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ABSTRACT 

 

The fresh water green alga Chlamydomonas reinhardtii is a candidate for bio-production of 

hydrogen because it evolves H2 gas under anaerobic conditions. The bi-directional reaction of 

2H
+
+ 2e

-
 ↔ H2 is catalyzed by two hydrogenase enzymes, HydA1 and HydA2, both localized to 

the chloroplast stroma. However, one barrier for the application of C. reinhardtii as a H2 bio-

reactor is the O2 sensitivity of this system. Both HydA1 and HydA2 enzymes are quickly 

inactivated upon exposure to O2 even at low concentrations. An additional challenge for genetic 

engineering of the hydrogenase genes is that the transcripts of the two encoding genes, HYDA1 

and HYDA2, are not produced in the presence of O2.  

     To identify regulatory elements and factors involved in the hypoxia-induced expression of 

the HYDA genes, we utilized a reporter gene system based on flagellar motility of C. reinhardtii 

cells. The RSP3 gene, encoding for a radial spoke protein critical for cell motility, was fused 

downstream of a ~1 kb fragment that included the putative promoter region and the complete 

5’UTR of the HYDA1 gene or the HYDA2 gene. Each construct was transformed into immotile 

pf14 mutant cells lacking a functional RSP3 gene. Immotile transformants were subjected to 

anaerobic induction, and strains that restored motility after the induction were selected. These 

strains showed the expression of the RSP3 gene under the transcriptional control of the HYDA 

promoter/5’UTR sequences.  

     To identify cis- or trans-acting factors that regulate gene expression in response to hypoxia, 

the conditionally swimming transformant strains were mutagenized and strains with a 

constitutively swimming phenotype were selected under aerobic conditions. Molecular and 

genetic analyses showed that a number of mutant strains contain lesions caused by transposable 

elements inserted into the HYDA promoter/5’UTR sequences. Strain A6-3 containing a 

pHYDA1-RSP3 construct has an MRC1 retro-transposon insertion in the proximal region of the 

HYDA1 promoter sequence in the construct, whereas strain C5-4, containing three copies of the 

pHYDA2-RSP3 construct, has a TCR1 transposon insertion in the HYDA2 5’UTR of the 

construct. The regions interrupted by the transposon insertions might be key elements involved 

in O2 inhibition of expression of the HYDA genes.  

     Mutant strain B6-F contains one copy of the pHYDA1-RSP3 construct. A number of genes 

known to be regulated by hypoxia, and several genes induced by both O2 and Cu deficiency, 

were upregulated in this strain. Whole genome sequencing of the B6-F strain identified a SNP 
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mutation in gene model au5.g1088_t1 when the sequence was compared to the Chlamydomonas 

genome sequence JGI v4.0. A fragment of wild-type DNA containing the complete sequence of 

this gene model fully rescued the upregulation phenotype of the FDX5 and Cu/O2 deficiency 

responsive genes CYC6 and CPX1, and partially rescued the phenotype of  overexpressed 

HYDA1 and HYDG genes. The protein encoded by gene model au5.g1088_t1 (termed CHC1 

gene for Constitutive expression of Hydrogenases and Copper responsive genes 1) contains an 

F-box domain and a DUF525/ApaG domain that are highly conserved in F-box like proteins 

across different species. A model is proposed, based on results from this study, that the Chc1 

protein likely functions in the same pathway with the central regulator of Cu deficiency 

response, Crr1, by regulating the degredation of the Crr1 protein. 
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Chapter 1 

Literature review 

 

1-1. Need for hydrogen 

 

Fossil fuels (coals, petroleum, natural gas, etc.) are currently the predominant energy resource 

worldwide, counting for about 80% of the energy demand in the US and worldwide (Das and 

Veziroğlu 2001; Diener et al. 1990; Muradov and Veziroğlu 2008). With the development of 

modern society, global energy needs are tremendous and ever-growing. Currently the overall 

energy consumption on earth is equivalent to 13-14 terawatts (Armaroli and Balzani 2007; 

Ghirardi et al. 2010) and by 2050, the world energy demand could reach as much as 2.5 times 

current usage, equivalent to about 30 tetrawatts (Ghirardi et al. 2010).  Meanwhile, the proven 

reserves for fossil fuels are decreasing (Armaroli and Balzani 2007). By some estimates, the so-

called oil peak, the situation when the oil supply is no longer able to satisfy the increasing 

demand, may come at any time in the next 30 years (Armaroli and Balzani 2007; Ghirardi et al. 

2010).  

     Besides the limited reservoir, carbon based fossil fuels also pose serious threats to the 

environment. CO2 is the primary product from fossil fuel usage and is the major cause for global 

warming. About 60% of CO2 is produced by burning fossil fuels (Armaroli and Balzani 2007; 

Sullivan 2011). Pollutants produced from burning fossil energy also include CO, CnHm, SOx, 

NOx, radioactivity, heavy metals, ashes etc. (Das and Veziroğlu 2001; Momirlan and Veziroğlu 

2002) Environmental problems can only get worse as energy demand increases (Armaroli and 

Balzani 2007). The development of alternative, clean and renewable energy resources has 

become essential for sustaining human society.  

 



 

 

2 

1-2. Hydrogen as a clean energy carrier 

 

The human quest for alternative energy sources dates back in history to the time when people 

began to utilize water power and wind energy. Modern hydroelectricity facilities and wind 

turbines provide the industrial world with a relatively clean energy supply. However their 

application is restricted by location and seasonal changes, also necessitating efficient storage 

and transportation methods. Both require high-tech equipment, and/or construction of a large 

infrastructure (in the case of hydroelectricity). They can also pose potential threats to local 

ecosystems (Armaroli and Balzani 2007). Nuclear power was a promising alternative due to the 

large amount of energy generated in nuclear fission reactions with a relatively small amount of 

radioactive materials. However uranium is an exhaustible material and nuclear power stations 

are extremely complex and expensive to build. The problem of disposal of radioactive waste has 

never been properly solved. Safety concerns have always shadowed the use of nuclear power, 

especially after the incidents in Chernobyl and recently in Fukushima (Armaroli and Balzani 

2007).  

     Solar energy is the most abundant energy on earth and is inexhaustible. Radiation energy 

from the sun received on earth exceeds our need by thousands of times. Considering the 

diffusive and intermittent nature of sunlight, solar energy needs to be properly captured and 

converted in to a usable energy form like electricity (Armaroli and Balzani 2007). Advances 

have been made in areas of solar thermal conversion (heating liquid with sunlight), solar 

electricity (photovoltaic cells) and solar fuels. Fuel is produced from sun light by means of 

photosynthesis, the mechanism that plants and other photosynthetic organisms have been using 

for millions of years. Naturally occurring photosynthesis converts solar energy into chemical 

energy in the form of carbohydrates and in some cases, hydrogen gas (H2). 

     H2 is a promising candidate among alternative energy sources. It has the highest energy mass 

density of all chemical fuels (120 MJ/kg), and unlike gasoline, its combustion produces no by-

product other than H2O in combustion (Das and Veziroğlu 2001; Nath and Das 2004; Kim and 

Kim 2011). Hydrogen also can be directly used in fuel cells to generate electricity efficiently 

and in an environmentally friendly manner (Momirlan and Veziroğlu 2002). However hydrogen 

gas exists in a small proportion in the atmosphere (0.07%; Das and Veziroğlu 2001; Armaroli 

and Balzani 2007) and is not readily available for power generation. This scarcity of 

atmospheric hydrogen gas makes it an energy carrier rather than an energy source, because it 
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needs to be generated from hydrogen abundant chemicals (e.g. methane gas, water, etc.) using 

other energy sources (Das and Veziroğlu 2001; Kim and Kim 2011).  

 

1-3. Current methods of hydrogen production vs bio-reactors 

 

The predominant method for bulk H2 production is based on fossil fuels (e.g., natural gas steam 

reforming), which requires large amounts of energy (high temperature, high pressure or high 

voltage) (Kim and Kim 2011), and produces by-products like CO, CO2, SO2, etc. As a result, 

this method does not have economic or environmental advantages over burning fossil fuels (Das 

and Veziroğlu 2001; Kim and Kim 2011). Another widely exploited mechanism of H2 

production is splitting water (e.g. electrolysis, mechanolysis, etc.), using water as the main 

substrate instead of fossil fuels. There are variable approaches to break the stable H-O bond in 

water, such as electrolysis, thermochemical cycles and thermocatalytic cycles. Most of these 

approaches involve high energy input and sophisticated equipment, and sometimes are not 

environmentally friendly. (Das and Veziroğlu 2001; Momirlan and Veziroğlu 2002) 

     Bio-reactors arose as a promising alternative to the traditional approaches mentioned above, 

as hydrogen can be generated directly from sunlight and water or from simple organic substrates. 

Unlike current industrial production systems, bio-reactors mostly operate at ambient 

temperatures and pressures, lowering the requirement and cost of energy input and equipment. 

Hydrogen bio-reactors also have the advantages of fast growth of the organism(s) in the reactor, 

the possibility of using different water sources including waste water, no competition with 

agriculture for land, renewability, sequestration of carbon into bio-mass, and fewer location and 

time restrictions when grown in enclosed systems (Ghirardi et al. 2010).  

 

1-4. Enzymes catalyzing H2 production 

 

Hydrogen can be produced by two kinds of enzymes under anaerobic conditions: nitrogenases 

and hydrogenases (Ghirardi et al. 1997; Hallenbeck and Benemann 2002; Kim and Kim 2011; 

Mathews and Wang 2009; Momirlan and Veziroğlu 2002; Vignais et al. 2006). Nitrogenases 

exist in N2 fixing organisms like some archea, bacteria and cyanbacteria that produce H2 as a 

by-product during N2 fixation in the following reaction:  
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N2 + 8H
+
 + 2e

-
 → 2NH3 + H2, 

               12ATP  → 12ADP + 12Pi.  

When N2 is limiting, nitrogenases produce H2 as the sole product with hydrolysis of ATP, 

following the reaction below (Das et al. 2006; Kim and Kim 2011):  

2H
+
 + 2e

-
→ H2, 

       4ATP   → 4ADP + 4Pi 

This process is slow and requires ATP. Furthermore the production of H2 is often local and 

negligible because it is consumed by hydrogenases that co-exist in the cells. Nitrogenases are 

sensitive to O2 but not as sensitive as hydrogenases.  

     Hydrogenases catalyze the reversible reaction of 2H
+
 + 2e

-
 → H2. Before the appearance of 

the modern nitrogen/O2 atmosphere, the atmosphere consisted of reducing gases including H2. 

Some chemoautotrophic bacteria had evolved hydrogenases to use H2 as an energy supply 

(Esper et al. 2006). With the emergence of photosynthetic machinery and atmospheric O2 

replacing H2, the importance of hydrogenases faded during normal growth conditions in the O2 

abundant atmosphere. Today hydrogenases are found in photosynthetic bacteria, green algae, 

and cyanobacteria (Esper et al. 2006; Flynn et al. 2002). These organisms are either anaerobes 

or often encounter low-to-non-oxygenic environments. Hydrogenases are produced and 

functional only under anaerobic conditions. In aerobic photosynthetic microorganisms like the 

green alga Chlamydomonas reinhardtii, the activity of H2 production serves as a safety valve to 

avoid over-accumulation of reducing power in the photosystem electron transport chain and to 

allow continued ATP production at a lower level during O2 depletion (Esper et al. 2006).  

 

1-5. Hydrogenases 

 

Hydrogenases involving H2 metabolism can be categorized into two types based on their metal 

content at the catalytic center, [NiFe]-hydrogenases and [FeFe]-hydrogenases (Ghirardi et al. 

1997; Hallenbeck and Benemann 2002; Happe et al. 2002; Kim and Kim 2011; Shima and 

Thauer 2007). [NiFe]-hydrogenases make up the largest number of hydrogenases. The core 

enzyme functions as a heterodimer, of which the α subunit contains a [NiFe]-bimetallic active 

center, and the β subunit possesses a [Fe-S] cluster to pass electrons on to the active center. 

They catalyze the bi-directional reaction of H2 evolution or consumption but mainly are 

involved in H2 uptake. [NiFe]-hydrogenases are >10 times faster with respect to H2 turnover 
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rate than nitrogenase but slower than [FeFe]-hydrogenases. The sensitivity to O2 and CO is 

higher than that of nitrogenases but less strict compared to [FeFe]-hydrogenases (Kim and Kim 

2011; Shima and Thauer 2007). [FeFe]-hydrogenases are monomeric enzymes found in strict 

anaerobes, fungi, protists and a few photosynthetic algal species (Ghirardi et al. 2007). This 

category of enzymes mainly catalyzes H2 evolution. They display the highest turnover rate (over 

one thousand times faster than nitrogenase and hundreds of times faster than [NiFe]-

hydrogenases), due to their unique H cluster in the active center, which improves enzymatic 

activity by almost a hundred fold compared to other hydrogenases (Happe et al. 2002). The H-

cluster consists of a [FeFe]-bimetallic center bridged to a [4Fe-4S] cluster via a cysteine (Kim 

and Kim 2011). Based on the enzymatic properties, [FeFe]-hydrogenases are an ideal candidate 

for direct photosynthetic bio-hydrogen production, and they are the enzyme of interest in this 

project. A third category called [Fe]-hydrogenase or Hmd (H2 forming methylene-

tetrahydromethanopterin dehydrogenase) does not contain a [Fe-S] catalytic center. They are 

found in some methanogenic archae and catalyze an intermediary step in CO2 reduction with H2 

to methane rather than fixing or evolving H2 (Shima and Thauer 2007). 

 

1-6. [FeFe]-hydrogenases in green alga  

 

Aquatic photosynthetic microorganisms like green algae experience anaerobic stress routinely 

in their natural habitats, which requires an elaborate system to adapt to anaerobiosis (Mus et al. 

2007). H2 production by the [FeFe]-hydrogenases is one of the adaptive mechanisms. In 

photoautotrophic microorganisms containing [FeFe]-hydrogenases, under normal aerobic 

conditions, electrons from water splitting in photosystem II (PSII) are passed through the 

electron transport chain to ferrodoxin (Fd) and then used by ferredoxin-NADP-reductase (FNR) 

to produce NADPH. Reductant yielded in this process is consumed by CO2 fixation and by O2 

in respiration. Hydrogenases are not expressed under these conditions. When the cells are 

deprived of oxygen, glycolysis overrides photosynthesis. Reductants generated by organic 

compound breakdown from glycolysis feed in excess amounts of electrons to the electron 

transport chain. To release the over-reducing pressure, hydrogenases are expressed and accept 

electrons from Fd to reduce protons into H2 gas. Meanwhile, by reducing protons in the 

thylakoid stroma, hydrogenases also help to keep a proton gradient across the thylakoid 

membrane, thereby maintaining a low level of ATPase activity to make up for the loss of 
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respirational ATP synthesis.  

 

1-7. Oxygen sensitivity of the [FeFe]-hydrogenases 

 

Production of bio-H2 using [FeFe]-hydrogenases is an appealing idea. The phenomenon of H2 

production from green algae was discovered by Gaffron 70 years ago (Gaffron and Rubin 1942) 

and interest in the process has been growing over the past couple of decades. However, there are 

issues to be solved before it is feasible on a large scale. One problem is the O2 inhibition of 

hydrogenases (Das et al. 2006; Erbes et al. 1979; Ghirardi et al. 1997; Ghirardi et al. 2010; 

Hallenbeck and Benemann 2002; Happe and Naber 1993; Lee and Greenbaum 2003). At the 

protein level, O2 probably binds to one of the iron species in the hydrogenase activity center (H-

cluster) and irreversibly inactivates the enzyme. This inactivation happens at a low 

concentration of O2 in a short exposure from seconds to minutes (Happe and Naber 1993). One 

way to overcome this problem is to engineer [FeFe]-hydrogenases for better O2 tolerance (Das 

and Veziroglu 2008; Flynn et al. 2002; Ghirardi et al. 1997; Mathews and Wang 2009).  

