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ABSTRACT OF THE THESIS 
 

Comparative genomic analyses of transport proteins encoded within the red 
algae, Cyanidioschyzon merolae and the green alga, Chlamydomonas 

reinhardtii. 

 

by 

 

Shounak Ghosh 

Master of Science in Biology 

University of California, San Diego, 2015 

Professor Milton H. Saier Jr., Chair 

 

 Cyanidioschyzon merolae is a thermo-acidophilic unicellular red alga that can be 

found living in volcanic environments. We bioinformatically analyzed the genome of C. 

merolae in order to identify and classify transport proteins related to its metabolic and 

extremophilic capabilities. These transport proteins were then compared with those of 

the green alga Chlamydomonas reinhardtii to characterize the extent of their divergence. 

As a more primitive alga, C. merolae has a smaller genome than C. reinhardtii and thus 

also exhibits fewer transport proteins. However, both algae contain large numbers of 

cation-specific transport systems and prioritize secondary carrier transport proteins. The 



 
 

 

x 

results presented in this thesis provide information about transport systems which will be 

relevant to furthering the studies of Cyanidioschyzon merolae, Chlamydomonas 

reinhardtii, and potentially other algae as well.
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INTRODUCTION 

 

The genome of any organism provides valuable insight into the way in which it 

has carved a niche for itself in the world. Various adaptations and the overall evolution of 

organisms required to survive can all be seen through changes within the genome, 

whether they be large modifications such as the addition or removal of a limb or smaller 

changes such as the production of a few proteins differing from their closest homologues 

by a single amino acid. All of these changes stem from the production of a unique 

combination of proteins, and thus the best way to understand the adaptations enabling 

an organism to survive in its chosen environment is to carefully consider its set of 

proteins.  

Organisms that survive in conditions deemed intolerable by humans, such as 

extremely acidic areas, are highly unusual and therefore even more interesting to study. 

Cyanidioschyzon merolae (hereafter referred to as Cme), also known as the hot spring 

alga, is a prime example. It belongs to the class Cyanidiophyceae in the family 

Cyanidiaceae, a grouping of red algae (Yoon et al. 2005). Although Cme is a eukaryotic 

organism, it is a unicellular red alga and can be found inhabiting extremely acidic and 

warm areas, such as hot springs. For example, it can be found at the Phlegraean Fields, 

a volcanic area west of Naples, Italy (Eloranta et al. 2011). The pH of the springs in 

which it lives is extremely low, usually around 1.5, and the temperatures are around 

45°C (Matsuzaki et al. 2004). In order to survive in these extreme circumstances, 

organisms such as Cme must modify their genotypes and thus alter their phenotypes to 

out-compete neighboring species (Welch et al. 2014). 
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Cme is considered to be one of the most primitive photosynthetic eukaryotes 

(Cunningham et al. 2006). It is a small, club-shaped, unicellular alga with a 2µm 

diameter (Yagisawa et al. 2009). Due to its size, it lacks a rigid cell wall and only carries 

one nucleus, one mitochondrion, and one plastid in addition to one Golgi apparatus, one 

endoplasmic reticulum, and some polyphosphate-rich compartments (Yagisawa et al. 

2009). This is a far smaller organelle composition than is generally present within animal 

or plant cells, and this minimal composition means that determining the behavior of 

organelles during mitosis and the rest of the cell cycle is very easy (Misumi et al. 2005). 

Its genome is also the smallest amongst photosynthetic eukaryotes but is highly 

specialized for its environment. The complete nucleotide sequence of the genome has 

been recorded, as has the sequence for its plastid genome (Ohta et al. 2003). 

Additionally, few genes within this alga contain introns, and they are in small numbers, 

unlike most other eukaryotes (Nozaki et al. 2007).  Previous BLAST searches and 

annotation results determined that Cme has genes found both within plants and animals, 

implying that it is related to a common prokaryotic ancestor (Misumi et al. 2005). Due to 

its small genome and its classification as a primitive alga, it may be a good model 

organism for the study of the origin of eukaryotes and various types of endosymbiosis 

(Misumi et al. 2005). 

Cme diverged from its closest cousin, Galdieria sulphuraria, about one billion 

years ago (Schonknecht et al. 2014). Due to its simplicity, Cme offers a unique 

opportunity for studies upon mitochondrial and plastid division. Its nucleus, 

mitochondrion, and plastid are spherical or disk-like in shape. Their division can be 

synchronized using light treatment (Terui et al., 1995). Cellular mechanisms studied 

using Cme are present in both higher animals and plants, making Cme a unique 

candidate for studying mitochondrial and plastid divisions (Kuroiwa et al., 1998) 
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Photosynthetic eukaryotes like Chlamydomonas reinhardtii are evolutionary 

intermediates between primitive algae like Cme and higher plants (Misumu et al. 2005). 

