbcL coding regions resulted 
in the recognition of seven major lineages in Rhodophyta. These authors proposed 
Rhodophyta to be classified in two new subphyla, the Cyanidiophytina with a 
single class Cyanidiophyceae and the Rhodophytina, which include six classes: 
Bangiophyceae, Compspogonophyceae, Florideophyceae, Porphyridiophyceae, 
Rhodellophyceae, and Stylonematophyceae. Recently, a new order, Rufusiales, has 
been inferred as a potential sister group to Stylonematophyceae (Zuccarello et al., 
2008). A member of this order, Rufusia pilicola, is found in a rather unusual habitat, 
sloth fur.

Representatives of red algae are used as an economic resource for humans. 
Diverse industries based on red seaweeds account several billions of dollars per 
year. Most of these industries are related to human consumption in the form of 
aquaculture and phycocolloid production (Gurgel and Lopez-Bautista, 2007). 
Red seaweeds are used as food. This is well represented by the processed food nori 
(Porphyra spp.) and many other red algae. The phycocolloid industry harvest 
many different kinds of red seaweeds for their highly valuable gels. These sea-
weeds include carrageenophytes (Chondrus crispus and other Gigartinaleans) and 
agarophytes (i.e., species of Gracilaria and Gelidium). From a negative point of 
view, some red algae have been deemed as invasive species. Recently, reports of 
direct or indirect human introductions of nonindigenous red algae have accumu-
lated; these reports include areas of Australia, Brazil, Europe, and USA. Negative 
effects from these invasive species include losses in native biodiversity, detrimental 
effects to the fishing industry, and a loss of recreational activities (Ruiz et al., 
2000; Ribera-Siguan, 2003).

The importance of red algae is undeniable. From the biological point of 
view, they are amid the most ancient eukaryotic photobionts on our planet. A 
plethora of molecular phylogenies have accumulated in the last decade. This has 
resulted in a modern rhodophytan classification system that reflects evolutionary 
relationships. With the advancement of new molecular biology techniques, the 
development of faster computer systems, and increasingly more affordable DNA 
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sequencing, the analysis of complete red algal genomes has become a tangible 
and desirable goal (Weber et al., 2007).

2. Nuclear Genomes of Red Algae

In a series of recent publications (Matsuzaki et al., 2004; Misumi et al., 2005; 
Nozaki et al., 2007), a 100%-complete nuclear genome sequence for the rhodo-
phytan Cyanidioschyzon merolae was elucidated. This is the first published com-
plete nuclear genome known for a red alga. More information on C. merolae 
Genome Project can be found at http://merolae.biol.s.u-tokyo.ac.jp/. The nuclear 
genome of C. merolae consists of 16,546,747 bp and 4,775 protein-coding genes 
were identified (Nozaki et al., 2007). Matsuzaki et al., 2004; Misumi et al., 2005; 
and Nozaki et al., 2007 have highlighted some notorious and interesting features 
for this microscopic rhodophyte, which lives in extreme environments. All his-
tones genes in C. merolae are located on a single chromosome forming the most 
compact gene cluster ever reported. Telomeres termini in C. merolae are unique in 
having telomere repeats of AATGGGGGG at all chromosomal ends. Most plants 
have telomere repeats of TTTAGGG. Transposable elements, 26 class I elements 
(retrotransposons) and 8 class II elements (transposons), only account for 0.7% 
of the C. merolae genome. This is an extremely low value when compared with 
other genomes. Only three copies of the rRNA gene units and a low number of 
genes with introns (0.5%) were found in C. merolae. These set of characteristics 
have prompted these authors (Nozaki et al., 2007) to emphasize that the nuclear 
genome of C. merolae is not only unique but also “constitutes the simplest set of 
genomic features found in any nonsymbiotic eukaryote yet studied.” These attri-
butes are an example of a reductive evolution in a very small eukaryote organism. 
Furthermore, these features were considered plesiomorphic (ancestral) characters 
of the nuclear genome. As an alternative explanation, Nozaki et al. (2007) inter-
preted these genomic features as adaptations to the extreme environments.