     A second problem for bio-hydrogen production from [FeFe]-hydrogenases is that O2 

regulates expression of the hydrogenase genes. The proteins are only present after a period of 

anaerobic induction (Happe et al. 1994). The hydrogenase transcripts are not detectable with O2 

present (Forestier et al. 2003; Happe and Kaminski 2002). The absence of hydrogenase 

transcripts suggests a down-regulation of gene expression under aerobic conditions (Ghirardi et 

al. 2007).  

     A third level of O2 inhibition of hydrogenase activity arises from the fact that when O2 is 

available even at a low concentration, reductants are redirected from hydrogenases, thus 

preventing H2 production. (Lee and Greenbaum 2003)  

     The mechanism by which O2 interacts with and inactivates hydrogenase enzymes has been 

studied extensively (Lambertz et al. 2011; Stripp et al. 2009; Sundaram et al. 2010). However, 

the mechanism for sensing the availability of O2 and the signaling pathways leading to the 

expression of hydrogenases still largely remain to be explored. Algal hydrogenases are 

expressed only in response to hypoxia induction. This condition can be achieved by bubbling a 

sealed cell culture with inert gas (e.g., Ar or N2) to physically purge O2. Another method of 

induction is sulfur deprivation, which was developed by Melis et al. 2000, using the green alga 

Chlamydomonas reinhardtii. When cells are deprived of sulfur, the activity of PSII is greatly 
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compromised, as is oxygen evolution. After 24-30 hours without sulfur in a sealed culture, the 

level of oxygen evolution drops below the level required for respiration and the culture turns 

anaerobic a few hours later. Hydrogenases are induced and hydrogen evolution begins. Without 

the inhibitory effect of photosynthetic O2, the culture can continuously produce H2 for up to 120 

hours before the culture eventually degenerates from malnutrition. This process can be reversed 

by adding sulfur back to the media. (Melis et al. 2000, Ghirardi et al. 2000) 

 

1-8. The model organism Chlamydomonas reinhardtii 

 

The organism used in this project, Chlamydomonas reinhardtii (termed C. reinhardtii in this 

study), has been an important experimental system for studying the function and assembly of 

flagella and basal bodies, as well as the photosynthesis apparatus (Lefebvre and Silflow 1999). 

Since Gaffron and Rubin made the discovery of algal H2 production, more and more attention 

has been drawn to the C. reinhardtii system due to its ability for H2 photoproduction (Gaffron 

and Rubin 1942; Ghysels and Franck 2010). In addition to the highest level of H2 production 

from water recorded so far (Ghysels and Franck 2010), C. reinhardtii possesses many 

advantages as the ideal model organism for the study of hydrogenase. It is a well-studied 

reference species with a sequenced haploid genome of 120 Mb (Merchant et al. 2007) and 

mature genetic analysis tools. Phenotypes can be assessed rapidly in the haploid vegetative cells. 

Dominance/recessiveness tests and complementation tests can be carried out by constructing 

stable diploid strains. It can be as easily transformed as E.coli, and many selectable marker 

genes have been developed for selecting transformants. For genetic analysis, all progeny of a 

meiotic event may be separated for phenotypic analysis. Many phenotypic markers have been 

mapped on its 17 linkage groups. A polymorphic wild isolate S1 D2 (CC-2290) has provided 

single nucleotide polymorphism (SNP) markers mapped on the genetic map (Gross et al. 1988; 

Kathir et al. 2003; Rymarquis et al. 2005). All of these features make it an excellent model 

system for molecular studies and genetic engineering.  

 

1-9. H2 production and hydrogenases in C. reinhardtii 

 

Current understanding of the physiology of hydrogenase activity in green algae has come 
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largely through studies in C. reinhardtii. The process of H2 production consumes electrons from 

NADPH produced from organic compounds (protein and carbohydrates) accumulated during 

photosynthesis prior to anaerobiosis (indirect photolysis) (Happe and Kaminski 2002; Kim and 

Kim 2011; Melis et al. 2000).  It is dependent on the electron transport chain from PSI and on 

pre-exposure to light (accumulation of carbohydrates) (Happe and Kaminski 2002; Stuart and 

Gaffron 1972). Once hydrogenases are expressed and activated after a period of anaerobiosis, 

they can also utilize electrons from water splitting by PSII under illumination. Hydrogenase 

activity under this condition suggests an ideal model system for H2 production because it 

directly utilizes solar irradiation with high efficiency (direct photolysis). However due to the 

inhibitory effect of O2 on hydrogenases, this reaction is transient without continuous removal of 

O2 (Erbes et al. 1979; Ghirardi et al. 1997). H2 also can be generated from cultures in dark 

anaerobic conditions (dark fermentation), mainly in fermentative bacteria but also in green 

algae. The electron source for dark fermentation is derived solely from breaking down organic 

substrates supplied by the media in the case of fermentative bacteria, or from cellular storage in 

cells of green algae. The efficiency of H2 production this way in green algae is very low 

compared to that from direct or indirect photolysis (<1%) (Kim and Kim 2011; Mathews and 

Wang 2009; Meuser et al. 2012). 

     Two methods of inducing C. reinhardtii cells for H2 production have been developed. One 

method involves physically removing O2 by purging the cell culture with inert gas like N2 or Ar, 

and keeping the sealed culture in darkness to avoid the inhibitory effect of O2 produced from 

light-dependent H2O splitting of PSII (Erbes et al. 1979). After a period of anaerobic induction 

in darkness (from ~15 min to one day), when the culture is exposed to light, a short burst of H2 

production can be observed (direct photolysis). The hydrogenases show robust enzymatic 

activities during direct photolysis however they are quickly inactivated by O2 produced from 

photosynthesis (Erbes et al. 1979; Ghirardi et al. 1997; Happe and Naber 1993; Shima and 

Thauer 2007). During anaerobic induction in darkness, C. reinhardtii cells also produce H2 at a 

much lower rate compared to photoproduction (<1%) (Meuser et al. 2012), with electrons 

mostly from oxidizing organic compounds in cellular storage (dark fermentation) (Kim and Kim 

2011; Meuser et al. 2012). The other method of inducing C. reinhardtii cells for H2 production 

that was developed by Melis et al (2000) involves sulfur deprivation. Cells grown in the 

absence of sulfur are not able to synthesize the D1 subunit of PSII and show a severely reduced 

level of PSII activity and photosynthesis level, while the respiration level remains similar as that 

in normal media (Melis et al. 2000; Zhang et al. 2002). Sulfur deprived culture in sealed 



 

 

9 

containers under illumination reach anaerobiosis after ~24h and H2 production begins (Kim and 

Kim 2011; Melis et al. 2000). During sulfur deprivation electrons are supplied by both PSII and 

organic substrates in cellular storage (Chochois et al. 2009; Fouchard et al. 2005) but the main 

source of electrons is produced from organic compounds (protein and carbohydrates) 

accumulated during photosynthesis prior to anaerobiosis (indirect photolysis) (Happe and 

Kaminski 2002; Kim and Kim 2011; Melis et al. 2000). This process is dependent on the 

electron transport chain from PSI and pre-exposure to light (accumulation of carbohydrates) 

(Happe and Kaminski 2002; Stuart and Gaffron 1972). Recently Phylipps et al (2011a) showed 

that nitrogen starvation under illumination could also induce hydrogenase activity and H2 

production, though with a lower yield and longer induction period compared to sulfur starvation. 

     Two hydrogenase genes have been reported in C. reinhardtii, both encoding enzymes in the 

[FeFe]-hydrogenase class. The genes are included in the nuclear genome, but the enzymes exist 

in the chloroplast stroma (Happe et al. 1994). Proteins encoded by the genes are both ~53 kDa, 

and the mature proteins are ~47 kDa after signal peptide removal (Forestier et al. 2003; Happe 

and Kaminski 2002; Posewitz et al. 2004) with 68% identity in amino acid sequence (Forestier 

et al. 2003). All green algae that have been characterized for hydrogenase activity contain more 

than one hydrogenase enzyme isoform, and phylogenetic analysis suggests that hydrogenase 

genes underwent duplication independently in different lineages (Meuser et al. 2012). This clue 

suggests that there is selective pressure for the presence of multiple hydrogenase gene copies 

and they probably have distinct roles. In C. reinhardtii, specific knock-down experiments using 

RNAi showed that HYDA1 is responsible for over 80% of in vitro hydrogenase activity 

(Godman et al. 2010). Analysis of mutant strains lacking either the HYDA1 or the HYDA2 gene, 

and hyda1/hyda2 double mutant strains led to the conclusion that HydA1 contributes ~80% of 

enzymatic activity for H2 photoproduction while the rest is attributed to HydA2 (Godman et al. 

2010; Meuser et al. 2012). During dark fermentation, both HydA1 and HydA2 are capable of 

fully utilizing the excess reductant substrates channeled to hydrogenases (Meuser et al. 2012). 

This study revealed that one possible function of the HYDA2 gene product is to consume 

reductants directed to hydrogenases during dark fermentation.  

     Despite the fact that both C. reinhardtii hydrogenase genes are similarly up-regulated in 

response to anaerobiosis, very little similarity between the promoter regions of the two genes 

was detected. The lack of similarity between the promoter sequences may indicate differential 

regulation of the two hydrogenase genes (Forestier et al. 2003). Little work has been done on 

the mechanisms that regulate the expression of HYDA genes. Stirnberg and Happe (2004) used 
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the arysulfatase (ARS) reporter gene under the control of truncated promoter sequences of 

HYDA1 to look for key regions involved in positive regulation of HYDA1 gene expression. 

They were able to narrow down a ~100 bp region upstream of the transcription start site, 

without which the construct failed to express the ARS gene in response to hypoxia induction. 

However, no specific DNA regulatory elements of HYDA genes have been identified. Research 

on the transcriptome response to Cu deficiency showed that HYDA1 transcript level increases 

slightly in the absence of Cu while the level of HYDA2 transcript does not change (Castruita et 

al. 2011). Another recent study suggested that HYDA1 is partially regulated by the central 

regulator of Cu deficiency pathway Crr1 (Pape et al. 2012). However, further study is needed to 

understand the hypoxia signaling pathway leading to upregulation of HYDA gene expression.  

 

1-10. Connection of the hypoxia signaling pathway with Cu-deficiency 

responses in C. reinhardtii 

 

To date, the only pathway identified that affects the expression level of HYDA genes is the 

response to Cu deprivation. Cu is an important nutrient for its role as a cofactor in enzymatic 

activities or redox reactions such as electron transfer proteins, etc. (Castruita et al. 2011; 

Eriksson et al. 2004). C. reinhardtii cells respond to a Cu-limiting environment in a variety of 

pathways, such as replacing Cu-containing proteins with iron-containing counter parts. For 

example, the expression of iron-containing cytochrome C6 encoded by the CYC6 gene is 

upregulated to replace the Cu-containing plastocyanin in the photosystem electron transport 

chain) (Quinn and Merchant 1995). Limiting Cu also leads to increasing Cu assimilation by 

increased expression of plasma membrane localized Cu assimilatory transporters CTR1 and 

CTR2 (Page et al. 2009) and degrading plastocyanin to release Cu for the synthesis of other Cu-

containing proteins (Eriksson et al. 2004). The cells also up-regulate the expression of genes 

involved in other pathways with functions yet–to-be-discovered in Cu deficiency. For example, 

the expression levels of coproporphyrinogen III oxidase encoded by the CPX1 gene (Quinn et al. 

1999), and a O2 dependent di-iron enzyme encoded by the CRD1 gene (Moseley et al. 2000), 

increase upon Cu deprivation (Castruita et al. 2011). Both genes are components of the 

tetrapyrrole synthesis pathway (Castruita et al. 2011). An increase in transcript levels has also 

been observed for the [2Fe2S] ferredoxin FDX5 gene (Castruita et al. 2011). These responses to 
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low Cu stress are all under the control of the global regulator Crr1, a transcription factor with an 

SBP (SQUAMOSA promoter Binding Protein) domain (Kropat et al. 2005; Sommer et al. 2010). 

Crr1 (Copper Response Regulator 1) is the master regulator to activate the expression of genes 

critical for adaptation to Cu deficiency (Eriksson et al. 2004; Quinn et al. 2000). It affects target 

gene expression under Cu-limiting conditions by binding to the GTAC core sequence of copper 

response elements (CuRE) localized in the 5’ flanking sequence of its target genes (Kropat et al. 

2005). In addition to Cu deprivation, many of the Crr1 target genes also respond to hypoxia 

stress induction. The expression levels of CYC6, CPX1, CRD1 and FDX5 increase in the 

absence of O2. Mutant cells with a disrupted CRR1 gene fail to respond to either Cu eprivation 

or hypoxia (Lambertz et al. 2010; Quinn et al. 2002). Recent findings suggest that the HYDA1, 

HYDEF and HYDG genes are also influenced by Crr1 regulation. The transcript levels of these 

genes increase in –Cu conditions (Castruita et al. 2011). The accumulation of HYDA1 transcript 

and hydrogenase activity is decreased in crr1 mutant strains (Pape et al. 2012). These 

observations suggest that the Cu-deficiency pathway and the hypoxia signaling pathway form 

an interconnected network and share certain components. However, there is also evidence 

indicating that the signaling pathway controlling HYDA gene expression has unique factors that 

distinguish it from the Cu-deficiency response. For example, unlike the Crr1 target genes, the 

hydrogenase gene HYDA1 and genes encoding the accessory proteins HYDEF and HYDG still 

remain responsive to hypoxia induction in crr1 mutant strains, with HYDA1 reaching at least 

50% of the transcript level in wild-type cells (Castruita et al. 2011; Pape et al. 2012; Quinn et al. 

2002). 

 

1-11. Maturation factors required for the assembly of functional 

hydrogenases in C. reinhardtii 

 

Hydrogenases contain metallic active centers that need to be inserted post-translationally. 

[FeFe]-hydrogenases as well as [NiFe]-hydrogenases need accessory proteins to synthesize and 

transfer their activity centers. The H-cluster in [FeFe]-hydrogenases consists of a [4Fe4S] 

subcluster linked through a cysteine residue to a di-iron subcluster FeH which is bridged by CO 

and CN ligands (Kim and Kim 2011; Posewitz et al. 2004). The C. reinhardtii nuclear genome 

encodes two HYDA accessory proteins, HYDEF and HYDG (Posewitz et al. 2004). Genetic 
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disruption of HYDEF abolished the H2 production activity in C. reinhardtii. The C. reinhardtii 

HYDEF gene is homologous to HYDE and HYDF genes in prokaryotes (e.g. Clostridium 

acetobutylicum) and the C. reinhardtii HYDG gene is homologous to the prokaryotic HYDG 

gene.  The three genes (two genes in the case of C. reinhardtii) are present in all species for 

which [FeFe]-hydrogenase genes have been characterized. Sequence analysis of HYDE and 

HYDG puts them in the radical S-adenosylmethionine superfamily (SAM) (Pilet et al. 2009). 

Sequence of the HYDF gene showed that the protein contains a GTPase domain (Posewitz et al. 

2004).  

     The function of the accessory proteins is to assemble the key activity cluster into 

hydrogenase proteins. When the C. reinhardtii HYDA1 gene is expressed alone in E.coli (termed 

HYDA1
ΔEFG 

for HYDA1 protein expressed without the presence of HYDEF and HYDG gene 

products), the enzyme is not able to catalyze in vitro H2 production (Posewitz et al. 2004). The 

HYDA1 enzyme is functional only when it is coexpressed with HYDEF and HYDG genes from 

C. reinhardtii. The inactive HYDA1
ΔEFG

 enzyme can also be activated by incubating with the 

mixture of prokaryotic (e.g. Clostridium acetobutylicum) HYDE, HYDF and HYDG genes 

products expressed in concert. Research on Clostridium acetobutylicum shows that the SAM 

proteins HYDE and HYDG likely function in synthesizing and ligating ligands to the FeH 

subcluster (Czech et al. 2011; Pilet et al. 2009). HYDF has been shown to be the scaffold 

protein where an active FeH subcluster is synthesized and assembled. It is also responsible for 

transferring the FeH subcluster to HYDA (McGlynn et al. 2008). In C. reinhardtii, the expression 

patterns of HYDEF and HYDG genes are similar to that of the HYDA genes. Their transcripts 

are absent under aerobic conditions and upregulated in response to hypoxia (Posewitz et al. 