Although its nature as a multicellular green alga sets it apart from Cme, a large amount 

of background knowledge exists for Cre, as it has been very well characterized. 

Therefore, it is a good candidate with which to compare genomes and identify key 

differences allowing for the extremophilic nature of Cme as opposed to the more normal 

nature of Cre. Compared to Cme, Cre has several double membrane-bound organelles 

(nucleus, mitochondria, and plastids) as well as single membrane-bound organelles 

(endoplasmic reticulum, Golgi apparatus, microbodies, and lysosomes). Division of all of 

these organelles occurs at random and does not seem to be synchronized, in contrast to 

those of Cme. Cre does, however, offer a simple life cycle, easy isolation of mutants, 

and the ability to be manipulated easily to further molecular genetic studies (Harris 

2001). 

Of particular interest to the lab are the transporters present within Cme, which 

are used to regulate its internal ion concentrations and amino acid concentrations, 

among other things, in order to adapt to its environment. Transport proteins are integral 

to acquisition, waste removal, and signaling. They provide a method of understanding 

the connection between an organism’s genome and its environment by showing how the 

organism has developed to utilize substances that may be toxic to others, such as ions 

present in large concentrations (Getsin et al. 2013). The characterization of these 

transport proteins will therefore help elucidate the physiology of Cme and the 

adaptations allowing it to specialize within its extreme environment as opposed to other 

red algae, which are not extremophiles. Understanding the difference between the 
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extremophile Cme and its non-extremophile relatives will provide insight into the 

processes that allowed it to branch away and become its own species. 

 

  

 

 



5 

MATERIALS AND METHODS 

 

The proteomes of both Cme and Cre were retrieved from the protein database of the 

National Center for Biotechnology Information (NCBI; www.ncbi.nlm.nih.gov) website 

and then were screened by our genome BLAST (GBLAST) programs against 

transporters present in the Transporter Classification Database (TCDB; www.tcdb.org; 

Reddy and Saier 2012) as of January 1, 2015. Each putative open reading frame from 

the proteome was used as a query within the BLASTP software to compare against 

proteins in TCDB and thus find homologous proteins. A comparative e-value score cutoff 

of 0.001 was used. A low complexity filter was not used because it is normally used for 

larger datasets that include proteins with multiple repeat elements. The obtained 

information included suspected query transporters, their top TC hits, TC hit accession 

numbers, short descriptions, protein sequence match lengths, e-values, number of 

transmembrane segments (TMSs) in both the query and hit proteins, and the number of 

TMS overlaps. The number of TMSs was measured through the HMMTOP 2.0 program, 

used to scan each open reading frame and predict the number of putative TMSs 

(Tusnady and Simon 1998).  

Both the Cme and Cre lists of putative transport proteins were screened for false 

positives, and those displaying 0 or 1 TMSs through the HMMTOP program were 

removed unless they displayed membrane insertion capabiltiies within their identified 

protein families. This was done to eliminate non-integral and non-multispanning 

membrane proteins, but still retain 0 TMS proteins such as β-barrel porins. When TMS 

numbers needed to be resolved between the query and hit, the Web-based Hydropathy, 

Amphipathicity, and Topology (WHAT) program was used with a window size of 19 
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residues and an angle of 100 degrees to display the protein’s hydropathy plot. Though 

the WHAT program uses the HMMTOP program to highlight predicted TMS regions, the 

program cannot always predict completely accurately, and thus the user ultimately must 

judge the actual TMS numbers. The criterion used to determine a TMS was a 

hydrophobicity peak with a value greater than 1 (Zhai and Saier 2001).  When the 

hydrophobicity plot was unclear, the TOPCONS web server program was used to find a 

consensus TMS prediction to apply to determine query and hit TMS counts. The current 

TOPCONS algorithm combines the predictions of five programs, including SCAMPI, 

OCTOPUS, Δ G-scale, ZPRED, and PRO/PROVID-TMHMM (Bernsel et al. 2009, Reddy 

et al. 2014). 

When comparative e-value scores retrieved from the GBLAST program were low but 

TMS numbers and sequence locations were similar between a query and its hit, the 

Global Sequence Alignment Tool (GSAT) was used to check for statistical significant. 

The GSAT program utilizes the EMBOSS Needleman-Wunsch (NW) algorithm to 

provide a global alignment and gives a standard comparison score based on a user-

defined number of shuffles (Reddy and Saier 2012). A last measure of verification is the 

use of NCBI’s Conserved Domain Database (CDD) search, which produces a 

visualization of the conserved motifs within a query transporter which can be compared 

to the motifs in a hit protein family. 