Another ongoing project of a Cyanidiophyceae, Galdieria sulphuraria, has 
become available for comparison (Weber et al., 2004, 2007; Barbier et al., 2005). 
The G. sulphuraria genome project can be accessed at http://genomics.msu.edu/
galdieria. Information on nuclear genome size for species of Galdieria have been 
reported between 10 and 17 Mbp (Barbier et al., 2005) and thus in the range with 
C. merolae. Although found in similar thermoacidophilic habitats, C. merolae and 
G. sulphuraria have various differences. While C. merolae is an aquatic obligate 
photoautotroph, reproducing by binary fission, and lacking a rigid cell wall, G. 
sulphuraria is a metabolically flexible (photoautotroph, heterotroph, and mix-
otroph), can live endolithically, reproducing by endospores, and contains a rigid 
cell wall (Oesterhelt et al., 2008; Barbier et al., 2005). Based on a comparative 
analyses between the C. merolae and >70% of the genome of G. sulphuraria, 
Barbier et al. (2005) concluded that over 30% of G. sulphuraria sequences have no 
similarity with genes from C. merolae. Furthermore, the same study estimated 
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that G. sulphuraria contain more introns, membrane transporters, and enzymes 
for carbohydrate metabolism than C. merolae. Some of these gene features are 
most likely attributed to the presence of a rigid cell wall and mixotrophic abilities 
demonstrated by G. sulphuraria (Oesterhelt et al., 2008; Barbier et al., 2005).

3. Chloroplast Genomes of Red Algae

The number of studies on chloroplast genome sequences for red algae includes 
more taxa than that for nuclear genomes. This fact maybe, partially, due to the 
smaller size of the chloroplast genome, which results in faster sequencing time and 
reduced fees. It could also be due to the wealth of valuable phylogenetic informa-
tion revealed by the structure of the chloroplast genome. In green algae and land 
plants, for example, recent analyses of the architecture of the chloroplast genome 
(Pombert et al., 2005; Turmel et al., 2006; Pombert et al., 2006; Turmel et al., 
2007) have challenged our previous understanding of evolution in Viridiplantae. 
In these remarkable studies, phylogenetic analyses of several genes as well as 
gene and intron content, gene order, and insertion/deletion of coding regions 
have uncovered the green algal ancestry of land plants. In Rhodophyta, stud-
ies on the architecture of the chloroplast genome have been reported in three of 
the seven classes (Table 1), which include two Cyanidiophyceae C. merolae (Ohta 
et al., 2003) and Cyanidium caldarium (Glöckner et al., 2000), one Bangiophyceae 
Porphyra purpurea (Reith and Munholland, 1993, 1995), and the Florideophyceae 
Gracilaria tenuistipitata var. liui (Hagopian et al., 2004).

In photosynthetic eukaryotes, chloroplast genome sizes range from 35 to 
200 kb (Hagopian et al., 2004). Chloroplast genome features from rhodophytans 
are given in Table 1. These red algal chloroplast genomes are in the higher size 
range but show similar amounts of bp among them from 150 to 191 kb. Other 
rhodophytan plastid genomes also fall into the same range such as Porphyra 
yezoensis 185 kb (Shivji, 1991), Griffithsia pacifica 178 kb (Li and Cattolico, 
1987), C. crispus 173 kb, and Antithamnion sp. 180 kb (Simpson and Stern, 2002). 
Surprisingly, rhodophytans lack introns. In contrast, the green lineage is known 

Table 1. Chloroplast genome characteristics of red algae.

Class: Cyanidiophyceae Class: Bangiophyceae Class: Florideophyceae

C. merolae C. caldarium P. purpurea G. tenuistipitata

Length (bp) 149,987 164,921 191,028 183,883
Genes 243 232 251 238
G + C (%) 37.6 32.7 33 29.1
rRNA operons 1 1 2 1
Introns None None None None
Reference Ohta et al. 

(2003)
Glöckner  
et al. (2000)

Reith and Munholland 
(1995)

Hagopian et al. (2004)
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to have many chloroplast introns. Reith and Munholland (1993) argued that the 
absence of introns might represent an ancestral character trait, since a similar 
situation is found in eubacteria. In terms of number of chloroplast rRNA oper-
ons, most red algae contain only one copy (including also G. pacifica [Shivji et al., 
1992] and C. crispus [Leblanc et al., 1995a, b]); P. purpurea is the lone exception 
with a reported rRNA operon duplication (Reith and Munholland, 1995). 
Because of the sister relationship between the Bangiophyceae (Porphyra) and the 
Florideophyceans (Gracilaria, Griffithsia, and Chondrus) Hagopian et al. (2004) 
suggested that Porphyra’s rDNA direct repeat was a condition that was lost sec-
ondarily in Florideophyceae.