2004). It is reasonable to hypothesize that C. reinhardtii HYDEF and HYDG genes are regulated 

by the same hypoxia signaling pathway that regulates the expression of HYDA genes. 

 

1-12. Hypoxia signaling pathways in other organisms 

 

As an aquatic organism, C. reinhardtii frequently faces conditions where O2 is limiting. It has 

evolved elaborate systems for fermentation and other pathways to deal with hypoxia stress, one 

of which is the expression of [FeFe]-hydrogenases (Mus et al. 2007; Philipps et al. 2011b). 

However, except for the CRR1 gene mentioned above, to date no components specifically 

involved in hypoxia stress response have been identified in C. reinhardtii. In metazoans, the 
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hypoxia inducible factor (HIF) is a highly conserved system for cellular adaptation to hypoxia, 

mainly functioning in activating transcription of genes  required for anaerobic adaptation in 

response to O2 deficiency (Bailey-Serres and Chang 2005; Kaelin Jr. and Ratcliffe 2008; Ke and 

Costa 2006).  This transcription factor consists of two subunits, Hif1α and Hif1β. The Hif1β 

subunit is constitutively expressed with constant transcript and protein levels regardless of O2 

concentration. The Hif1α subunit, however, has a short half-life and its concentration is 

regulated by multiple mechanisms (Ke and Costa 2006). The primary control is through O2 

dependent degradation of this subunit. When O2 is replete, the Hif1α subunit is modified by 

prolyl hydroxylase at its two proline residues in the oxygen dependent degradation domain 

(ODDD), which promotes Hif1α interaction with the von Hippel-Lindau (pVHL) ubiquitin E3 

ligase complex and eventual proteosomal degradation (Bailey-Serres and Chang 2005; Ke and 

Costa 2006).  The prolyl hydroxylation is O2 dependent so when O2 is limiting, Hif1α subunit is 

stabilized and forms a heterodimer with Hif1β, which is capable of activating gene transcription 

for cellular adaptation to hypoxia. The C.reinhartii genome encodes multiple proly-

hydroxylases, one of which was shown to be essential for cell wall formation (Keskiaho et al. 

2007). So far there is no evidence that the Hif system is also conserved in C. reinhardtii. 

     Another system to sense and signal the availability of O2 is the FixL/FixJ system used by N2-

fixing bacteria Rhizobium meliloti (Agron et al. 1994; Bailey-Serres and Chang 2005; Gilles-

Gonzalez et al. 1991; Monson et al. 1995). The FixL gene product contains kinase /phosphatase 

activity and serves as an O2 sensor. In a low oxygen environment FixL increases the 

phosphorylation of the transcriptional activator FixJ, which initiates a cascade of gene 

transcription events for genes involved in N2 fixation (Agron et al. 1994; David et al. 1988; 

Monson et al. 1995). The ability to regulate expression of genes required for nitrogenase 

activity is important for efficient N2 fixation, because like hydrogenases, nitrogenases are 

sensitive to O2 inhibition (Hallenbeck and Benemann 2002; Kim and Kim 2011; Monson et al. 

1995). The FixL/FixJ system is homologous to the two-component systems in bacteria that 

function in detecting and transducing a variety of environmental signals, such as O2 availability, 

nutrient limitation, plant exudates, etc. (David et al. 1988; Monson et al. 1995; Nixon et al. 

1986). According to the C. reinhardtii genome database JGI version 4.0 (Grigoriev et al. 2012), 

there are several genes encoding FixL-like domains. However no FixJ-like gene products were 

identified. The function of FixJ-like proteins in C. reinhardtii and their possible role in hypoxia 

signaling still remain to be explored.  

     The NAR1 gene in Saccharomyces cerevisiae encodes a [FeFe]-hydrogenase-like protein 
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(Fujii et al. 2009; Horner et al. 2002). Nar1 is required for the assembly of clusters of cytosolic 

and nuclear [Fe-S] proteins (Balk et al. 2004). Repression of Nar1 led to increased sensitivity to 

oxidative stress (Fujii et al. 2009). This is not hypoxia signaling but Nar1 is involved in sensing 

and signaling the level of O2. C. reinhardtii expresses a third [FeFe]-hydrogenase HYD3 with 

similar roles of Nar1 in the activity of cytosolic [Fe-S] proteins (Godman et al. 2010). Knocking 

down the expression level of the HYD3 gene does not affect the hypoxia induced expression of 

HYDA1 and HYDA2 genes (Godman et al. 2010).    

     There are a number of other pathways for O2 sensing such as the FNR and ArcAB system in 

E.coli, the redox sensitive transcription factor ZAT12 in plants, etc. (Bailey-Serres and Chang 

2005). The underlying mechanism used by C. reinhardtii to sense and signal hypoxia stress 

remains to be discovered.  

  

1-13. The RSP3 reporter gene system 

 

One advantage of using C. reinhardtii as a model system is its motility. The single-celled alga 

can swim in liquid media using its two flagella. The RSP3 gene at the PF14 locus (Paralyzed 

Flagella 14) encodes a radial spoke protein Rsp3, required for motile flagella (Williams et al. 

1989). The mutant strain pf14 contains a point mutation in the RSP3 coding sequence, creating a 

premature stop codon, and a truncated non-functional Rsp3 protein (Williams et al. 1989; 

Witman et al. 1978). The phenotype of the pf14 mutation is paralyzed flagella and immotile 

cells. The swimming/immotile phenotype is easy to score in visual screens, which makes it an 

ideal system for reporter gene constructs and genetic screening. Zhang and Lefebvre (1997) 

were able to restore cell motility to pf14 mutant cells by expressing the RSP3 gene under the 

regulation of the NIT1 promoter sequence. The RSP3 coding sequence has been used as a 

reporter gene in promoter trap experiments (Haring and Beck 1997) and in a recent study of the 

activity of chemically regulated promoters (Ferrante et al. 2011) 

     Efforts have been made to look for regulatory elements in HYDA gene expression. Stirnberg 

and Happe (2004) used pHYDA1-ARS reporter gene constructs to identify cis-acting elements in 

the HYDA1 promoter sequence. They were able to show a transcriptional regulation of the 

HYDA1 gene in response to hypoxia. By using a series of truncated HYDA1 promoters, they 

also localized a regulatory element required for expression to between -128 and -21 relative to 

the transcription start site. However, their constructs did not include the complete 5’UTR, nor 
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did they look for any trans-acting factors. In this project, ~1 kb 5’ flanking sequences including 

putative promoter sequences and the full length of 5’UTRs of both the HYDA1 and HYDA2 

genes were fused to the RSP3 coding sequence independently. The constructs were transformed 

separately into immotile pf14 mutant cells. The transformants remained immotile under 

atmospheric conditions. After induction by argon purging, a few transformants were able to 

swim.  (S.Pribyl thesis, unpublished). This result agrees with the previous finding of 

transcriptional control conferred by the HYDA1 promoter (Stirnberg and Happe 2004) and 

suggested that the RSP3 reporter gene is expressed in response to induction of the HYDA 

promoters.  

     The rationale for this project relied upon the evidence for a transcriptional control of the 

HYDA genes together with the powerful selection for cell motility conferred by the pHYDA-

RSP3 reporter gene system. The goal was to screen for mutations affecting the hypoxia sensing 

mechanism or the signaling pathway leading to transcriptional control (trans-acting mutations).  

For example, mutations in negative regulators that inhibit expression under aerobic conditions 

might be expected to result in a constitutive swimming phenotype. Alternatively, cis-acting 

mutations in the promoter sequences might also be expected to produce constitutive swimmers. 

Results from this study indicate that both trans- and cis- acting mutations affecting HYDA gene 

expression levels may be identified and characterized using this reporter gene system.  
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Chapter 2  

Using an RSP3 reporter gene system to 

investigate molecular regulation of 

hydrogenase expression in C. reinhardtii. 

 

 

2-1. Introduction  

 

In response to anaerobic stress, the photosynthetic single-celled green alga Chlamydomonas 

reinhardtii is able to produce hydrogen catalyzed by monomeric enzymes called hydrogenases 

(Forestier et al. 2003; Happe and Kaminski 2002). Based on the metallic composition of the 

activity center, hydrogenases can be divided into three categories: [NiFe]-hydrogenase, [FeFe]-

hydrogenases and [Fe]-hydrogenases (Kim and Kim 2011; Shima and Thauer 2007). The 

nuclear genome of C. reinhardtii encodes two [FeFe]-hydrogenases, both of which are localized 

in the chloroplast stroma (Forestier et al. 2003; Happe and Kaminski 2002). The HydA1 and 

HydA2 proteins are 47.5kD and 47.3kD, respectively, after signal peptide removal, and share 

74% similarity and 68% identity in amino acid sequence (Forestier et al. 2003; Happe and 

Kaminski 2002). All algal species for which [FeFe]-hydrogenases have been characterized have 

at least two isoforms of the enzyme that arose from independent duplication events, leading to 

the hypothesis that maintainance of two hydrogenases is due to selection pressure (Meuser et al. 

2012). Under anaerobic conditions, hydrogenases consume electrons passed through the 

electron transport chain either captured by photosystems (light photolysis) or generated from 

breaking down organic compounds, primarily proteins (dark fermentation) (Mathews and Wang 

2009; Meuser et al. 2012). The over-accumulated reductant is dissipated in the form of 
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hydrogen gas evolution. This reaction also assures enough ATP production for cell survival 

during oxygen depletion (Happe and Kaminski 2002; Melis et al. 2000). Genetic disruption and 

RNAi experiments suggest that HYDA1 contributes the majority of hydrogenase activity in 

hydrogen photoproduction, whereas both HYDA2 and HYDA1 are capable of channeling 

electrons in dark fermentation (Godman et al. 2010; Meuser et al. 2012).   

     The process of hydrogen production is strictly oxygen sensitive (Ghirardi et al. 1997; Melis 

et al. 2000). The enzymes are irreversibly inactivated by oxygen (Ghirardi et al. 1997). 

Furthermore, transcripts from both HYDA genes are absent under normal atmospheric 

conditions. Transcripts from the HYDA genes can be detected in less than an hour after the cells 

are deprived of oxygen (Forestier et al. 2003; Happe and Kaminski 2002). The mechanisms 

used by the cells to sense and transduce hypoxia signals, and eventually trigger the transcription 

of the two HYDA genes is still unknown.  

     Previous investigations used an arylsulphatase (ars) coding sequence as a reporter gene 

under the control of HYDA1 promoter sequences to look for sequences required for hypoxia-

induced gene expression (Stirnberg and Happe 2004). After anaerobic induction, the ars reporter 

gene was transcribed and ars activity could be detected, suggesting a transcriptional regulation 

of the HYDA1 promoter. When the region of -128 bp to -21 bp upstream of transcription start 

site was deleted, the ars reporter gene was no longer transcribed in response to hypoxia 

(Stirnberg and Happe 2004). This result revealed the possible location of a cis-acting element in 

the HYDA1 promoter sequence. Because the complete 5’ untranslated region (UTR) was not 

included in those reporter gene constructs, the possible role of that sequence in transcript 

accumulation was not determined (Stirnberg and Happe 2004). Work in other systems has 

shown that 5’UTRs play a role in regulating gene expression in different organisms (Bessis et al. 

1997; Bianchi et al. 2009; Kim and Samal 2010; Kramzar et al. 2006; Loiselay et al. 2008). 

Furthermore, the two hydrogenase genes in C. reinhardtii share very little similarity in their 

putative promoter sequences and respond differently to anaerobic inductions and growth 

conditions, indicating that expression of the two genes may be regulated differently (Forestier et 

al. 2003). To date the mechanism of gene expression regulation of the HYDA2 gene has not 

been investigated.  

     In this study, we constructed an RSP3 reporter gene system to screen for mutations in factors 

involved in regulating the expression of both HYDA genes. The RSP3 gene at the PF14 locus 

(Paralyzed Flagella) gene encodes the radial spoke protein Rsp3 required for motility of the two 

flagella of C. reinhardtii (Williams et al. 1989). The pf14 mutant allele contains a point 
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mutation in the first exon of the RSP3 gene, leading to a pre-mature stop codon and a truncated 

protein that is not incorporated into the flagellum (Williams et al. 1989). As a result, the pf14 

mutant cells have paralyzed flagella and lack motility in liquid media. The immotile phenotype 

can be fully rescued to wild-type motility by expressing the RSP3 coding sequence under 

promoter sequences whose activity can be regulated by media components (Diener et al. 1990; 

Ferrante et al. 2011; Haring and Beck 1997; Zhang and Lefebvre 1997). The mutant phenotype 

and rescued motility of the pf14 mutation are easy to score, making this reporter gene system 

convenient for large-scale screening for mutations affecting the expression of the RSP3 reporter 

gene.  

     We transformed pHYDA-RSP3 reporter gene constructs into immotile pf14 mutant cells. For 

both HYDA1 and HYDA2 promoter constructs, the reporter gene was able to restore cell motility 

after hypoxia induction. The cells were immotile under aerobic conditions but became motile 

after anaerobic induction. This conditionally swimming phenotype supported the observation of 

transcriptional regulation of HYDA1 described previously (Stirnberg and Happe 2004). From 

the conditionally swimming transformant strains, we isolated a number of mutants with a 

constitutively swimming phenotype, regardless of the availability of oxygen. The selection of 

these strains indicates abnormal expression of the RSP3 gene under the control of the HYDA 

promoter/5’UTR sequence, possibly caused disruptions in factors affecting the inhibition of 

HYDA transcription by oxygen. Our results demonstrate that the RSP3 reporter gene provides an 

efficient screening system to identify cis- and trans-acting factors involved in regulating HYDA 

gene expression.  
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2-2. Results 

 

2-2-1. Both HYDA1 and HYDA2 genes are regulated at the level of transcription 

 

The 1 kb promoter sequences of both HYDA1 and HYDA2 genes including the complete 

5’UTRs were fused to the 2.6 kb RSP3 coding sequence including the RSP3 3’UTR (Figure 1A). 

The pHYDA-RSP3 reporter gene constructs were transformed into immotile pf14 mutant strain 

CC-1032. The cells were co-transformed with plasmid pSI103 to confer resistance to 

paromomycin to transformed strains (Sizova et al. 2001). Paromomycin resistant transformant 

colonies were picked into liquid media and scored for motility in visual screens before and after 

anaerobic induction. All transformed strains remained immotile under aerobic conditions. 

However about 1% of the colonies picked (7/572) exhibited motile cells after anaerobic 

induction (Figure 1B, S. Pribyl, unpublished data). The hypoxia-dependent motility phenotype 

suggested that the expression of the RSP3 reporter gene is under the control of HYDA promoter 

sequences and that motility is not due to reversion of suppression of the pf14 mutation.  

Furthermore, the level of wild-type Rsp3 protein produced by the reporter gene is apparently 

adequate to allow at least some cells to swim normally. Of the seven transformant strains that 

showed hypoxia-regulated motility, two were lost due to contamination and the remaining five 

strains were analyzed further (Table 1). Strains A6, A10 and B6 contain the pHYDA1-RSP3 

construct, whereas strains C5 and C8 contain the pHYDA2-RSP3 construct. 

 

2-2-2. Motility of the constitutively swimming mutant strains resulted from the 

expression of the RSP3 reporter gene driven by HYDA promoter/5’UTR. 

 

To screen for mutations in cis- and trans-acting factors affecting the hypoxia responsive 

expression of HYDA genes, the conditionally swimming transformants were subjected to 

spontaneous or chemical mutagenesis by methylmethane sulfonate (MMS) treatment. Aliquots 

of the strains were placed in multiple culture tubes in aerobic conditions (Figure 1C). 