To find novel proteins, a GBLAST of the Cre and Cme proteomes was performed 

with a poorer e-value cutoff of 0.1, producing a larger list of putative transporters. Only 

proteins with comparative scores between 0.001 and 0.1 were analyzed to detect false 

positives, and verified candidate transporters were entered into TCDB. For each of the 

proteins in a verified list of transporters, substrates and mechanism of action were 
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identified through scientific literature searches, and listed with a UniProt accession 

number in Table 3. Proteins sequences with the same UniProt accession number were 

counted as a single entry, which is reflected in the total count of proteins in the two algal 

proteomes. 
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RESULTS 
 

Statistical analysis of transport proteins found in Cre and Cme 

 The genomes of the red alga Cme and green alga Cre were scrutinized for 

transport proteins by using their proteomes as distinct queries for BLAST searches 

against the Transporter Classification Database using the GBLAST program (TCDB; 

www.tcdb.org; Saier et al. 2014). Table 3 contains all predicted TC classified transport-

related proteins, while Table 1 displays a statistical summary of the results organized by 

TC class and subclass. Out of Cre’s 14489 predicted proteins, 729 appear to be integral 

membrane transport proteins. This corresponds to approximately 4.9% of its genome 

being transport proteins. In comparison, Cme has 274 integral membrane transport 

proteins, but also has a much smaller complete proteome, containing 4803 proteins. 

Therefore, approximately 5.7% of Cme’s proteome corresponds to transporters (Table 

1). Even though Cre has a much larger genome, the percentage of its proteins that 

conform to the prediction of being integral membrane transport proteins is actually 

slightly less than that of Cme. Due to the sheer number of proteins within Cre versus 

those in Cme, the proportions of each TC class relative to the total number of 

transporters is a more comparable statistic than the absolute numbers. In terms of 

absolute numbers, Cre has more proteins in every class. 

 Class 1 proteins in TCDB include those that form either permanent or transient 

transmembrane channels. These generally utilize free diffusion to transport their 

substrates and are energy independent (Spencer and Rees 2002, Zeth and Thein 2010). 

When the numbers of Class 1 proteins between Cme and Cre are compared, the 

difference seen is large – whereas Cre has 139 Class 1 transport proteins, Cme has 30. 
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This corresponds to 19.3% and 10.9%, respectively, of their total transport protein 

numbers. This suggests that while these passive diffusion-mediating transporters are 

important, they are not responsible for Cme’s ability to survive in extreme environments. 

 Channel proteins are further distinguished by their subclasses, where 1.A, 1.B, 

and 1.F are all relevant due to their presence in both algal genomes. Subclass 1.A 

transporters are characterized by their transmembrane α-helical secondary structure 

forming sequences.  Herein lies the largest difference between Cme and Cre. Cre has 

134 alpha-type channels, while Cme has 23. Subclass 1.B contains outer membrane 

porins, usually consisting of transmembrane β-barrels. These proteins exhibit very few 

predicted transmembrane segments (TMS), usually either 0 or 1. Cme and Cre both 

contain only one of these proteins. Subclass 1.F includes vesicle fusion pore proteins. 

Together, these proteins create a complex aiding in the interaction of vesicles with the 

cell membrane and create pores for solute exocytosis. While Cme has five of these 

proteins, Cre has four, so there is no significant difference between the two in this 

subclass. When comparing the percentage of each subclass relative to the total number 

of proteins within each alga, 1.A α-type channels show a difference of 8.3% and exhibit 

the largest difference between the algae. I.B and I.F show no significant differences 

(Figure 2).   

 Class 2 proteins function by secondary active transport, energized by 

electrochemical gradients of ions such as H+ and Na+. Only porters from subclass 2.A 

were found within either alga (Table 1). Cre and Cme respectively have 286 and 144 

porters from this subclass, which includes uniporters, antiporters, and symporters. This 

accounts for 52.5% of the total number of transporters within Cme and 39.7% of the total 

number of transporters in Cre (Figure 2). The large number of 2.A proteins show that 
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these porters are key to the total transporter activities of both algae. The resulting 12.8% 

difference between Cre and Cme is the largest difference found of the various 

subclasses (Figure 2). Therefore, it appears that secondary active transporters are most 

important for algal growth and survival. The difference between the two organisms may 

be due to the fact that Cme is relatively poorly characterized, whereas Cre has been 

characterized extremely well. Additionally, the large percentage of 2.A transporters 

suggests that these transporters may be responsible for the ability of Cme to survive in 

extreme environments. The presence of greater numbers of secondary carriers 

compared with primarily active transporters also suggests that these algae use 

photosynthesis and electron transfer processes preferentially for energy generation 

compared with substrate level phosphorylation.  