Red algal chloroplasts have roughly the same number of genes. The range of 
genes in red algae fluctuates between 232 and 251. However, when the number 
of  genes in the rhodophytan chloroplast genomes is compared with those from 
the green algae, a far greater distance is evident. Green algae and land plants have 
been shown to have only between 110 and 118 genes in the chloroplast (Hagopian 
et al., 2004). In this regard, we can consider the chloroplast genome of red plas-
tids as having twice the number of genes than green plastids. Most of the genes 
found in the green lineages are related to photosynthesis and gene expressions. In 
contrast, most of the genes found in the red algal lineage are related to ribosomal 
proteins and photosynthesis components (Ohta et al., 2003). Chloroplast genomes 
of red algae have been shown to contain the most ancient repertoire of genes 
among the photosynthetic eukaryotes (Hagopian et al., 2004). This genome con-
densation is particularly remarkable in the Cyanidiophyceae, C. merolae, with up 
to 40% of its protein genes overlapped (Ohta et al., 2003), and in both, C. merolae 
and C. caldarium, where the median intergenic distance is shorter (14 and 60 bp, 
respectively) than other red algae (i.e., P. purpurea with 100 bp; Ohta et al., 2003). 
Chloroplast genomes from Cyanidiophyceae, C. caldarium and C. merolae, share 
a significant number of genes (Ohta et al., 2003). Many notable features of the 
red algal chloroplast genome can be interpreted as a result of their extremophilic 
characteristics (thermoacidophilic habitats). In these habitats, similar evolution-
ary selection pressures may help to maintain similar chloroplast genes (Glöckner 
et al., 2000).

Plastid genome evolution has been an exciting field since the publication of 
Mereschkowsky’s hypothesis (1905) that explained for the first time that plastids 
evolved from endosymbiotic cyanobacteria (Raven and Allen, 2003). From this 
initial primary endosymbiotic event, three lineages evolved – Glaucocystophyta, 
Chlorophyta, and Rhodophyta. The origin of plastids from a single primary 
endosymbiosis that involved, a eukaryote and a cyanobacterium has been a com-
mon understanding (Keeling, 2004). However, recent investigations on the fresh-
water amoeba Paulinella chromatophora with a second and more recent primary 
endosymbiosis are challenging this concept (Rodriguez-Ezpeleta and Philippe, 
2006). The green algae or Chlorophyta, one of the primary plastid lineages, in 
turn became the source for plastids via a secondary endosymbiosis event. This 
secondary green lineage includes the Euglenophyta and the Chlororachniophyta. 
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The plastids of  red algae or Rhodophyta, a primary plastid lineage, through 
secondary endosymbiosis generated a diverse group of algal groups. This secondary 
red lineage includes the Cryptophyta, Heterokontophyta, Haptophyta, and prob-
ably some Dinoflagellates (Dinophyta) (Delwiche, 1999). One remarkable differ-
ence between these plastids and the free-living cyanobacteria is the reduction in 
both genome size and gene content, in the plastid genome. For example, plastid 
genomes encode for about 5–10% of proteins when compared with free-living 
cyanobacteria (Ravi et al., 2008). Genome size of the cyanobacterium Synechocystis 
PCC 6803 contains 3,573,470 bp and ca. 3,168 genes (Kaneko et al., 1996) while 
in red algae the genome size range is between 150 and 191 kb with a gene content 
fluctuating between 232 and 251 (Table 1). The reduction of the plastid genome 
size has been explained by implicating three mechanisms – loss of plastid genes 
lacking selective advantage, substitution of plastid genes by pre-existent nuclear 
genes, and transfer of plastid genes to the nuclear genome (Delwiche, 1999).

4. Mitochondrial Genomes of Red Algae

Studies on complete mitochondrial genomes of red algae are not as numerous 
as chloroplast genomes. In green algae, mitochondrial genomes have been ana-
lyzed for evolutionary relationships (Nedelcu et al., 2000; Pombert et al., 2006). 
In these chlorophytan lineages, two different mitochondrial genome types have 
been described – a reduced-derived and an ancestral type (Nedelcu et al., 2000). 
In other studies, comparative analyses of mitochondrial genomes are challenging 
their higher rank relationships among green algal lineages (Pombert et al., 2006). 
In red algae, complete analyses of the architecture of the mitochondrial genome 
have been reported (Table 2) for three (out of seven) classes of rhodophyta: the 
Cyanidiophycean C. merolae (Ohta et al., 1998), the Bangiophycean P. purpurea 
(Burger et al., 1999), and the Florideophycean C. crispus (Leblanc et al., 1995b).