Constitutively swimming mutants were selected from the top of the culture tubes (one strain per 

tube) after 4-8 weeks. 
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     Genetic and molecular tests were used to characterize the putative mutant strains. The 

genetic lesion in the pf14 parent strain is a single nucleotide change to generate an ochre stop 

codon at codon 61 in the coding sequence (Williams et al. 1989). To rule out reversion of the 

pf14 point mutation, twenty randomly picked mutant strains were backcrossed with the wild-

type strain CC-124 (Table 1 Part I). If all progeny from the backcross were motile, then both 

parent strains probably had the wild-type RSP3 genotype, indicating that the mutant strain may 

have lost the paralyzed flagella phenotype of the pf14 mutation due to reversion. We could not 

rule out other possibilities such as that the mutant strain contained a second-site suppressor of 

pf14 tightly linked to the pf14 locus, or that the insertion of the reporter gene construct and a 

second mutation that activates the expression of the wild-type RSP3 transcript from the 

construct happened to be tightly linked to the pf14 locus. However, these possibilities were less 

likely than unlinked mutations and therefore not the focus of this study. Mutant strains that 

produced all motile progeny from the backcross were considered as pf14 revertants and not 

studied further. All mutants (6/6) from strain C8 produced all motile progeny. It is likely that a 

reversion event happened at or shortly after the induction assay for transformants and before 

setting up for mutagenesis. For the other 14 strains that were backcrossed, none of them were 

identified as pf14 revertants (Table 1 Part I).  

     C. reinhardtii motility is controlled by a complex network of proteins. A number of 

extragenetic mutations can suppress the paralyzed flagella phenotype in pf14 mutant cells 

(Huang et al. 1982; Luck et al. 1982). To confirm that the constitutively swimming phenotype 

of the mutant strains was caused by the expression of the RSP3 reporter gene, mutant strains 

were tested for the presence of the wild-type RSP3 transcript. The C-T point mutation of the 

pf14 mutation created an MseI restriction enzyme recognition site (Figure 2A). PCR products of 

the mutated region from reverse transcribed cDNAs of the mutant pf14 gene messenger RNA 

can be digested by MseI, while those from the wild-type RSP3 gene transcript remain 

undigested (Figure 2B). As shown in Figure 2C, when grown aerobically, the conditionally 

swimming transformant strains (T) A6, B6 and C5 produced only the mutant pf14 transcript, as 

indicated by the absence of the undigested fragment at 167 bp. Most constitutively swimming 

mutant strains (M) expressed the wild-type RSP3 transcript, which produced the indigestible 

167 bp product from reverse transcription PCR, except for strain C5-8. Transformant strain A10 

produced a small amount of the wild-type RSP3 transcript, and this result agrees with 

observations that A10 was the most readily induced among all transformants, and that a small 

portion of A10 cells retained partial motility. However, A10 can be further induced by 
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anaerobiosis when all cells regain wild-type motility. This seeming “leakiness”, the presence of 

a low level presence of the RSP3 transcript in the absence of anaerobic induction, is likely to be 

caused by local factors at the integration site of the construct such as integration near an 

enhancer sequence. The cause of the leaky expression was not pursued in this study. All cDNA 

samples were free of DNA contamination from the RSP3 sequence in the reporter gene 

construct as they did not produce the larger size PCR product from DNA shown by DNA 

controls from strains CC-1032 and CC-125. 

     The constitutively swimming strains might be expected to result from mutations in genes 

controlling the hypoxia-responsive expression of HYDA genes (trans-acting factors), or from 

mutations in cis-acting regulatory elements in the promoter/5’UTR sequences of HYDA genes. 

To distinguish between these possibilities, constitutively swimming mutant strains were crossed 

to the pf14 strain CC-613. The motility of progeny from each tetrad was scored (Table 1 Part II). 

If all tetrads from a cross showed a two motile: two immotile segregation ratio (parental ditype), 

a linkage between the HYDA promoter and the mutation that affects its regulation would be 

indicated. Such a mutation is likely to reside within the HYDA promoter sequence of the 

reporter gene construct (cis-acting factor). On the other hand, if tetrads from the cross of one 

mutant strain give varying ratios of motile: immotile progeny, the mutation is most likely to 

reside in a gene regulating HYDA expression but unlinked to the construct (trans-acting factor). 

Four mutant strains (A6-3, A6-4 from transformant strain A6, B6-5 from transformant strain B6, 

C5-4 from transformant strain C5) showed the two motile: two immotile ratio expected for 

mutations in cis-acting factors. Thirteen mutant strains generated progeny with varying ratios, 

indicating that these strains contained mutations in trans-acting factors (Table 1 Part II).   

 

2-2-3. Constitutively swimming mutant strains with altered HYDA promoter 

sequences in the reporter gene constructs. 

 

To look into the nature of possible mutations in cis-acting elements, I examined the structure of 

the reporter genes in several mutant strains. One common cause of genetic disruptions is 

transposon insertion. The C. reinhardtii genome contains a variety of transposable elements that 

can sometimes transpose, causing spontaneous mutations (Kim et al. 2006; Schnell and 

Lefebvre 1993; Wang et al. 1998). Southern blot analysis of constitutively swimming mutants 

identified strains with disruptions in the HYDA promoter sequences in reporter gene constructs 
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(Figures 3 and 4). The fragment(s) corresponding to the HYDA1 promoter/5’UTR sequence 

from the reporter gene construct in transformant strain A6 was shifted in size in several mutant 

strains (A6-3, A6-4, A6-9 and A6-10) compared to A6 (Figure 3A). Mutant strain C5-4, 

generated from transformant strain C5, also showed a size shift in the HYDA2 promoter/5’ UTR 

sequence from one of the three copies of the construct it contained (Figure 4B). Based on the 

size differences of the hybridizing fragments in each strain and the fact that PvuII does not cut 

within HYDA1/HYDA2 promoter/5’UTR sequences, it is likely that the lesions in these mutant 

strains involve transposition events rather than point mutations that altered the enzyme 

recognition site. Mutant strain A6-10 was later scored as weak motility and was excluded from 

further characterization.   

     For each mutant, cell motility co-segregated with the presence of the disrupted reporter 

genes. Southern blot analysis of progeny from crosses of mutant strains A6-3, A6-4, A6-9 and 

C5-4 with the pf14 strain CC-613 identified from each tetrad the two progeny with a disruption 

in HYDA promoter/5’UTR in reporter gene constructs. These progeny are also the two motile 

progeny from each tetrad (Figure S1). This result supports the hypothesis that the restoration of 

cell motility in these mutant strains was caused by insertions in the HYDA promoter/5’UTR 

sequences in the reporter gene constructs. One explanation for how the insertion activates the 

HYDA promoter would be that the insertions abolished negative regulatory elements in HYDA 

promoter/5’UTR regions. It is also possible that the insertions provided an enhancer-like 

activity that up-regulated expression from the reporter gene. Further experiments are needed to 

examine the molecular basis of the alteration in gene expression.    

     No fragment size changes were observed with mutant strains derived from transformants 

A10 or B6 (data not shown). Mutant strain B6-5 showed a two motile: two immotile segregation 

ratio from the cross with CC-613 in all tetrads (20/20, Table 1, Part II). However, Southern blot 

analysis did not identify any disruption in the HYDA1 promoter/5’UTR region in the reporter 

gene. Subsequent PCR amplification of the entire HYDA1 promoter/5’UTR sequence from the 

reporter gene and sequencing of the amplified fragment showed no nucleotide change. One 

explanation is that the B6-5 strain contains mutation(s) closely linked to the reporter gene 

integration site that did not segregate away from the construct in the tetrads tested (n=20).   

 

2-2-4. The constitutively swimming phenotype in mutant strain A6-3 was caused by 

retro-transposon MRC1 insertion in the HYDA1 promoter sequence in the reporter 
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gene construct. 

 

Mutant strain A6-3 originated from transformant strain A6, which contains one copy of the 

pHYDA1-RSP3 reporter gene construct (Table 1 part I, Figure 3A). Southern blot analysis using 

the HYDA1 promoter/5’UTR sequence as a probe showed a size shift from ~1.3 kb to ~2.1 kb 

with PvuII digestion, and a ~3.5 kb to ~5.1 kb shift with PvuI digestion (Figure 3A). Primers 

were designed to amplify the adjunct fragment of the HYDA1 promoter/5’UTR sequence and 

the RSP3 sequence specific for the reporter gene construct. Genomic DNA from strain CC-1032 

did not produce any specific product as it did not contain the reporter gene construct. Strain A6 

produced the expected 1.32 kb fragment, while the product from strain A6-3 had an increased 

size of ~3 kb (Figure S2), indicating the presence of an insertion within the 5’ portion of the 

reporter gene construct. Sequencing of the 3 kb PCR product from A6-3 revealed an inserted 

sequence in the HYDA1 promoter region, 64 bp before the 5’UTR. A BLAST search identified 

this inserted sequence as MRC1, which was first described by Kim et al. (2006). MRC1 is a 

retrotransposon of 1625 bp, with a 420 bp central fragment flanked by two long terminal repeats 

LTRs of 603 bp. In A6-3, the inserted MRC1 is missing 5 bp and 10 bp of LTR sequence, 

respectively, from the two termini. Surprisingly, there is no target site duplication sequence at 

the site of MRC1 insertion in A6-3, which is unlike the 5 bp target site duplication observed by 

Kim et al. (2006).    

     The mechanism for MRC1 insertion activating the constitutive expression of the reporter 

gene in strain A6-3 is not clear. In the Kim et al. (2006) report MRC1 insertion occurred within 

the coding sequence of AMT4 and diminished the expression of the AMT4 gene. One interesting 

fact is that the disruption site in A6-3 is within the -128 to -20bp region of HYDA1 regulatory 

sequences mapped previously (Stirnberg and Happe 2004).   

 

2-2-5. Mutant strain C5-4 contains a transposon TCR1 insertion in the HYDA2 

5’UTR sequence in the reporter gene construct.  

 

The constitutively swimming mutant strain C5-4 was derived from the conditionally swimming 

transformant strain C5, which has three copies of the pHYDA2-RSP3 reporter gene construct 

integrated into chromosome 17 (Figure 4A). The three copies are possibly linked in tandem, 
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however the actual arrangement has not been determined due to difficulties in PCR and 

sequencing in the region with multiple repeated fragments. Southern blot analysis showed an 

alteration in the HYDA2 promoter/5’UTR region in one copy of the reporter gene construct. In 

the cross of C5-4 with the pf14 strain CC-613, all tetrads had a segregation ratio of two motile: 

two immotile progeny (n=149, Table 1 Part II). The presence of the disrupted reporter gene co-

segregated with cell motility, suggesting that the lesion in the reporter gene construct triggered 

the wild-type RSP3 gene expression and restored cell motility (Figure S1). Because there are 

three copies of the reporter gene constructs in C5-4, it is also possible that other copies 

contributed to the expression of the wild-type RSP3 gene. To examine this possibility, mutant 

strain C5-4 was crossed to the conditionally swimming transformant strain C5. Motility of 

progeny from tetrads was scored and the presence of the disrupted reporter gene was examined 

by Southern blot analysis. Similar to the cross with CC-613, progeny from the C5-4 x C5 cross 

also showed a co-segregation of cell motility and the presence of the disrupted reporter gene 

construct (Figure 4B). This result supports the hypothesis that the disruption in one copy of the 

reporter gene construct restored cell motility. 

     The identity of the inserted DNA in strain C5-4 as the transposable element TCR1 was 

discovered by analysis of λ phage clones from a library of C5-4 genomic DNA. The library 

was screened with a probe hybridizing to the HYDA2 promoter/5’UTR sequence. Positive phage 

clones were sequenced with primers flanking the insert DNA. One phage clone, 7-HA2-1, 

identified an insertion fragment in the 5’UTR of HYDA2 from one copy of the reporter gene 

construct (Figure 4A). A BLAST search on JGI v4.0 (Grigoriev et al. 2012) genomic sequence 

showed repeated copies of the inserted sequence in the nuclear genome, and identified the 

sequence as transposable element TCR1. TCR1 was first discovered and named by Schnell and 

Lefebvre (1993) in their efforts to clone the NIT2 gene by transposon tagging. The element was 

further characterized by Ferris et al. (1996), who found that TCR1 insertion disrupted the 

mating-type plus (mt+) locus in the fus1-1 mutant allele, causing cells to be defective in mating, 

and by Kim et al. (2006), who found insertions of different versions of TCR1 in mutant alleles 

of the AMT4 gene which codes for an ammonia gas channel. On the JGI v4.0 database, TCR1 

was annotated as a 9.5 kb transposable element with three complete copies on chromosome 13 

and 14, and an additional partial copy on chromosome 10 (Grigoriev et al. 2012). It has 314 bp 

terminal inverted repeats (Kim et al. 2006), and two predicted open reading frames (Grigoriev 

et al. 2012, Figure 4A). The insertion of TCR1 in C5-4 created an 8-bp target-site duplication 

AAGACCCA (Figure 4A) that is different from the two 8-bp target-site duplication sequences 
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of TCR1 insertion previously described (Ferris et al. 1996; Kim et al. 2006). TCR1 has been 

shown to transpose in modified versions of a much smaller size (mini TCR1) (Kim et al. 2006). 

Primers designed to sequence phage DNA and PCR products of sequences adjacent to the 

insertion site gave ~1kb of TCR1 sequence in addition to the inverted repeats on both ends, 

which is larger than the 1.35 kb “mini TCR1” reported by Kim et al. (2006). However, it was 

still not clear how much of TCR1 was inserted in HYDA2 5’UTR in the construct. TCR1 

sequence has abundant repeated sequences and regions of low complexity, making PCR 

amplification and sequencing difficult (Grigoriev et al. 2012; Kim et al. 2006). TCR1 was 

thought to be a type II transposon (DNA transposon) (Kim et al. 2006) which transposes 

through a “cut-and-paste” mechanism. To the contrary, in C5-4 a new TCR1 band was detected 

without loss of any pre-existing bands (Figure 4C).  

     There are multiple possibilities for why TCR1 insertion altered the expression pattern of the 

HYDA1-driven RSP3 gene, one of which is that TCR1 played a role as an enhancer. Transposons 

may increase the expression level of adjacent genes, producing a transcript of the normal size 

(Goel and Pearlman 1988), or a mosaic transcript with an increased size when the transposon 

provides a transcription initiation site (Barkan and Martienssen 1991). Northern blot analysis 

was used to examine the expressed transcripts from the reporter gene constructs in the mutant 

strain C5-4. As shown in Figure 4D, C5-4 produced an additional RSP3 transcript with a 

slightly larger size (blot a), which is also recognized by TCR1 sequence immediately 

downstream of the insertion (blot a’). It was puzzling that the C5-4 transcript that was detected 

by the Tcr1(HA2) probe in blot a’ contained TCR1 sequence at its 5’ end relative to the 

downstream gene, and I could not rule out the possibility that it was the transcript of the ORF2 

from TCR1, as ORF1 was also expressed and was detected by the Tcr1(A) probe (blot b). 

However considering that the transcript is only present in C5-4 but not in CC-1032 or C5, this 

scenario was less likely. For comparison, the transcript from ORF1 of TCR1 was present in all 

three strains as shown in blot b. 5’ RACE amplification from C5-4 RNA only produced a short 

sequence of ~100 bp due to the multiple copies of HYDA2, RSP3 and TCR1 sequences present 

in its transcriptome. According to the limited results from sequencing the 5’RACE product from 

HYDA2 transcript, a mosaic fragment of TCR1 and HYDA2 5’UTR adjacent to the TCR1 

insertion is present (data not shown). The HYDA2 5’UTR probe did not detect a transcript of the 

expected size on the Northern blot, probably due to the short probe size (blot b’). In conclusion, 

it is possible that C5-4 expressed a mosaic transcript consisting of TCR1, HYDA2 5’UTR and 

RSP3 sequences, which favors the hypothesis that TCR1 initiates transcription of its 
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downstream gene. In previous experiments TCR1 always inactivated the expression of the genes 

into which it inserted (Kim et al. 2006; Schnell and Lefebvre 1993), even when it inserted into 

the 5’UTR of its target genes. It was noteworthy that TCR1 insertion seemed to favor the 5’UTR 

of target genes according to Kim et al. (2006), and this is also true in the case of C5-4.   