 Class 3 proteins are primary active transporters and move solutes through 

membranes against larger concentration gradients than do secondary carriers. Proteins 

within this class often are subunits of transport complexes where only the channel-

forming integral membrane constituents have been tabulated. The two algae possess 

similar percentages of these systems. Cre contains 156 of these transporters, whereas 

Cme contains 58 (Table 1). This accounts for 21.6% and 21.2% of their transporters, 

about half of the secondary carriers. The resulting 0.5% difference between the two 

organisms is probably not significant, but also indicates that transporters utilizing primary 

energy sources are not as important to survival for Cme, which has a much greater 

percentage of secondary carriers.  

 Of the Class 3 proteins, Cre contains transporters from 3.A, 3.B, 3.D, and 3.E 

whereas Cme contains all of those except 3.B. Subclass 3.A includes proteins 

energizing substrate transport by using pyrophosphate bond hydrolysis. Cre has 113 
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transporter proteins in this subclass, while Cme has 47 (Table 1). This accounts for 

15.7% and 17.2% of the total number of proteins within their respective genomes. 

Subclass 3.B contains decarboxylation driven transporters, which drive solute uptake by 

decarboxylation of a cytoplasmic organocarboxylic acid. Cre only displays one protein 

from this subclass, while Cme displays none. Subclass 3.D includes ion transporters 

energized by redox reactions, and Cre and Cme have 34 and 7 of these proteins (4.7% 

and 2.6% of the total transporter count), respectively. Subclass 3.E includes transport 

systems using solar energy for transport, and Cre has double the number of these as 

Cme (8 and 4, respectively). However, this results in percentages of 1.1% and 1.5%. 

Therefore, out of the percentages of the class 3 subclasses, 3.D Oxidoreduction driven 

transporters display the greatest difference, with a 2.1% difference, while 3.A and 3.E 

have differences of 1.5% and 0.4% respectively (Figure 2). The sum total of these 

differences is probably not significant, suggesting that these organisms have 

comparable abilities to generate electro-chemical gradients using electron flow. 

 Class 4 proteins catalyze substrate transport by modifying various substrates in 

coupled processes. Small numbers of subclasses 4.C, 4.D, and 4.E were found in these 

two organisms. Subclass 4.C, which utilizes Coenzyme A to cause carboxylic acid 

thioesterification, was found in Cre but not Cme. The included Fatty Acid Transporter 

(FAT) Family proteins (TC #4.C.1) have been thought to allow coupled fatty acid uptake 

through the use of acyl-CoA synthetases (Schneider et al. 2014). Two of these 

transmembrane proteins were found in Cre (Table 1), but none were identified in Cme. 

One member of the Putative Vectorial Glycosyl Polymerization (VGP) Family, the 4.D 

subclass, was found in Cme, and but were seen in Cre. Within subclass 4.E, two 

proteins were found in Cre; none in Cme. The small numbers of these proteins in both 

organisms suggest that these transporters are not key to the survival of either Cre or 
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Cme. As a whole, Class 4 proteins are 0.5% and 0.4% of the total transporters in Cre 

and Cme respectively.  

 Class 5 proteins are responsible for electron transport from one side of a 

membrane to the other. Cre has 41 of these proteins, while Cme has 6. Proportionally, 

however, this results in 5.6% and 2.2% of their respective transporters. Cre contains 

proteins from both subclass 5.A and 5.B, while Cme only has proteins from 5.B. 5.A 

transporters are responsible for carrying electron pairs, whereas 5.B transporters carry 

single electrons. These electron flow processes must aid in survival and influence 

cellular energetics or regulation. 

 Class 8 contains auxiliary proteins that aid in substrate transport by enhancing 

the activities of transporters. Cre and Cme have seven and one of these transport 

proteins; Cme contains only one from subclass 8.A while Cre has five from 8.A and two 

from 8.B. The corresponding percentages are low, at 0.9% and 0.3% respectively 

(Figure 2). These auxiliary proteins also seem unlikely to be key factors in Cme’s 

survival in extreme environments. 