In general, mitochondrial genome sizes fall into two extremes (Leblanc et al., 
1995b). There are small mitochondrial genomes, which are usually found in animals. 
These genomes range between 14 and 42 kb, they are uniform in architecture, and 
are extremely compact. In contrast, green plant mitochondrial genomes are larger, 
more complex, and range in size from 200 to 2,400 kb (Leblanc et al., 1997). 

Table 2. Mitochondrial genome characteristics of red algae.

Class: Cyanidiophyceae Class: Bangiophyceae Class: Florideophyceae

C. merolae P. purpurea C. crispus

Length (bp) 32,211 36,753 25,836
Genes 34 57 51
G + C (%) 27.2 33.5 27.9
Reference Ohta et al. (1998) Burger et al. (1999) Leblanc et al. (1995b)
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In Rhodophyta, mitochondrial genomes are small with a range in size from 25.8 
to 36.7 kb. Further reports indicate a similar range in Gracilariopsis lemaneiformis 
(40 kb), G. pacifica (25–28 kb), and C. caldarium (33 kb) (Leblanc et al., 1997). 
Rhodophytan mitochondrial genomes are considerably smaller than green plants. 
However, rhodophytans have a genomic size in a similar range to the green algae 
(15.8–55.3 kb) (Nedelcu et al., 2000). Although Turmel et al. (2007) discovered in 
Chlorokybus atmophyticus, an early divergent clade of the charophycean lineage, 
an unexpectedly large (201,763 bp) mitochondrial genome. Analyses on C. mero-
lae’s mitochondrial genome highlighted the similarities between its mitochondrial 
genome and those from animals and plants (Ohta et al., 1998). Compactness of 
genome in C. merolae, absence of introns, the encoding for only 34 proteins, pres-
ence of short intergenic spacers, and a high coding density explain in part the 
reduced size of C. merolae mitochondrial genome (Ohta et al., 1998). Small com-
pact genomes are also reported for P. purpurea (Burger et al., 1999). Only 9% of 
its genome is without detectable coding content. Similarly, C. crispus (Leblanc 
et al., 1995b) includes a high coding density with only 4.8% of noncoding regions 
reported. Only one group II intron has been reported for C. crispus (Leblanc et al., 
1995b). Two group II introns interrupt the LSU rRNA coding region for P. purpu-
rea (Burger et al., 1999). According to Burger et al. (1999), mitochondrial genomes 
from P. purpurea and C. crispus are almost identical in gene content and order. 
Although the universal genetic code is used in mitochondrial genomes of land 
plants and some chlorophytes and heterokontophytes, there are a multitude of 
examples that deviate from the universal code (Leblanc et al., 1997). One example 
is the modification of the termination code UGA to tryptophan. This is the case 
for C. crispus (Leblanc et al., 1995b). However, this modification is absent in C. 
merolae or in C. caldarium (Ohta et al., 1998). These data seem to indicate that the 
stop UGA codon was the ancestral character state in Rhodophyta. Therefore, the 
UGA tryptophan codon represents an autoapomorphy for the C. crispus lineage 
(Ohta et al., 1998; Leblanc et al., 1995b).

There is a consensus in the scientific community that mitochondria have 
evolved through an endosymbiotic process (analogous to plastid evolution). This 
process involved a unicellular phagotrophic eukaryote engulfing prokaryotic 
organisms that eventually became (through endosymbiosis) the eukaryotic 
organelles. This view of a nucleus-bearing amitochondriate cell as the original 
eukaryote host cell has been debated. An alternate scenario that involves a 
prokaryotic host cell has been proposed (Embley and Martin, 2006). The endo-
symbiotic origin of the mitochondria can be traced back to eubacterial lineages, 
in particular to a-proteobacteria (Leblanc et al., 1997; Ohta et al., 1998). 
Although monophyletic in origin, the mitochondrial genome exhibits a wide 
diversity in gene size, order, and content in extant taxa. Approximately half  of the 
mitochondrial gene set was lost in rhodophytes after the divergence from a com-
mon ancestor shared with chlorophytes (Burger et al., 1999). An evolutionary 
explanation for the rhodophytan genome compactness is that red algae lost genes 
at faster rates than green algae (Ohta et al., 1998). Mitochondrial genome diversity 
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is exemplified by the two extremes where one mitochondrial genome is larger and 
the other is smaller (Leblanc et al., 1997). The addition of newly sequenced mito-
chondrial genomes may help one to explain the aforementioned extreme size 
range. According to Leblanc et al. (1997), “paralogous evolution resulting from 
similar evolutionary constraints and strategies” are yet to be discovered.