     If TCR1 activated RSP3 expression by initiating transcription, the removal of TCR1 would 

probably render C5-4 cells immotile. To test this possibility, I designed experiments to screen 

for removal of TCR1 insertion leading to loss of motility. To avoid unrelated mutations that may 

also affect cell motility, diploid cells were generated from C5-4 and strain CC-4322 (ac17, 

NIT+, pf14). All diploid strains were motile, suggesting a dominant effect of the TCR1 insertion 

on the expression of the RSP3 gene from the reporter gene construct. A motility selection assay 

was set up to isolate immotile cells from two independent C5-4/CC-4322 diploid strains. Cells 

from each diploid strain were inoculated into minimal medium and divided into ten culture 

tubes. A aliquot of ~0.5 ml culture from the bottom of each tube potentially containing immotile 

cells was transferred to a new tube with minimal medium every other day. After 4-5 transfers 

~0.5 ml culture from the bottom of each tube was plated on 1% soft agar plates to screen for 

immotile strains, which form tight colonies with darker green color (Bloodgood 1981). Four 

immotile strains were isolated from one of the diploid strains. The pSI103 plasmid conferring 

paromomycin resistance was tightly linked to the reporter gene constructs (Table 1 Part II), 

however all four immotile strains were sensitive to the antibiotic. It is likely that they all lost the 

pHYDA2-RSP3 reporter gene constructs and TCR1 insertion due to loss of the entire copy of 

chromosome 17 that contained the constructs or to mitotic recombination. This result was 

further supported by Southern blot analysis using probes hybridizing to the HYDA2 

promoter/5’UTR sequence (pHYDA2 probe) and to TCR1 sequence (Tcr1(A) probe). This 

experiment showed that all four strains lost the corresponding fragments (data not shown). I was 

not able to observe TCR1 removal from the HYDA2 promoter in the reporter gene construct. 

The effect of TCR1 insertion in strain C5-4 remains to be further explored.  

 

2-2-6. Other mutant strains identified from the screen 

 

Other types of mutant strains were identified from the screen. Strain A10-2 was generated 

spontaneously from the conditionally swimming transformant strain A10. Sequencing of the 

HYDA1 promoter/5’UTR region from the reporter gene construct identified no lesions. A10-2 is 
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not a revertant of the pf14 mutation; it expresses the wild-type RSP3 transcripts (Figure 2). 

Similar results were observed with strain B6-5 derived from B6 (Figure 2). Both strains showed 

linkage between the reporter gene construct and potential mutations that affect the reporter gene 

expression, according to the cross with the pf14 strain CC-613 (Table 1 Part II). The lesions in 

these two strains remain to be identified. 

     Strain B6-F was generated from B6 by MMS mutagenesis. Molecular and genetic analysis 

identified a mutation affecting the expression level HYDA genes and a number of other genes 

related to hydrogenases. The mutated gene is also likely to be involved in the cell’s response to 

Cu deficiency. This mutant will be discussed in more detail in Chapter III.  
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Figures and Tables for Chapter II 

 

 

 

 

 

 

 

 

 

FIGURE 1. Diagrams showing the structure of the two pHYDA-RSP3 reporter 
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gene constructs and their application in mutant screening  

 

A) Structure of the two pHYDA-RSP3 reporter gene constructs. A ~1kb putative promoter 

sequence from either the HYDA1 or the HYDA2 gene (hatched boxes), including the respective 

5’UTR sequence (grey boxes), was fused upstream of the 2.6 kb wild-type RSP3 gene sequence 

(including coding sequence, the 3’UTR and polyadenylation site) (blank boxes) and the 

chimeric gene was inserted into the vector Bluescript KS+ (solid horizontal lines). Restriction 

enzyme recognition sites used during construction are marked by short vertical lines above the 

construct (N/X is the ligation of compatible ends from Nhe I and Xba I). The plasmids were 

transformed into immotile pf14 mutant cells. B) The expression of the RSP3 transcript is under 

the control of HYDA promoter sequences. Under aerobic conditions, the HYDA promoters are 

turned off, resulting in immotile cells at the bottom of liquid media. After anaerobic induction, 

the HYDA promoters are turned on and initiate the expression the RSP3 transcripts (wavy lines). 

Motile cells swim to the surface of the liquid media. These cells are conditionally swimming 

transformants. C) Selecting for constitutively swimming mutants. The conditionally swimming 

transformants are chemically mutagenized or allowed to accumulate spontaneous mutations.  

Constitutively swimming cells are selected under aerobic conditions, indicating that the HYDA 

promoters are active without anaerobic induction. Figure was modified from Zhang and 

Lefebvre  (1997). 
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TABLE 1. Genetic and molecular analysis of the constitutively swimming mutant 

strains 

 

Part I: 
a
Conditionally swimming transformant strains were generated by transformation with 

pHYDA-RSP3 reporter gene constructs. 
b
Constitutively swimming mutant strains arose 

spontaneously or from chemical mutagenesis by Methylmethane sulfonate (MMS). Mutant 

strains were backcrossed with the wild-type strain CC-124.  B6-F*: Strain B6-F was crossed to 

Construct 
a
Transformant 

b
Mutant 

strain 

Mutagenesis 
c
Backcross to  

CC-124  

motile: 

immotile 

(4:0):(3:1):(2:2) 

Reversion 

of pf14 

allele? 

d
RSP3 

reporter 

gene 

transcript? 

pHYDA1-

RSP3 

A6 

(one copy of 

construct) 

A6-3 Spontaneous 4:6:19 No Yes 

A6-4 Spontaneous N.D. N.D. Yes 

A6-6 Spontaneous 2:7:9 No N.D. 

A6-8 Spontaneous 0:7:4 No N.D. 

A6-9 Spontaneous N.D. N.D. Yes 

A6-10 Spontaneous N.D. N.D. Yes (low) 

A10 

(one copy of 

construct) 

A10-2 Spontaneous 4:5:21 No Yes 

A10-3 Spontaneous N.D. N.D. N.D. 

A10-4 Spontaneous N.D. N.D. Yes (low) 

A10-5 Spontaneous N.D. N.D. N.D. 

A10-6 Spontaneous N.D. N.D. N.D. 

A10-7 Spontaneous N.D. N.D. N.D. 

A10-8 Spontaneous N.D. N.D. N.D. 

B6 

(one copy of 

construct) 

B6-5 Spontaneous 1:7:16 No Yes 

B6-7 Spontaneous 2:7:10 No N.D. 

B6-10 Spontaneous 3:13:12 No N.D. 

B6-E Chemical 0:22:3 No N.D. 

B6-F* Chemical 7:2:17 No Yes 

B6-G Chemical N.D. N.D. N.D. 

B6-H Chemical 0:9:1 No N.D. 

B6-I Chemical 0:13:1 No N.D. 

B6-J Chemical N.D. N.D. Yes 

pHYDA2-

RSP3 

C5 

(three copies 

of construct) 

C5-4 Spontaneous 3:4:12 No Yes 

C5-6 Spontaneous 0:22:0 No No 

C5-8 Spontaneous 0:10:0 No No 

C5-B Chemical 0:22:0 No No 

C8 C8-1 Spontaneous 12:0:0 Yes N.D. 

C8-2 Spontaneous 14:0:0 Yes N.D. 

C8-3 Spontaneous 23:0:0 Yes N.D. 

C8-4 Spontaneous 19:0:0 Yes N.D. 

C8-6 Spontaneous 18:0:0 Yes N.D. 

C8-8 Spontaneous 29:0:0 Yes N.D. 
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strain CC-2290 instead of CC-124. 
c
Motility of each progeny in full tetrads was scored. A score 

of all motile progeny (4:0) suggests a high possibility of reversion of the pf14 mutation. 
d
The 

expression of the RSP3 reporter gene transcript from the construct was assayed by reverse 

transcription followed by Mse I digestion (see Figure 2). Strains A6-10 and A10-4 expressed the 

RSP3 reporter gene transcript at a much lower level and were labeled as “low”. N.D., no data.   

Construct Transformant Mutant 

strain 

a
Cross to strain 

CC-613 

(PD:NPD:TT) 

b
Cross to parent 

transformant strain 

 (PD:NPD:TT) 

c
Insertion in 

pHYDA in 

construct? 

pHYDA1-

RSP3 

A6 A6-3 15:0:0 52:0:0 Yes 

A6-4 13:0:0 N.D. Yes 

A6-6 N.D. N.D. N.D. 

A6-8 2:2:5 N.D. No 

A6-9 12:0:6 N.D. Yes 

A6-10 10:2:3 N.D. Yes 

A10 A10-2 43:0:1 N.D. No 

A10-3 13:2:13 N.D. No 

A10-4 15:10:17 N.D. No 

A10-5 8:1:4 N.D. No 

A10-6 15:0:4 N.D. No 

A10-7 15:0:2 N.D. No 

A10-8 14:2:16 N.D. No 

B6 B6-5 20:0:0 30:0:0 No 

B6-7 N.D. N.D. N.D. 

B6-10 N.D. N.D. N.D. 

B6-E N.D. N.D. N.D. 

B6-F 21:1:26 8:2:2 No 

B6-G 6:3:10 16:0:0 No 

B6-H N.D. N.D. N.D. 

B6-I N.D. N.D. N.D. 

B6-J 8:5:22 N.D. No 

pHYDA2- 

RSP3 

C5 C5-4 149:0:0 10:0:0 Yes 

C5-6 N.D. N.D. N.D. 

C5-8 N.D. N.D. N.D. 

C5-B N.D. N.D. N.D. 

C8 C8-1 N.D. N.D. N.D. 

C8-2 N.D. N.D. N.D. 

C8-3 N.D. N.D. N.D. 

C8-4 N.D. N.D. N.D. 

C8-6 N.D. N.D. N.D. 

C8-8 N.D. N.D. N.D. 

 

Part II: Constitutively swimming mutant strains were backcrossed with 
a
pf14 strain CC-613 and 

with 
b
the corresponding conditionally swimming transformant strains. The progeny were scored 

for motility. PD, parental ditype, 2 motile: 2 immotile; TT, tetratype, 3 motile: 1 immotile; NPD, 
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nonparental  ditype, 4 motile: 0 immotile. 
c
Southern blot experiments were used to test for DNA 

insertions in the pHYDA promoter sequences in the reporter gene constructs in the mutant 

strains (see Figures 3 and 4). 
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FIGURE 2. MseI digestion of reverse transcription PCR (RT-PCR) products from 

the region containing the pf14 mutation reveal expression of the reporter gene 

 

A) Diagram showing the region of RT-PCR amplification to examine the expression of the 

wild-type RSP3 (PF14) transcript. The first two exons (rectangles) and intron 1 (solid line) of 
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the RSP3 gene are drawn to scale. The pf14 mutation site is marked by a red arrow. The 

nucleotide C in the wild-type RSP3 (lower line, black and bold) is mutated to T (upper line, red 

and bold) in the pf14 mutant allele, turning   the TCAA sequence into TTAA, a recognition site 

of the restriction enyzme Mse I. The resulting premature stop codon (TAA) is shaded in grey. 

Primers used for reverse transcription and the following PCR reactions are depicted as arrows. 

pf14-RT: reverse transcription primer; pf14-F: forward primer; pf14-R: reverse primer. B) RT-

PCR and Mse I digestion assay with DNA (left) and cDNA (right) samples from control strains. 

Genomic DNAs (left) or cDNA reverse-transcribed from total RNA using RT primer as the 

gene specific primer (right) from control strains CC-1032 (pf14) and CC-125 (PF14) were 

amplified using primer F and primer R. Purified PCR products were digested with Mse I. The 

PCR products from the DNA controls include intron 1 of the RSP3 gene and are larger than 

those from cDNAs. The positions and sizes of undigested products (*) and digested products 

(◄) of both DNA and cDNA products were labeled. C) Mse I digestion of RT-PCR products 

amplified from conditionally swimming transformant strains and corresponding constitutively 

swimming mutant strains. Total RNA from conditionally swimming transformant strains 

(Labeled as T) B6, A6, A10 and C5, and the respective constitutively swimming mutants 

(Labeled as M) B6-F, B6-5, B6-J from B6; A6-3, A6-4, A6-9, A6-10 from A6; A10-2, A10-4 

from A10; C5-4, C5-8 from C5 were reverse transcribed using primer RT and PCR amplified 

using primer F and primer R. Purified PCR products were digested with Mse I. The positions of 

undigested product (*) and digested products (◄) are labeled as in panel B.  
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FIGURE 3. Lesions in the pHYDA1-RSP3 reporter gene construct in constitutively 

swimming mutant strains derived from the conditionally swimming strain A6  

 

A) Southern blot analysis of strain CC-1032, the conditionally swimming transformant strain 

A6, and constitutively swimming mutant strains A6-3, A6-4, A6-8, A6-9 and A6-10. Genomic 

DNA from each strain was digested with restriction enzymes PvuI (left) or PvuII (right), 

fractionated on a 1% agarose gel and transferred to nylon membranes. Blots were hybridized to 

the probe covering the promoter and 5’UTR sequence of HYDA1 from the reporter gene 

construct (illustrated in B). Fragments that correspond to the endogenous HYDA1 gene are 

marked by * with sizes labeled on the side. Fragments generated from the reporter gene 

construct are marked by ←. B) Diagram illustrating the structure of the pHYDA1-RSP3 reporter 

gene construct and MRC1 transposon insertion in one of the mutant strains, A6-3. The figure 

was drawn to scale. The long terminal repeats (LTR) of MRC1 are shown as grey arrows. The 

five PvuII sites are labeled with the last two colored in light grey, which were lost during MRC1 

transposition into strain A6-3. There is no PvuI site in the MRC1 sequence. The probe used in A 

(pHYDA1 probe) is shown as a solid line. Both Pvu I sites in the reporter gene construct are 

marked, while only one PvuII site which is the closest to the probe is marked. C), Southern blot 

analysis of strains A6, A6-3 and progeny of two tetrads from an A6 x A6-3 cross. Genomic 

DNA was digested by PvuII, fractionated on an agarose gel, transferred to a nylon membrane 

and hybridized to the 
32

P labeled pHYDA1 probe illustrate in B. Fragments representing the 

endogenous HYDA1  (*), fragments from the reporter gene construct in A6 (←) and the 

fragments with shifted sizes in A6-3 (◄) are marked. Cell motility of the A6 x A6-3 cross 

progeny is scored. S: swimming, I: immotile. Additional bands at ~1.9 kb and ~0.9 kb are 

probably non-specific due to low-quality DNA samples. The gels in panel A used 2 µg of CsCl-

purified DNA per lane; the gel in panel C used 1 µg of DNA prepared using the Puregene Core 

Kit A (Materials and Methods). 
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FIGURE 4. Mutant strain C5-4 contains a transposable element TCR1 insertion in 

one copy of the pHYDA2-RSP3 reporter gene construct  

 

A) Diagram illustrating the structure of the reporter gene constructs integrated in chromosome 

17 and the TCR1 insertion in one copy of the construct in strain C5-4.  Three copies of the 

pHYDA2-RSP3 constructs were likely inserted in tandem into chromosome 17. One copy was 

disrupted by a transposable element (inverted triangle with a break mark above the first 

construct). λ phage 7-HA2-1 (blue solid line with a break mark) contained part of the 

transposable element and the HYDA2 promoter sequence from the construct, along with 

adjacent genomic sequences. Base pair coordinates of genomic sequence from JGI version 4.0 

included in phage 7-HA2-1 are labeled.  Details of the disrupted construct are shown in the 

enlarged diagram. Transposable element TCR1 integrated close to the start of HYDA2 5’UTR, 

and created an “AAGACCCA” target duplication site (bold). Beginning nucleotides of TCR1 

inverted repeat (IR) sequences (underline) represent the TCR1 insertion.  Probes used in panel B 

and C are shown as solid lines. All parts are drawn to scale except for λ phage 7-HA2-1, 

chromosomal DNA and the TCR1 insertion which have break marks. B) and C) Southern blot 

analysis of the TCR1 disruption in the reporter gene construct in strain C5-4. Genomic DNA 

was digested with restriction enzymes and fractionated on a 1% agarose gel in TBE buffer. 