 Finally, class 9 includes known and putative proteins known to be transporters, 

but their mechanisms are unknown. They are placed within the subclass 9.A; those for 

which evidence supporting transport is incomplete are placed within subclass 9.B. Cre 

has 86 proteins within class 9, while Cme has 34. Thus, Cre has 21 in 9.A (2.9% of its 

total transporter count) and 67 in 9.B (9.3%), while Cme has 7 (2.5%) and 27 (9.9%) 

respectively. These percentages are very similar for the two organisms, and the proteins 

seem to be present in approximately the same proportions. 
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 Table 2 lists the substrates of transport systems found in the genomes of Cre 

and Cme based upon their entries in TCDB. The 650 systems found in Cre include a 

total of 721 transport proteins, and the 258 systems in Cme contain 274 transport 

proteins. Class 1 channels and pores within Cre seem to be largely used for inorganic 

ionic substrates and display an approximately 9:2 ratio for cations to anions (Table 2). In 

contrast, Cme displays a ratio of 15:4 (cation:anion), but also dedicates most of its Class 

1 transporters to inorganic ions. Interestingly, both Cre and Cme have few proteins 

transporting other substrates – the largest portion of transporter substrates is inorganic, 

with these accounting for 92.6% and 73.1% of their Class 1 transporter counts. Other 

substrates transported by Class 1 proteins in the two organisms are sugars and polyols, 

nucleic acids, proteins, and vitamins. Due to Cme’s smaller transporter count, these 

other substrates account for a larger percentage than in Cre (Table 2).  

  Cre contains about twice as many systems (286) within its class 2 secondary 

carriers than does Cme (144), but this number leads to a percentage of 39.6% versus 

52.6%, respectively (Table 2).  Cme has a higher proportion of transporters specific for 

cations and a similar proportion of those for anions. Additionally, a larger percentage of 

transporters are responsible for sugar and polyol transport as well as amino acid 

transport. Cre had higher percentages of transporters for carboxylates, organoanions, 

amines, lipids, and nucleic acids. Additionally, Cre is able to transport lipids and 

organoanions whereas transporters for these compounds in Cme were not found. Cme 

does not transport substrates that Cre cannot. 

 The superfamilies that confer upon both organisms their large numbers of 

transporters include 2.A.1, 2.A.7, and 2.A.29. 2.A.1 is the Major Facilitator Superfamily 

(MFS), which is the largest superfamily of carriers and diverse with respect to its various 
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substrate types. This accounts for 52 proteins in Cre and 15 in Cme (8% and 5.8% 

respectively). 2.A.7 is the Drug/Metabolite Transporter (DMT) Superfamily, and this is 

composed of 14 phylogenetic families, five of which include no functionally well-

characterized members. Each DMT family is identified by their distinct topology, 

consisting of four, five, nine, or ten putative tramsmbrane α helical TMSs per polypeptide 

chain (Jack et al. 2001). Cre contains 40 of these proteins, and Cme contains 25. 

Though Cre has more proteins, Cme has a far larger proportion of its transporter count 

being filled by 2.A.7 proteins. Finally, 2.A.29 is the Mitochondrial Carrier (MC) Family. 

Cre has 35 of these proteins and Cme has 28. As expected, these transporters comprise 

a much larger percentage of Cme’s total transporter count than of Cre’s. 

 The 114 primary active transport proteins in Cre account for 17.5% of these 

proteins, while the 49 systems in Cme account for 19.3% (Table 2).  Though present in 

low numbers, nucleoside and vitamin transporters in this class are unique to Cre (Table 

2). Inorganic cation-specific systems account for 6.8% of the total transport systems in 

Cre and 7.8% in Cme; therefore, though Cre has more such transporters, the difference 

between the two organisms when considering percentages is less than expected. Cre 

has 6 electron transport systems in class 3, whereas Cme has only one.  This accounts 

for 1% and 0.3% of their transporters. The biggest difference between the two algae 

concerns those responsible for protein and drug transport. Cre’s primary active protein 

transporters represent 2% and its drug transporters are 3.6% of its total transporters, as 

compared to Cme’s 2.7% and 3.1%. Otherwise, the two algae are similar in the 

percentage of primary active transporters. 

Class 5 proteins, transmembrane electron carriers, are more numerous in Cre 

(14 systems containing 40 proteins) than in Cme (3 systems with 6 proteins). This is 
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clearly reflected in the percentages, where Cre contains more than double the relative 

proportion of Cme (5.5% and 2.2% of all transport proteins, respectively). These 

differences are almost exclusively within families 5.B.2 and 5.B.4. 5.B.2 is the Eukaryotic 

Cytochrome b561 (Cytb561) Family, which contains transmembrane proteins found in 

many eukaryotic cells. Some family members lack sequences coding for putative 

ascorbate-binding, and others exhibit transmembrane ferrireductase activity. While Cre 

has nine proteins in this family, Cme lacks them altogether. The 5.B.4 family, known as 

the Plant Phosphatase I Supercomplex (PSI) Family, generally features the movement 

of electrons driven by solar energy. As a supercomplex of reaction center and light 

harvesting proteins, PSI is able to generate the most negative redox potentials found in 

nature, at -1 V. Cme has one system, consisting of four proteins, representing the 5.B.4 

family; Cre also has one system, but it consists of 28 proteins. Interestingly, this family is 

typically found only within plants and green algae. Despite this and its status as a 

primitive alga, Cme still contains only a few proteins from this family and thus may 

represent an evolutionary intermediate between primitive algae and higher plants 

(Misumi et al. 2005).  