5. Conclusions

The Rhodophyta are an ancient group of eukaryotes with over 6,000 species and 
can be found in most regions in the planet. They are considered the sister group 
to green algae and land plants. Over the last 15 years, there has been an increase 
in available sequence data for the analysis of red algal genomes. Perhaps, owing 
to their obvious presence and economical importance, green plants have been the 
common sources for genomic research other than red algae (Reyes-Prieto et al., 
2006). Recommendations for future algal genomic research have been proposed. 
However, there are several criteria that need to be met before an algal candi-
date is selected. Waaland et al. (2004) highlighted the absence of major efforts 
to complete nuclear genome sequence from a macroalga. The only completed 
nuclear genome in Rhodophyta is that of C. merolae, a microscopic alga (Nozaki 
et al., 2007). Among the criteria to select algal candidates for genomic sequenc-
ing, Waaland et al. (2004) and Grossman (2005) proposed: growth in a defined 
medium, defined sexual life cycle, economic importance, evolutionary interest, 
ecological importance, uninucleate cells, and established background of scien-
tific information. Of course, the researchers must also be both knowledgeable 
and belonging to a well-organized community of scientists. The data presented 
in this synopsis point out that the rhodophytans already investigated fall under 
the criteria of highly significant taxa for the evolution and ecology of extremo-
philes (Cyanidiophyceae) as well as for their economic importance (Porphyra spp., 
Gracilaria spp., Chondrus crispus, and more recently Gracilaria changii (Teo et al., 
2007)). With the recent emergence of phylogenomics, a new area of research is 
becoming increasingly important in red algal genomics (Eisen and Fraser, 2003). 
Phylogenomics is a new field where, as described by Reyes-Prieto et al. (2006), 
genomics (the study of the function and structure of genes and genomes) has 
intersected with molecular phylogenetics (the study of the hierarchical evolu-
tionary relationships among organisms, their genes, and genomes). There are 
some caveats while working with genome-scale phylogenies (as pointed out by 
Rodriguez-Ezpeleta et al., 2007). However, the application of this new field to 
molecular systematics is highly promising. A recent study by Li et al. (2006) has 
outlined a phylogenomic pipeline and discovered a significant endosymbiotic gene 
transfer from red algal genes shared with chromalveolates (see Blackwell, 2009 for 
discussion of names) and suggesting a monophyletic origin for some of the taxa 
under study. It is clear that phylogenomic research will be an ever increasing field 
in algal systematics. Thus, there is a need, as suggested by Waaland et al. (2004) 
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and pointed out by Grossman (2005), to select candidates for genomic studies 
that are “positioned at important evolutionary branchpoints.” Yoon et al. (2006) 
defined the major lineages of red algae as consisting of seven classes. Our cur-
rent knowledge of complete genomes of rhodophyta is circumscribed to only one 
class for a nuclear genome (Cyanidiophyceae; Nozaki et al., 2007). Chloroplast 
and mitochondrial genomes are known only for three different red algal classes 
(Cyanidiophyceae, Bangiophyceae, and Florideophyceae). Overall, only one rho-
dophytan genome, C. merolae, has been completely sequenced (nuclear, chloro-
plast, and mitochondrial) and accounts for a total of 16,728,945 bp for its entire 
genome (Nozaki et al., 2007). Several classes in the rhodophytan system (Yoon 
et al., 2006) are still lacking information for phylogenomic comparison including 
the Compsopogonophyceae, the Porphyridiophyceae, and the Rhodellophyceae. 
This phylogenomic information may provide a clearer vision of the systematics 
of Rhodophyta to understand the evolutionary history of this ancient group of 
red algae.
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