Digested DNA was blotted to nylon membrane and hybridized to 
32

P labeled probes. B), Pvu II 

digested DNA from strain C5, C5-4 and progeny of two tetrads from a C5 x C5-4 cross was 

hybridized to a probe from the HYDA2 promoter (pHYDA2 probe in panel A). In addition to the 

endogenous fragments (*), three copies of the HYDA2 promoter sequence are present in the C5 

strain (tilted arrow). The ~2.6 kb band in C5 shifted to a ~3.2 kb in C5-4 (►). Progeny from 

two tetrads of the C5 x C5-4 cross showed a co-segregation of band size shift and cell motility. 

S: swimming, I: immotile. C), TCR1 transposition in C5-4 indicated by additional TCR1 bands 

marked with ◄. DNA from CC-1032 (pf14), C5 and C5-4 was digested with Pvu II (left panel) 

or Pst I (right panel) and hybridized to a probe containing ~1 kb of TCR1 putative ORF1 (Tcr1 

(A) probe in panel A). The gel in panel B used 1 ug of DNA prepared using the Puregene Core 

Kit A per lane; the gel in panel C used 2 ug of CsCl-purified DNA (materials and methods). D) 

Northern blot analysis of the effect of TCR1 insertion in strain C5-4. Polyadenylated RNA from 

strains CC-1032, C5 and C5-4 was separated on a denaturing agarose gel, blotted to nylon 

membrane, and hybridized to different probes as indicated. A duplicate gel was run to allow 
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tests with multiple probes (blot b is a duplicate of blot a), and both blots were stripped once and 

hybridized to a second probe (a’ and b’ are blots a and b hybridized to a second probe). The 

transcript level of the RSP14 gene encoding a ribosomal protein was used as a loading control. 

a) Blot was hybridized to a 2.4 kb probe covering the majority of the RSP3 coding sequence 

(RSP3 probe in panel A). Strain C5-4 expressed an additional transcript (marked by *). a’) A 

transcript of the same size as the additional band in C5-4 in blot a hybridized to a TCR1 probe 

on the end close to the HYDA2 promoter ( Tcr1 (HA2) probe in panel A). b) Blot was 

hybridized to Tcr1 (A) probe (panel A) and showed the transcript(s) of the original TCR1 

transposon. b’) Blot was hybridized to HYDA2 5’UTR (panel A) probe and only showed the 

endogenous HYDA2 transcript from C5 and C5-4. 
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Figure S1: Southern blot analysis of progeny of two tetrads from crosses of mutant 

strains A6-3, A6-4, A6-9, C5-4 with the pf14 strain CC-613  

Genomic DNA from progeny of two random tetrads from each cross of mutant strains A6-3 

(Panel A), A6-4 (Panel B), A6-9 (Panel C) and C5-4 (Panel D) with the pf14 strain CC-613 was 

digested with Pvu II and fractionated on a 1% agarose gel. DNA was transferred to a nylon 

membrane and hybridized to 
32

P labeled probes hybridizing to the promoter/5’UTR sequences 

of HYDA1 (pHYDA1 probe; Panels A through C) or HYDA2 (pHYDA2 probe; Panel D). The 
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band that represents the endogenous HYDA1 or HYDA2 gene is marked by * and that from the 

putative transposon disrupted reporter gene construct in each mutant strain is marked by ◄. 

Only the one copy of the reporter gene construct with a transposon insertion was marked in 

lanes from progeny of the C5-4 cross. Motility of each strain was scored and listed as S 

(swimming) and I (immotile).  
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Figure S2: PCR amplification of MRC1 insertion in the reporter gene construct in 

strain A6-3 

A) Diagram showing the structure of MRC1 insertion in the pHYDA1-RSP3 reporter gene 

construct in strain A6-3. MRC1 is illustrated as a white rectangle with two grey arrows 

representing the long terminal repeats (LTR) on both ends. Primers used for PCR amplification 

were drawn as arrows (F, forward primer; R, reverse primer). B) PCR products from genomic 

DNA of strains CC-1032 (pf14), the conditionally swimming transformant A6, and the 

constitutively swimming mutant A6-3 using primers shown in panel A. No specific product was 

amplified from CC-1032 which did not contain the reporter gene construct. The 1.32 kb 

expected product (*) and ~3 kb product from A6-3 (◄) are marked.   
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2-3. Discussion 

 

2-3-1. The RSP3 reporter gene system is a powerful tool for selecting cis- and trans-

acting mutations in genes regulating HYDA expression. 

 

Results from this study demonstrate that the RSP3 reporter gene system is a powerful tool to 

select for mutations in the pathway that regulates HYDA gene expression. The reporter gene 

constructs showed a transcriptional regulation in response to hypoxia under the control of 

HYDA gene promoter/5’UTR sequences as expected. The activity of the HYDA promoter 

sequences is strong enough to drive expression of the RSP3 gene at a level adequate to allow 

motility of some cells in the culture. The phenotype of motile cells was easy to detect with a 

stereo microscope, allowing for efficient and sensitive screening of dozens of constitutively 

swimming mutant strains. The motility of a few constitutively motile mutant strains (A6-3, B6-F, 

C5-4) and the corresponding condtitionally swimming transformant strains (A6, B6, C5) were 

compared in M media under a stero microscope. For all strains, >90% of cells have flagella. 

Within the flagellated cells, <5% were motile in the transformant strains A6, B6 and C5, 

while >90% were motile in the mutant strains A6-3, B6-F and C5-4. With this reporter gene 

system, I was able to identify strains with mutations in both cis- and trans-acting regulating 

factors affecting the promoter/5’UTR region of both HYDA genes. Further study of mutants 

obtained from the current and future screening will shed light on the mechanism(s) for 

regulating HYDA gene expression in response to hypoxia.  

     Oxygen sensitivity poses serious problems for the industrial application of algal H2 

production (Das et al. 2006; Ghirardi et al. 2010). It is of great interest to engineer or screen for 

hydrogenase proteins with increased O2 tolerance. This study demonstrates that it is possible to 

obtain strains with mutations in trans-acting regulating factors (refer to Chapter III for detailed 

discussion in the trans-acting factor identified in strain B6-F). Such mutations are likely to also 

affect the expression level of the endogenous HYDA genes. This reporter gene system would 

enable researchers to identify mutant strains with constitutively expressed HYDA gene 

transcripts, a step toward the generation of O2-tolerant hydrogenase proteins.  
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2-3-2. Transposition events caused the constitutive swimming phenotype in several 

mutant strains. 

 

Among the constitutively swimming mutant strains identified during this study, two strains, A6-

3 from conditionally swimming transformant strain A6, and C5-4 from conditionally swimming 

transformant strain C5, were caused by transposable element insertions in the reporter gene. A 

few additional mutant strains also contained a sequence insertion in the reporter gene which 

might have led to their motile phenotype.  The nuclear genome of C. reinhardtii harbors a 

variety of transposable elements (Ferris et al. 1996; Kim et al. 2006; Schnell and Lefebvre 1993; 

Wang et al. 1998). Integration of transposable elements is a common occurrence in spontaneous 

mutagenesis. For example, of the 14 spontaneous nit2 mutant alleles identified by Schnell and 

Lefebvre, eight were caused by known transposable elements including TOC1, Gulliver, and 

TCR1, while the other six were caused by transposons of unknown identity (Lefebvre and 

Silflow 1999; Schnell and Lefebvre 1993). It was not surprising to see mutations caused by 

transposon insertions. However in the two cases characterized in this study, the insertion of 

transposons led to activation or up-regulation of their downstream genes. The activating effect 

of transposons on adjacent genes has been observed in a variety of transposable elements from 

different organisms (Bennetzen 2000; Naito et al. 2009; Scordilis et al. 1987; Williamson et al. 

1981; Williamson et al. 1983). To my knowledge, this is the first time that transposon insertion 

activation of downstream gene expression has been reported in C. reinhardtii.  

     Constitutive upregulation of gene expression associated with transposon insertion into the 5’ 

flanking region of a gene could be achieved through different mechanisms. The promoter of a 

transposon ORF might read through into downstream genes (Barkan and Martienssen 1991). 

The transposons might contain enhancer-like sequences (Errede et al. 1987) or it might provide 

binding sites for transcription factors to confer the maximal expression level on the downstream 

gene (Thomson et al. 2009). Another possibility is that the insertion might disrupt a negative 

cis-acting factor that regulates expression of the downstream gene. In the constitutively 

swimming mutant strain C5-4, transposon TCR1 integrated into the 5'UTR of one copy of the 

pHYDA2-RSP3 reporter gene. TCR1 has been found to insert into a number of genes, and in 

some cases, the insertion sites were the 5’UTR (Ferris et al. 1996; Kim et al. 2006; Schnell and 

Lefebvre 1993). However in all cases the insertion disrupted expression of the target gene. In 

C5-4, TCR1 insertion was coupled with the constitutive expression of the wild-type RSP3 gene 
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downstream of the insertion site. The RSP3 transcript was a mosaic and likely contained a short 

sequence from TCR1. This result favors the hypothesis that TCR1 initiated transcription which 

read through to the downstream RSP3 sequence. Further experiments are needed to elucidate the 

underlining mechanism of TCR1 activation on the RSP3 gene expression.  

 

2-3-3. Putative cis-acting regions in the promoter/5’UTR region of HYDA genes. 

 

Constitutively swimming mutant strains with disruptions in the reporter gene identified from 

this study revealed putative regions of cis-acting factors in HYDA1 and HYDA2 genes. Several 

mutant strains showed sequence insertions in the HYDA gene promoter/5’UTR region in the 

reporter gene construct. For strains A6-3 and C5-4, the correlation between transposon insertion 

and cell motility has been confirmed, and the position of insertion also has been located. 

Though it is always possible that the constitutive expression of the reporter gene in these strains 

could result from enhancer activities of the inserted sequence, it is also possible that the 

disrupted regions in the HYDA1/HYDA2 promoter/5’UTR contain regulatory elements that 

likely repress the expression of the reporter gene under normal conditions. In mutant strain A6-3, 

a transposable element MRC1 integrated at -64bp relative to the transcription initiation site 

(TSS), which is within the -128bp to -21bp region identified in a previous study (Stirnberg and 

Happe 2004) as important for hypoxia induced expression of the HYDA1 gene. It is worth 

noting that, however, when the -128bp to -21 bp region was missing, the HYDA1 promoter was 

no longer able to transcribe its downstream reporter gene after anaerobic induction, indicating a 

positive regulation of this region (Stirnberg and Happe 2004). A similar result was reported by 

Pape et al (2012), where they fused truncated HYDA1 promoter sequences to the CrLuc reporter 

gene encoding luciferase enzyme, and measured luciferase activity under anaerobic conditions 

in cells carrying reporter genes with varying HYDA1 promoter sequences. Deletion of the 

HYDA1 promoter down to -79 and -39 bp relative to TSS resulted in a decrease in luciferase 

activity of -70% and -90% respectively, suggesting the presence of an important cis-regulatory 

element. In this study, to the contrary, when the HYDA1 promoter sequence was disrupted at -

64bp, mutant strain A6-3 showed constitutive expression of the reporter gene, an indication of 

the loss of negative regulation.  

     The two [FeFe]-hydrogenases in C. reinhardtii play different roles in H2 production 

(Godman et al. 2010; Meuser et al. 2012). The HydA1 protein contributes the majority of 
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hydrogenase activity in H2 photoproduction (Godman et al. 2010; Meuser et al. 2012), while 

both HydA1 and HydA2 proteins are capable of processing reductants channeled to 

hydrogenases during dark fermentation (Meuser et al. 2012). The two genes in the nuclear 

genome encoding the [FeFe]-hydrogenases are also likely to be differentially regulated as 

indicated by the low level of sequence similarity between the promoter region of HYDA1 and 

HYDA2 genes (Forestier et al. 2003). Mutant strain C5-4 was disrupted by the transposable 

element TCR1 in the 5’UTR (+16 bp relative to the transcription initiation site) of HYDA2 from 

one copy of the reporter gene construct. The possibility remains that the region around the 

insertion site would be a candidate for cis-acting regulatory elements. 

  

2-3-4. Loss of heterozygosity in C. reinhardtii  

 

It has been reported that transposon insertion in the 5’ flanking sequence of target genes spaces 

out regulatory sequences, and this effect can be reverted by the complete or partial removal of 

the transposable elements (Williamson et al. 1983). Based on this hypothesis a motility 

selection assay was set up to capture transposon removal events in C5-4/CC-4322 diploid 

strains. The assay was successful in recovering immotile strains from the motile C5-4/CC-4322 

diploid strains. However all immotile strains lost heterozygosity at the TCR1 insertion site. Each 

immotile strain no longer contained any reporter gene constructs or the inserted TCR1 sequence. 

No excision events removing the TCR1 transposon were observed. 

     Chromosome loss and mitotic recombination both could cause the loss of large regions of 

genomic sequences in diploid strains. The estimated rate of chromosome loss is 3.2x10
-5

 per cell 

per division, while the rate of mitotic recombination is ~ 40-50 times higher than the rate of 

chromosome loss in wild-type diploid strains (Zamora and Marshall 2005). Thus loss of 

heterozygosity (LOH) of a particular region of the nuclear genome occurs at a rate of ~ 2 x 10
-3

 

per cell per cell division (Zamora and Marshall 2005). The rate of TCR1 transposition is not 

known, but it appears that the rate is substantially lower for this strain than the combined rate of 

chromosome loss and mitotic recombination.  
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2-4. Future directions 

 

2-4-1. The effect of MCR1 insertion in mutant strain A6-3 and TCR1 insertion in 

mutant strain C5-4 

 

The correlation of transposon insertion and constitutive cell motility in mutant strains A6-3 and 

C5-4 has been verified, and the positions of insertion have been localized. It would be of great 

interest to further study the effect of transposition on the expression of reporter genes in each 

strain. The hypotheses are i) transposons initiate transcription or work as enhancers and ii) 

transposons disrupt or space out negative regulatory elements in HYDA promoter/5’UTR 

sequences. One proposal would be to replace the transposon with “junk” sequences of similar 

size at the insertion site and transform the new reporter genes into pf14 cells. The junk sequence 

could be plasmid sequences with no regulatory function. If the RSP3 transcript is expressed 

constitutively from the new reporter gene, it is likely that the transposons disrupted or spaced 

out negative cis-acting regulatory elements of HYDA genes.  

    

2-4-2. Continue to screen for constitutively swimming mutants using the pHYDA-

RSP3 reporter gene system 

 

To identify players involved in the hypoxia sensing and signaling pathway, screening on a larger 

scale is needed to obtain more constitutively swimming mutants. The current screening 

identified more mutants with mutations in the reporter gene (mutations in cis-acting factors) 

than those with mutations in extragenic factors affecting HYDA gene expression (mutations in 

trans-acting factors). Future screening looking for trans-acting factors regulating HYDA gene 

expression might involve this suggested work flow:  

     a: Additional constitutively swimming mutants could be selected from current conditionally 

swimming transformants A6, A10 and B6, all of which contain a single pHYDA1-RSP3 

construct. New transformant strains containing only one copy of the pHYDA2-RSP3 reporter 

gene should be generated to replace the current strain C5 that contains three copies of the 

reporter gene. The new strains should be tested for anaerobic induction of swimming activity 
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and could be used to select for constitutively swimming mutants.  

     b: The conditionally swimming transformant strains (mt+) should be crossed to strain CC-

613 (pf14, mt-). Progeny with the minus mating type can be screened by motility after anaerobic 

induction. An alternative screening method would be to PCR for the presence of the reporter 

gene construct (for strain C5, this screen can be done following paromomycin resistance since 

the pSI103 plasmid is tightly linked to the reporter gene constructs. PCR can be used to verify 

the presence of the reporter gene constructs). Once the mt- strains containing the reporter gene 

constructs are obtained, they can be used to determine the number of mutations in 

corresponding constitutively swimming mutant strains. 

     c: Southern blot analysis should be carried out to examine the integrity of the reporter gene 

in each constitutively swimming mutant strain. 

     d: For each mutant strain, qPCR quantification should be carried out to determine the 

expression level of the endogenous HYDA1 and HYDA2 genes. 

     e: Each constitutively swimming mutant strain should be backcrossed to the conditionally 

swimming transformant strain in the minus mating type (paragraph b above) to determine 

whether the mutation identifies a single locus.  

     f: Recessiveness/dominance tests should be carried out by constructing diploid strains. 

     g: The mutations should be mapped using qPCR quantification of HYDA transcripts as a 

phenotypic marker.  Whole genome sequencing could be used to identify nucleotide changes in 

the region of the mapped mutation. 

     h: Complementation transformation using candidate genes (for mutant strains with recessive 

mutations) should rescue the motility phenotype and the HYDA gene expression phenotype. 