 Very few auxiliary proteins were found in Cme and Cre. Of the seven available in 

Cre, five have an unknown function. The families found in Cre but not in Cme include the 

Immunophilin-like Prolyl:Peptidyl Isomerase Regulator (I-PPI) Family, The 

Plant/Algal/Chlorella Nitrate Transporter Accessory Protein (NAR2.1) Family, The 

Nedd4-Family Interacting Protein-2 (Nedd4) Family, and the Mitochondrial EF Hand Ca2+ 

Uniporter Regulator (MICU) Family. Both Cre and Cme contain one protein from the 

CDC50 P-type ATPase Lipid Flippase β-Subunit (CDC50) Family (8.A.27).  These 

proteins are flippases and are responsible for drug import. They have been used in 

treatment of several protozoal and fungal diseases (Hanson et al. 2003).  
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 Cre and Cme have 21 and 7 proteins within subclass 9.A and 67 and 27 in 

subclass 9.B. Of these proteins, 24 likely transport cations, four transport electrons, and 

ten transport sugars/polyols in Cre. Additionally, 11 transport proteins while three 

transport lipids and four transport vitamins, while 32 are of unknown function. Cme has 

nine proteins that utilize cations, one transporting anions, three for electrons, two for 

sugars/polyols, and three for amines. There are also two specific for peptides, one for 

lipids, two for cofactors, and six of unknown function.  Cre contains more than double the 

number of these putative transporters than does Cme, at 88 versus 34. 

 Figure 3 presents the percentages of transport substrates in the two studied 

algae. The largest of the substrate groups in both organisms is inorganic molecules – 

53% of Cre’s transporters and 45% of Cme’s are used for these substrates (Figure 3). 

Overall, Cre seems slightly more interested in transporting cations, anions, and nucleic 

acids, while Cme prioritizes sugars and polyols, amino acids, and peptides. However, 

both organisms have surprisingly similar proportions of many substrates. 

 Figure 4 summarizes how the transporter families within Cre and Cme are 

distributed and organizes them according to the frequency of occurrence in the two 

organisms. Both organisms, when combined, display 154 transporter families, of which 

66 are unique to Cre and 10 are unique to Cme. The two organisms share 80 out of 

these 154 families, or 51.9% of the total number of transporter families. Therefore, Cme 

displays 58.4% of the transporter families represented in this data, while Cre has 94.8% 

of them. 

 Table 3 contains detailed information about the multispanning transport proteins 

found in the two studied algal species.  
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DISCUSSION 
 

 Cyanidioschyzon merolae (Cme) is a thermo-acidophilic single-celled red alga 

that resides in sulphate-rich, acidic, hot springs. It was originally isolated from the 

solfatane fumaroles in a large volcanic area located west of Naples, Italy, known as 

Campi Flegrei (De Luca et al. 1978). These environments can reach temperatures of up 

to 55° Celsius and have pH values as low as 1.5 (Zenvirth et al. 1985). In addition to 

surviving in these extreme conditions, Cme is one of the most primitive photosynthetic 

eukaryotes (Cunningham et al. 2007). It is thought to retain primitive features of cellular 

and genomic organization, and it has a mixed gene repertoire with representatives 

characteristic of plants and animals (Misumi et al. 2005). This suggests a possible 

relationship to prokaryotes even though the alga contains similar photosynthetic 

components as other algal phototrophs. Cme makes little phycoerythrin, the primary red 

algal pigment, and instead produces the light blue (red-absorbing) pigment phycocyanin 

and the green pigment (blue and red absorbing) chlorophyll. It thus appears blue-green, 

even though it is classified as a rhodophyte (Castenholz et al. 2010).   

In contrast, Chlamydomonas reinhardtii (Cre) is a unicellular green alga found in 

many different environments throughout the world. It is motile, and its cells, though 

normally haploid, can become diploid in response to nitrogen deprivation. Though it is 

also photosynthetic, Cre can survive in total darkness if acetate is present (Merchant et 

al. 2010). The difference between the two algae can be, in part, understood by 

comparing the large number of transporters in Cre, no doubt suited for its various 

environments, against the relatively small number in Cme. 
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 The extreme conditions in which Cme lives have put it under pressure for a long 

period of time, thus diminishing its physiological and morphological diversity. It survives 

entirely through obligate photoautotrophic growth, a feature common to most 

rhodophytes. This explains the presence of greater numbers of secondary carriers 

compared to primary active transporters found in Cme. In contrast, its closest relative, 

Galdieria sulphuraria, has a very diverse metabolism and grows photoautotrophically, 

heterotrophically, and mixotrophically (Barbier et al. 2005). In this way, Cme is 

considered primitive. Its genome contains almost no introns (only 26 genes contain 

introns) and it has a relatively low degree of genetic redundancy (Matsuzaki et al. 2004). 

Interestingly, Cme has a genome which contains a large variety of sugar kinases such 

as putative gluco-, galacto-, fructo-, glycero-, xylulo-, and ribokinases despite only using 

photoautotrophic growth (Barbier et al. 2005).  

Cre has evolved via very different pathways, presumably reflecting the diverse 

environments in which it can survive and grow. It has been studied in the laboratory for 

over 60 years, and commonly used strains are derived from a soil isolate. Cre naturally 

inhabits an environment similar to that of land plants (Glaesener et al. 2013). It diverged 

from land plants such as Arabidopsis around 700 million years ago, which is when the 

last common ancestor between them can be found. One way in which Cre has 

significantly evolved from land plants is its ability to oxidize acetate and utilize 

bioenergetic routes such as hydrogen photoproduction and fermentation, along with 

several other metabolic differences (Grossman et al., 2007).  

 There are major differences in the amount of effort Cre and Cme put into 

transporting various substrates. The most transported substrates in both organisms are 

inorganic cations, where 35% of Cre’s transporters exhibit such specificities, while 31% 
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of Cme’s transporters are the same. Many of the cation transporters in Cme are 

responsible for the transport of divalent heavy metal cations such as Mg2+, Zn2+, and 

Fe2+. The vast majority of these transporters also utilize H+ as the co- or counter-

transporter cation. Due to the acidic nature of Cme’s environment, H+ is plentiful, which 

may be a contributing factor to Cme’s ability to survive in these harsh locations. It has 

been found that Cme is able to maintain its intracellular pH in the range of 6.35 to 7.1 at 

an external pH ranging from 1.5 to 7.5 (Zenvirth et al. 1985), and the various cation 

transporters may therefore have a large effect in allowing Cme to retrieve critical 

nutrients while regulating its internal pH and ensuring its survival.  

 Cre devotes 4.5% of its transporters to moving nucleic acids, while Cme 

allocates 2.5%. However, a larger difference concerns the percentages responsible for 

amino acid transport – 13% for Cme, 5% for Cre (Figure 3b).  All of the amino acid 

transporters are within the 2.A subclass. In spite of the large percentile difference, the 

numbers of proteins are fairly similar – Cre has 25 while Cme has 17. These 

transporters seem to be mostly from the AAAP, APC, and BASS families (2.A.3, 2.A.18, 

and 2.A.28).  

It is important to note that TC subclass 2.A contains the most transport proteins, 

proportionally, for both algae. This subclass also includes several sugar transporters, in 

addition to the previously mentioned sugar kinases (Barbier et al. 2005). Proteins from 

this subclass alone comprise 55.8% of all transporters found in Cme and 39.7% in Cre. 

The emphasis both organisms place on these transporters shows that they are crucial to 

survival regardless of the environment in which the organism is found. However, the 

large difference between these percentages also implies that Cme utilizes proportionally 
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more transporters from this family in order to gain its ability to survive in extreme 

environments. 

 The most important difference between Cme and Cre is the sheer numbers of 

their transport proteins. In total, 274 transport proteins were identified in Cme and 721 in 

Cre. Cre also has a much larger overall genome than does Cme – 14489 proteins 

versus 4803. Despite this, the percentage of transporters present in their proteomes are 

fairly similar, at 5.0% (Cre) and 5.7% (Cme). The large number of transport proteins in 

Cre could allow growth in a diverse environment as opposed to the sulphate-rich hot 

springs where Cme is found.  

The most studied variant of Cre is a soil isolate, but this alga can be found in 

fresh water as well (Merchant et al. 2010). Unlike Cme, it also has two flagella and more 

internal organelles (Harris 2001). The added complexity to its cell structure could have 

contributed to its relatively large genome and therefore to the increased number of 

transporters. In contrast, because of pressures from its extreme habitats, Cme may have 

narrowed its genome and transporter counts to adapt specifically to a nutrient poor. 

Thus, the transporter specificities in Cme and Cre, along with the large numerical 

difference between their transporters, would be explained by their environmental stress 

needs. 