     Southern blot analysis and qPCR quantification can be used to screen a large number of 

mutant strains in a short period of time. These methods could directly identify disruptions in 

reporter gene constructs and quantify the phenotype of increased expression levels of the 

endogenous HYDA genes. The HYDEF and HYDG genes encoding maturation factors for 

hydrogenases have been shown to be co-induced in response to hypoxia and are likely to be 

regulated similarly. 

     The qPCR quantification service provided by BMGC using the Roche universal probe library 

worked well for phenotyping mutant strains. It has a higher sensitivity than Northern blot 

analysis and is ideal for testing a large number of samples for the expression level of a series of 

genes. Data from qPCR is usually highly reproducible and data processing is relatively easy. 

     Once mutant strains with increased expression levels of the endogenous HYDA genes are 
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identified, mutant strains containing the pHYDA1-RSP3 reporter gene could be crossed to 

conditionally swimming transformants with the pHYDA2-RSP3 reporter gene or vice versa. This 

experiment can test whether or not HYDA1 and HYDA2 are controlled by the same trans-acting 

factor. Mutant strains with the same reporter gene should also be crossed to each other to 

determine allelism of the mutations.  

     While the two hydrogenase genes are likely to be differentially regulated, they are both 

controlled by hypoxia (Forestier et al. 2003), and it is not surprising if they share some 

components of the hypoxia signaling pathway. Once mutant strains with increased expression 

levels of the endogenous HYDA genes are identified, mutant strains containing the pHYDA1-

RSP3 reporter gene could be crossed to conditionally swimming transformants with the 

pHYDA2-RSP3 reporter gene or vice versa. This experiment could test whether or not HYDA1 

and HYDA2 are controlled by the same trans-acting factor. 
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2-5: Materials and methods 

 

2-5-1. Strains 

TABLE M1. Strains used in Chapter II 

 

Strain Genotype Purpose 

CC-1032 pf14, mt+ 
-Transformation with pHYDA-RSP3 reporter genes 

-Control strain  

CC-613 pf14, mt- 

-Cross with constitutively swimming mutant strains 

-Cross with constitutively swimming mutant strains 

to generate mutant strains in the opposite mt 

-Generation of strain CC-4322 

CC-1690 

(wild-type 21 gr) 

NIT1, AC17, PF14, 
mt+ 

-Generation of strain CC-4322 

CC-530 
NIT1, ac17, PF14, 

mt- 

-Generation of strain CC-4322 

CC-4322 
NIT1, ac17, pf14, 

mt- 
-Generation of diploid strains with constitutively 

swimming mutant strains 

 

All strains were obtained from the Chlamydomonas Resource Center, University of Minnesota. 

The conditionally swimming transformant strains A6, B6 and C5, together with the constitutively 

swimming mutant strains A6-3, B6-F and C5-4 have been deposited in the Chlamydomonas 

Resource Center, University of Minnesota.  

2-5-2. Growth conditions 

 

All strains were maintained on Tris-Acetate-Phosphate (TAP) or Minimal (M) (Harris 1989) agar 

plates for long-term storage.  

 

For RNA preparation under aerobic conditions or large scale DNA preparation, cells were 

grown in TAP media bubbled with filtered air, at 24
o
 on a 14-hr light/10-hr dark cycle, 

illuminated with white light (4800 lux) from fluorescent tubes.   

2-5-3. Reporter gene constructs 

 

A 2.6 kb NheI fragment containing the RSP3 gene was isolated from the plasmid 
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pEKrsp3.epitope (from Dr. K. A. Johnson, Haverford College, Haverford, PA) and inserted into 

pBluescript II KS (Stratagene, La Jolla, CA) linearized with XbaI (pBluescript-RSP3 plasmid). 

An 8.9 kb NotI fragment containing the HYDA1 gene was isolated from BAC clone 34h2 and 

cloned into pBuescript II KS to generate pHYDA1.  A 6.5 kb EcoRI – HindIII fragment 

containing the HYDA2 gene was isolated from BAC 1g24 and cloned into pBuescript II KS to 

generate pHYDA2.  The 1 kb upsteam promoter sequence of HYDA1 (chromosome 3: 6035951-

6036964, JGI v4.0) was amplified from pHYDA1 using the primers HYDA1proEco and 

HYDA1proBam (Table M2). Similarly, the 1 kb upstream promoter sequence of HYDA2 

(chromosome 9: 1581740-1582735, JGI v4.0) was amplified from pHYDA2 using the primers 

HYDA2proEco and HYDA2proBam (Table M2).  The primers added EcoRI and BamHI sites to 

the 5’ and 3’ of each amplicon, respectively, for later cloning.  The PCR reactions were carried 

out with PfuUltra high fidelity DNA polymerase (Stratagene, La Jolla, CA) and the products 

were cloned into the pCR-Blunt vector (Invitrogen, Carlsbad, CA). The promoter sequences 

were excised from the plasmids  by digestion with EcoRI and BamHI and ligated into the 

pBluescript-RSP3 plasmid directly in front of the RSP3 gene to generate the pHYDA1-RSP3 

plasmid and pHYDA2-RSP3 plasmids. 

 

2-5-4. Chlamydomonas transformation 

 

Chlamydomonas cells were transformed following the glass bead method (Nelson and Lefebvre 

1995). Cells were grown in liquid TAP media for 3-5 days and harvested at a cell density of 1-5 

x 10
6
 cells /ml. For each transformation, 0.5-1 x 10

8
 cells were placed in 15 ml tubes and spun 

down in table top centrifuge at 3000 rpm for 2 minutes. The pellet was resuspended in 1 ml of 

freshly thawed autolysin (filtered through a 0.22µm filter, Millex-GP SLGP033RS) and 

incubated under bright light for 45 minutes at room temperature with gentle shaking. The cells 

were harvested by centrifugation at 3000 rpm for 2 minutes and resuspended in 0.3 ml liquid 

TAP medium. Sterile acid-washed glass beads (0.3 ml, Sigma G1152-500G), 1-2 µg of 

transforming DNA and 1 µg of pSI103 plasmid conferring resistance to paromomycin(Sizova et 

al. 2001) were added to the tube, and gently pipetted, followed by 100 µl of freshly made 20% 

(w/v) PEG 8000 (filtered through a 0.22 µm filter). The mixture was vortexed at maximum 

speed for 30-45 seconds and immediately diluted by 10 ml liquid TAP medium. The liquid was 

transferred to a fresh 15 ml tube and centrifuged at 2000 rpm for 2 minutes. The cell pellet was 
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resuspended in 10 ml liquid TAP media and incubated at room temperature overnight under 

bright light with gentle shaking. Cells were harvested the next day by centrifugation at 2000 

rpm for 2 minutes. The cell pellet was spread on TAP plates containing 10 µg/ml paromomycin. 

Transfromant colonies were picked after 5-7 days. 

 

The anaerobic induction to screen for conditionally swimming transformants was done using a 

sealed air bag and argon purging. Single colony transformants were picked into 96-well dishes 

(Costar #3595, Corning Inc., Corning, NY) containing M media and placed in sealed zip-lock 

air bags. The cells were first purged with argon for 20 minutes, left under light for 5-6 hours, 

then flushed with argon again and left under light overnight. Cell motility was scored the next 

day and swimming transformants were kept for further analysis.  

2-5-5. Mutagenesis & selecting for constitutive swimmers 

2-5-5-1. Methylmethane sulfonate (MMS) mutagenesis 

 

Chemical mutagenesis was carried out using methods developed by James et al., 1988. 

Conditionally swimming transformant strains were grown in 1L flasks with 600ml TAP under 

standard growth conditions (section 5-2-1).  Cultures were pelleted at 2200 rpm for 5 minutes 

and re-suspended in 50 ml 0.02 M KPO4 (pH 7) buffer at a cell density of 1-2 x 10
7
 cells/ ml. 

MMS was added to a final concentration of 0.026 M. Mixtures were incubated for 90 min under 

bright light and centrifuged again at 2200 rpm for 5 minutes. Cells were washed twice in M 

media to remove MMS and re-suspended in 25 ml M medium. Ten 2.5 ml aliquots were 

inoculated into culture tubes containing 25 ml M media.  The cultures were left to grow under 

lights for 3-10 weeks.   

2-5-5-2. Spontaneous mutagenesis 

 

Conditionally swimming transformant strains were grown and harvested as above. Cells were 

resuspended in 25 ml M medium at a cell density of 2-4 x 10
7
 cells/ ml, and 2.5 ml aliquots 

were inoculated into tubes containing 25 ml M media. The cultures were left to grow under 

lights for 3-10 weeks.   
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2-5-5-3. Mutant strain selection 

 

After 4-6 weeks of mutagenesis treatments, 0.5- 1 ml medium from the surface of each culture 

tube was spread on a TAP plate containing 10 µg/ml paromomycin. Single colonies from each 

plate were picked into 96-well petri dishes with TAP media and scored for motility. Only one 

swimming colony from each plate was kept as a constitutively swimming mutant. Mutant 

strains from MMS mutagenesis were labeled with letters and those from spontaneous 

mutagenesis were labeled with numbers. 

 

2-5-6. RNA preparation and purification of polyadenylated RNA 

 

All solutions for RNA preparation were prepared with distilled water (dH2O) treated with 0.1% 

diethylpyrocarbonate (DEPC) and autoclaved (Sambrook and Russell 2001). Aerobically grown 

cells (500 ml) from liquid TAP cultures were harvested by centrifugation at 2200 rpm for 5 min. 

Pelleted cells were quickly lysed in 50 ml 1x lysis buffer (20 mM Tris pH 8, 20 mM EDTA pH 

8, 5% w/v SDS, diluted with dH2O from a 3x stock solution. Freshly prepared Proteinase K was 

added to a final concentration of 100 µg/ml and the lysate was gently pipetted to mix and 

incubated at room temperature for 1 h. Five ml of 3M NaOAc (pH 5.2, DEPC-treated) was 

slowly added to lysate with gentle stirring. After adding 50 ml of phenol/chloroform (1:1) the 

lysate was mixed vigorously and centrifuged at 2200 rpm for 30 min at 4 °C. The aqueous phase 

was then extracted with equal volume of iso-propanol. After incubation for 15 min at room 

temperature, the mixture was centrifuged at 2200 rpm for 10 min at room temperature. The 

pellet was washed with 80% ethanol pre-cooled to 4 °C, air-dried, and then dissolved in 5 ml 

dH2O (DEPC-treated). 5 ml of 4M LiCl (DEPC-treated) was added to the solution and 

incubated on ice for a minimum of 16 h. RNA was collected by centrifugation at 2200 rpm for 

30 min at 4°C. The RNA pellet was dissolved in 3.6 ml dH2O (DEPC-treated), with 0.4 ml 3M 

NaOAc (pH 5.2, DEPC-treated) and 10 ml of 80% ethanol, and stored at -80 °C. 

 

Polyadenylated RNA was isolated using Straight A’s mRNA isolation kit (Novagen, EMD 

Biosciences, Inc., La Jolla, CA). 1.5 ml (15 mg) Magnetight particles were pre-washed using 

binding buffer (0.5M LiCl, 10 mM Tris pH 7.5, 1 mM EDTA, 0.1% SDS) plus 10 mM DTT and 

resuspended in 1 vol of binding buffer/ 10 mM DTT. 1 mg of total RNA (4 µg/ µl) from each 
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strain was incubated with the Magnetight particles and 3.5 ml of binding buffer, incubated at 

room temperature for 5-10 min with gentle shaking. Particles were captured and resuspended in 

1.5 ml wash buffer (0.15M LiCl, 10 mM Tris pH 7.5, 1 mM EDTA, 0.1% SDS) for 3 times. 

Polyadenylated RNA was washed off from the particles by incubation with 0.3 ml dH2O at 

65 °C twice, and precipitated overnight at 4 °C  with 60 µl 3M NaOAc (pH 5.2, DEPC-treated), 

2.4 µl 10 mg/ ml glycogen and 400 µl isopropanol. RNA was pelleted by centrifugation at 

10,000 x g for 15 min at 4 °C, washed once with 80% ethanol, air dried and stored in DEPC-

treated dH2O/3M NaOAc/ethanol at -80 °C. 

 

2-5-7. Southern blot 

 

Genomic DNA (1-2 ug) was digested with restriction enzymes and electrophoresed on a 1% 

agarose gel in TBE buffer (Sambrook and Russell, 2001). The DNA was nicked (0.25 N HCl 5 

minutes), denatured (1 M NaCl, 0.5 M NaOH, 15 minutes x 2) and neutralized (0.5 M Tris pH 

7.4, 1.5 M NaCl, 15 minutes x 2, pH 7.4), followed by upward capillary transfer to Magna 

nylon membrane (Micron Seperations, Inc., NJ0HYA0010) at room temperature overnight in 

transfer buffer (5 x SSC). After transfer, the DNA was fixed to the membrane by exposure to 

UV using auto crosslinking (120,000 µJ) and baked at 80 °C for 1 hour. The membrane was first 

pre-hybridized in 10 ml hybridization solution (6 x SSC, 5 x Denhardt’s solution, 1% SDS, 20 

mM NaH2PO4/Na2HPO4 buffer at pH 6.5, 100 mg/ ml salmon sperm DNA) at 65 °C for 1 hour, 

and hybridized at 65 °C overnight in fresh 10 ml hybridization buffer with 
32

P labeled 

radioactive probes at a final concentration of 2 million CPMA/ ml. After hybridization, the 

membrane was washed (Wash I: 2 x SSC, 1% SDS, 20 min at room temperature; Wash II: 0.2 x 

SSC, 0.2 % SDS, 30 minutes at 65 °C, repeat twice) and exposed to X-ray film for 1-7 days at -

80 °C. The membranes were stripped in 0.4 M NaOH at 42 °C for 1 hour and neutralized twice 

for 30 minutes at room temperature (0.1 x SSC, 0.5% SDS, 0.2 M Tris-Cl pH7.5). The 20X SSC 

(Saline-sodium citrate) buffer contains: 3 M NaCl, 0.3 mM Na3C6H5O7, pH 7. 

2-5-8. Northern blot 

 

Total RNA (25 µg) or polyadenylated RNA (1-2 µg) was fractionated on 1.5-2% agarose gel in 

3-(N-morpholino) propanesulfonic acid (MOPS)-formaldehyde buffer with circulation.  (0.02 M 
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MOPS dissolved in DEPC-treated dH2O, 2mM DEPC-treated NaOAc, 1mM DEPC-treated 

EDTA pH 8.0))  RNA was transferred to BrightStar Plus nylon membrane (Ambion Cat# 

AM10104; Ambion, Inc., Austin, TX) by the upward capillary method in 5 x SSC overnight. 

RNA was fixed to the membrane by UV crosslinking and baking (80 °C 30-60 minutes). 

Membranes were first pre-hybridized in Ultrahyb buffer (Ambion Cat# AM8669) for 1 hour at 

42 °C and then hybridized in the same buffer supplemented with 
32

P labeled radioactive probes 

at a final concentration of 2 million CPMA/ ml at 42 °C overnight. Unbound probes were 

washed off by wash I (2 x SSC, 0.2% SDS, 65 °C, 30 minutes, repeat once) and wash II (0.2 x 

SSC, 0.2% SDS, 65 °C, 15 minutes, repeat once). Films were exposed to membranes for 1-7 

days at -80 °C.When needed, the membranes were stripped 2-3 times in 95-100 °C DEPC-

treated dH2O. All water solutions used treated with 0.1% diethylpyrocarbonate (DEPC), and 

electrophoresis apparatus had been treated with 0.2 M NaOH for 60-90 minutes, followed by 3-

4 washes with dH2O. 