 In our research, the impact of proteins from subclass 1.B (β-Barrel Porins) was 

not examined thoroughly. Future research would therefore include analyzing these 

proteins to see their effect upon both Cre and Cme. Additionally, analysis of the 

transporter repertoire of Cme along with its close relative, the extremophile, Galdieria 

sulphuraria, would provide further elucidation of the transporter families, allowing these 

two thermophilic, acidophilic algae to survive in similar environments when compared to 
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algae that live in neutral environments such as Cre.  Finally, further research could also 

be done regarding the difference between Cre and Cme just as a function of their light 

absorbing pigment complements. As Cre is a green alga and Cme is classified as a red 

alga, there may be greater evolutionary divergence than has been recognized to date. 

The characterization of their transport systems as reported here should provide 

new insight into these relationships. They may also be useful to compare Cme to red 

algae that live in neutral conditions, and to compare Cre with both close relatives and 

extremophilic green algae like Dunaliella salina, a halophilic green micro-alga found in 

such places as sea salt fields which is used in the cosmetic industry and provides dietary 

supplements because of its antioxidant activity (Ahmed et al. 2015). It is clear that this is 

a rich field for future study with possibilities in many areas of scientific study.  
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Figure 1. The microalgae Cyanidioschyzon merolae (top) and Chlamydomonas reinhardtii 
(bottom). 
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Figure 2a. Distribution of transporters based on TC classes in Chlamydomonas reinhardtii and 
Cyanidioschyzon merolae. 
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Figure 2b. Distribution of transporters based on TC subclasses in Chlamydomonas reinhardtii 

and Cyanidioschyzon merolae   
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Figure 3a. Distribution of transporters based on TC substrate groups in C. reinhardtii and C. 
merolae. 
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Figure 3b. Distribution of transporters based on TC substrate subgroups in C. reinhardtii and C. 

merolae.



 
 

 

 
 

32 

 

        
 

 

 

  
 

 
 

  

F
ig

u
re

 4
. 

R
e
co

g
n
iz

e
d
 t

ra
n
sp

o
rt

e
r 

fa
m

ili
e
s 

b
e
lo

n
g

in
g
 t

o
 C

. 
re

in
h
a
rd

tii
 o

n
ly

, 
C

. 
m

e
ro

la
e
 o

n
ly

, 
o
r 

sh
a
re

d
. 

 



33 
 

 

 
 

Table 1.  
Overview of the C. reinhardtii and C. merolae transporter distribution based on TC class and 
subclass. 
 

TC 
Classa 

Class 
descriptions 

No of transport 
proteins 

TC 
subclass 

Subclass description No. of 
transport 
proteins 

    Cre Cme     Cre Cme 
1 Channels and 

Pores 
139 30 1.A α-type channels 134 23 

    1.B β-barrel porins 1 1 
    1.F Vesicle fusion pores 4 5 
    1.I Membrane bounded 

channels 
0 1 

2 Secondary 
carriers 

286 144 2.A Porters (uniporters, 
antiporters, symporters) 

286 144 

3 Primary active 
transporters 

156 58 3.A P-P bond hydrolysis-driven 
transporters 

113 47 

    3.B Decarboxylation-driven 
transporters 

1 0 

    3.D Oxidoreduction-driven 
transporters 

34 7 

    3.E Light absorption-driven 
transporters 

8 4 

4 Group 
translocators 

4 1 4.C Acyl-CoA ligase-coupled 
transporters 

2 0 

    4.D Polysaccharide 
Synthase/Exporters 

0 1 

    4.E Vacuolar Polyphosphate 
Polymerase-catalyzed 
Group Translocators 

2 0 

5 Transmembrane 
electron carriers 

41 6 5.A Transmembrane 2-
electrons transfer carrier 

1 0 

    5.B Transmembrane 1-electron 
transfer carrier 

40 6 

8 Accessory 
factorsb 

7 1 8.A Auxiliary transport proteins 5 1 

    8.B Ribosomally synthesized 
protein/peptide 
toxins/agonists that target 
channels and carriers 

2 0 

9 Unknown 
transportersc 

88 34 9.A Transporters of unknown 
biochemical function 

21 7 

    9.B Putative uncharacterized 
transport systems 

67 27 

Total no. of transport 
proteins 

721 274         

Total no. of proteins in 
genome 

14489 4803     

% transporters of genome 4.98% 5.71%         
a Detailed class and subclass descriptions can be found at www.tcdb.org. Transporter classes 6 and 7 have not been assigned in the TC 
system yet and therefore are absent from this table.  
b Accessory factors facilitate transport via established transport systems and therefore are not counted as separate systems. 
c Unknown transporters include families in TC subclass 9.A (known transporters of unknown biochemical function) and 9.B (putative 
uncharacterized transport systems), but not 9.C (functionally characterized transporters lacking identified sequences).
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