 

2-5-9. λ phage library construction and screening 

 

A library of genomic DNAsequences from strain C5-4 was constructed in a λ phage vector.  The 

λ FIX II/Xho I partial fill-in vector kit from Stratagene (Cat. #248211) was used, following the 

instructions from the manufacturer.  Genomic DNA was prepared with CsCl centrifugation.  A 

sample of DNA (3 µg) was partially digested with Mbo I and the ends were partially filled-in 

with dGTP and dATP using Klenow fragment. The reaction was phenol-chloroform extracted, 

ethanol precipitated and resuspended in Tris-EDTA (100 mM Tris-HCl pH 8, 10 mM EDTA).  

The insert DNA (0.4 µg) was ligated to 1 µg of the λ FIX II Xho I predigested/partially-filled 

vector at 4 °C overnight. The ligated DNA was packaged in the phage packaging extract for 1.5 

– 2 h at room temperature. The titre of the packaged phage solution was determined using host 

cell strain XL1-Blue MRA (P2).  The host cell culture was grown for 4-6 hours in LB+ 10 mM 

MgSO4 to reach an OD600 of 1.0. Cells were harvested and resuspended in 10 mM MgSO4 to 

OD600 of 0.5. Aliquots of 100-300 µl of packaged phage solution were added to 600 µl of host 

cells to reach ~50,000 pfu/ plate.  The cells were incubated at 37 °C for 15 minutes with gentle 

shaking.  Six ml of NZY top agar kept at 48 °C was mixed with the cells and immediately 

poured onto a 150-mm NZY agar plate. Plates were incubated at 37 °C for up to 8 hours then 

transferred to 4 °C for at least 2 hours before plaque lifting. A total of ~1.7 x 10
5
 recombinant 
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plaques were screened for strain C5-4. Plaques were transferred to MagnaGraph nylon 

membranes (GE Water & Process Technologies Cat. # NJOHY13750).  DNA on the membrane 

was denatured (1.5 M NaOH, 2 minutes), neutralized (1.5 M NaCl and 0.5 M Tris-HCl pH 8.0, 

5 minutes) and briefly rinsed in 2 x SSC and 0.2 M Tris-HCl. DNA was fixed to the membrane 

by UV crosslinking and baking, and hybridized to probes as described above for Southern blots. 

 

2-5-10. Preparation of hybridization probes 

 

Hybridization probes were labeled with 
32

P dCTP using the DECAprimer II kit (Ambion, Austin, 

TX). 25 ng of template DNA, 2.5 µl of 10 x DECAprimer solution and dH20 (to a total volume 

of 14 µl ) were boiled at 95-100 °C for 3-5 min and snap freezed in liquid nitrogen. The mixture 

was thawn on ice. 5 µl of 5 x DECA –dCTP reaction buffer, 1 µl of Exo-Klenow enzyme and 5 

µl of 
32

P-dCTP were added to the thawn template-DECAprimer mix and incubated at 37 °C for 

at least 1 h. The reaction was terminated by addition of 100 µl of STE buffer (10 mM Tris-HCl 

pH 8, 1 mM EDTA, 100 mM NaCl). Unincoporated radioactive oligo-nucleotides were removed 

by filtering the reaction through a sephadex G-50 (DNA grade, Sigma-Aldrich, Saint Louis, MO) 

colume in a table top centrifuge (2k rpm, 2 min), and rinsed again with 100 µl of STE buffer. 

Radioactive labeled probes were stored at -20 °C. Prior to use, probes were denatured by 1/10 

volume of 1 M NaOH at 95-100 °C for 1 min, quickly cooled on ice for at least 1 min, and 

neutralized by 1/10 volume of 1 M HCl.       

2-5-11. Reverse transcription (RT)-PCR and Mse I digestion assay 

 

Total RNA (1 g) was treated with DNaseI (Amplification grade, Invitrogen) at room 

temperature for 45 min.  The enzyme was inactivated by incubation at 65 °C for 15 min after 

addition of 1 µl of 10mM EDTA. First-strand cDNA synthesis was done using the SuperScript 

III reverse transcriptase in a total volume of 50 µl at 55 °C following the manufacturer’s 

instruction. The pf14-RT primer (5 pmol) was used to initiate reverse transcription. A 5 µl 

aliquot of the reverse transcription product was used as the template for PCR amplification in a 

total volume of 50 µl, using Failsafe enzyme mix (FSES101K) and Failsafe premix K 

(FSP995K) from Epicenter Biotechnologies (Madison, WI)  Primers pf14-F and pf14-R (5 pmol 

of each) were used. Amplifcation was performed following standard cycles (95 °C 3’, 35 cycles 
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of (95 °C 30’’, 53 °C 30’’, 72 °C 30’’), 72 °C 5’). Primer sequence information is included in 

section 2-5-13.  The PCR product was purified using Amicon Ultra-0.5 ml centrifugal filters 

(Millipore # UFC503096, Millipore Corp., Billerica, MA). Purified PCR product (60 ng) was 

completely digested with 0.3 µl Mse I (10 U/ µl, New England Biolabs, R0525S) in a total 

volume of 20 µl for 4 h at 37 °C. An additional 0.2 µl of Mse I enzyme was added at 2 h to 

ensure complete digestion.   

 

2-5-12. Touch-Down PCR to amplify the HYDA1 promoter region including MRC1 

insertion in strain A6-3 

 

The complete HYDA1 promoter region and the 5’ end of RSP3 coding sequence in mutant 

strains derived from transformant strains A6, A10 and B6 were amplified following a Touch-

Down PCR cycle (Korbie and Mattick 2008) modified from Lechtreck et al. (2009). The PCR 

reaction was performed using Failsafe premix K (FSP995K) and enzyme mix (FSES101K) from 

Epicenter Biotechnologies.  Touch-Down PCR cycles [95 °C 5’, 15 cycles of (95 °C 30’’, 70 °C 

45’’ with 0.8 °C decrease each cycle, 72 °C 5’), 15 cycles of (95 °C 30’’, 58.8 °C 45’’, 72 °C 5’), 

72 °C 10’]. 

2-5-13. 5’RACE with C5 and C5-4 polyadenylated RNA  

 

A 5’ RACE (Rapid Amplification of cDNA Ends) reaction was done using the 5’RACE system 

from Invitrogen (# 18374-058) following the manufacturer’s instructions. After the first strand 

cDNA synthesis using primer pf-R as gene-specific primer, the reaction was purified using the 

S.N.A.P kit (Invitrogen K1999-25). Deoxyadenosine triphosphate (dATP) was added to cDNA 

tails using terminal transferase (TdT; # M0315 from New England Biolabs, Ipswich, MA) 

following the manufacturer’s instructions.  The first round of PCR amplification was done using 

Oligo(dT) Adapted Primer (AP primer) and gene-specific primer BSiPCR-RR1 (95 °C 3’, 35x 

(95 °C 30’’, 53 °C 45’’, 72 °C 3’), 72 °C 10’). The second round of PCR amplification was done 

using Abridged Universal Amplification Primer (AUAP) provided by the 5’RACE kit and gene 

specific primer HA2seq.  

http://products.invitrogen.com/ivgn/en/US/adirect/invitrogen?cmd=catProductDetail&productID=18374058
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2-5-14. List of primers used in Chapter II 

TABLE M2. Primers used in Chapter II 

 

Purpose Primer ID Sequence (5’ to 3’) Ta 

(°C) 

Product 

(bp) 

Amplify HYDA1 promoter 

sequence 

HYDA1proEco AATGTAGAATTCTAAGCCATTC

GAGCCCAC 
55 

1013 
HYDA1proBam AATGTAGGATCCCTTGTCGCGT

CTACGATATTAGAA 
54.3 

Amplify HYDA2 promoter 

sequence 

HYDA2proEco AATGTAGAATTCAAGCAGCATC

TCATCAGCG 
56.6 

995 
HYDA2proBam AATGTAGGATCCTGCTAATCTA

TCCGCAGACAC 
57.2 

pf14 RT-PCR/ MseI assay 

pf14-RT AGAATGCGCGCGGCGTATGTG 50* - 

pf14-F TAGCAACGATGGTGCAGGCT 
53 275 

pf14-R ATGTGTTGCCTCGTACTACA 

Touch-Down PCR 

amplifying the HYDA1 

promoter  

LongpHA1PF14-F TCGAGCCCACTTCGGAGGCAA 

58.8 1323 LongpHA1PF14-R AGAATGCGCGCGGCGTATGTG 

5’ RACE 

pf-R ATGTGTTGCCTCGTACTACA 53 - 

BSiPCR-RR1 CGCCGCTGTTGAACTGCCT 57 - 

HA2seq ACAGCTGCTGCTGCGCCTT 55  

 

 * : The Ta of the pf-RT primer is 58 °C. The 1
st
 strand cDNA synthesis was done at 50 °C using 

this primer. 
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2-5-15. List of probes used in Chapter II 

TABLE M3. Probes used in Chapter II 

Probe Method Primers Sequence (5’ to 3’) 
Ta 

(°C) 
Template 

Size 

(bp) 

HYDA1 PCR 
HA1mRNAprobeF ATGGGTGATGCGGGTGTCC 

58 
genomic 

DNA 
691 

HA1mRNAprobeR TTCCTACCGCCTGGTTGCC 

HYDA2 PCR 
HA2mRNAprobeF AGGCCGATGCTTAGGGCAC 

58 
genomic 

DNA 
774 

HA2mRNAprobeR TGGGCCCGTACCTACCTCA 

RSP14 PCR 
CRY1-FF CCCCAAGGAGGTGGTGAG 

52 
genomic 

DNA 
778 

CRY1-RR GATGCGGCCAATCTTCAT 

RSP3 PCR 
XQ-PF14FF   ACATACGCCGCGCGCATTCT 

57 
genomic 

DNA 
2221 

XQ-PF14R TGTCAGCTGGCCTTGGCTGT 

TCR1 

(HA2) 
PCR 

HA2-5UTR-

preTcr2F 

CAAGTGCTGACAAACAAGA

C 55.3 

C5-4 

genomic 

DNA 

444 

TP-HA2-R CCACCACGACTGCGCCTAAA 

HYDA2 

5’UTR 

PCR/ Spe 

I digestion 

HA2-5UTR-

preTcr1F 

CAAGTGCTGACAAACAAGA

C 47.1 

C5 

genomic 

DNA 

151 

HA2-5UTR-PF14R ATGTGTTGCCTCGTACTACA 

TCR1 

(A) 

PCR/ 

Avr II 

digestion 

BSiPCR-R1 CGCGGCGTATGTGTTGCCT 

56.3 

C5-4 

genomic 

DNA 

~1 kb 

 
PF14-TP R1 TGGTGCCTCCAGGGTCCTT 

Probe Method Template Size 

pHYDA

1 

EcoR I/ 

BamH I 

pHYDA1-RSP3-Bluescript plasmid 
~1 kb 

pHYDA

2 

EcoR I/ 

BamH I 

pHYDA2-RSP3-Bluescript plasmid 
~1 kb 
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Chapter 3 

Characterization of a mutant strain with 

up-regulated expression of  genes 

involved in hypoxia and copper 

deficiency responses 

 

 

 

3-1. Introduction 

 

The fresh water green alga Chlamydomonas reinhardtii is able to evolve H2 gas under anoxia 

stress (Stuart and Gaffron 1972). This reversible reaction is catalyzed by hydrogenase enzymes. 

Two genes encoding for the [FeFe]-hydrogenases, HYDA1 and HYDA2, have been identified in 

the C. reinhardtii nuclear genome (Forestier et al. 2003; Happe and Kaminski. 2002). The 

hydrogenase enzymes are only active under anaerobic conditions that can be achieved by 

purging cultures with inert gas in darkness or growing cells in sealed culture lacking sulfur or 

nitrogen under light (Melis et al. 2000; Philipps et al. 2011a; Roessler and Lien 1984). 

Hydrogenase activity and H2 accumulation can be observed after an anaerobic induction as short 

as 15 min and sustained for 24 hrs or longer (Forestier et al. 2003; Happe and Naber 1993; 

Melis et al. 2000; Posewitz et al. 2004). However in the presence of even low levels of O2 

(<1%), hydrogenases are irreversibly inactivated and hydrogenase activity diminishes within 

minutes (Erbes et al. 1979; Ghirardi et al. 1997). Furthermore, the expression of the 
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hydrogenase genes is regulated by O2 levels.  The transcripts of both HYDA1 and HYDA2 genes 

are undetectable in the presence of O2, and are upregulated ~200-fold and ~60-fold, respectively, 

after anaerobic induction (Forestier et al. 2003; Happe and Kaminski 2002; Mus et al. 2007). 

Transcript levels of the two genes respond differently to media parameters and the presence of 

O2. Sequence analysis of the putative promoter regions of the two genes identified little 

similarity, suggesting differential regulation of the two genes (Forestier et al. 2003). The 

mechanisms that regulate the two genes in response to anaerobiosis still remain unknown.  

     So far only one factor is known to mediate the anaerobiosis-induced expression of several 

genes (Lambertz et al. 2010). The CRR1 (copper response regulator 1) gene encodes a 

transcription factor with an SBP (SQUAMOSA promoter Binding Protein) domain and plays a 

key role in the response to copper deficiency (Kropat et al. 2005; Sommer et al. 2010). Copper 

is an important trace element playing roles in redox reactions or as a cofactor in enzymes 

(Eriksson et al. 2004). C. reinhardtii cells respond to the lack of copper at several levels, mostly 

through a Crr1-dependent pathway (Merchant et al. 2006). Examples of Cu-deficiency 

responses include degrading Cu-rich proteins such as plastocyanin, increasing Cu assimilation 

by upregulating gene expression of Cu transporters, and synthesizing backup proteins to 

substitute for the Cu-containing proteins (Castruita et al. 2011; Merchant et al. 2006). The latter 

two responses are achieved by gene transcriptional activation through Crr1 interaction with the 

cis-acting CuRE (Cu response element) core element GTAC found in the promoter region of 

Crr1 target genes (Kropat et al. 2005). A number of genes are transcriptionally upregulated in 

Cu deficiency under the control of Crr1, e.g., CYC6 encoding for the Fe-containing counterpart 

for plastocyanin, CPX1 encoding for a coproporphyrinogen III oxidase putatively active in 

tetrapyrrole biosynthesis, CRD1 encoding for a putative di-iron enzyme required for PSI 

accumulation in Cu deficiency, and FDX5 encoding for a ferredoxin of unknown function 

(Castruita et al. 2011; Kropat et al. 2005; Merchant et al. 2006; Moseley et al. 2000; Quinn and 

Merchant 1995; Quinn et al. 1999).  

     These Cu-deficiency responsive genes also respond to anaerobiosis by transcriptional 

activation, through a Crr1-dependent pathway (Moseley et al. 2000; Quinn et al. 2002). On the 

other hand, RNA-seq analysis profiling transcriptome responses to Cu deficiency showed that 

under Cu depleted conditions, the transcript levels of HYDA1, along with the two hydrogenase 

maturation factors HYDEF and HYDG, are slightly upregulated (Castruita et al. 2011). The 

details of the physiological connection between responses to Cu and O2 deficiency are still 

unknown. It is possible that Cu plays a role in sensing the availability O2 through the redox 
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status of the intracellular Cu ions, which leads to a distorted O2 sensing in Cu depleted cells 

(Castruita et al. 2011; Sommer et al. 2010). Despite the connection between the Cu and O2 

deficiency pathways, previous studies did not classify HYDA1 as a target of Crr1 because the  

HYDA1 transcript level is still upregulated in crr1 mutant strains, even though the level of 

upregulation is less than that in the wild-type strain (Castruita et al. 2011; Quinn et al. 2002). 

Recently, another study showed that a crr1 mutant strain displays partial hydrogenase activity 

and a lower level of the HYDA1 transcript (Pape et al. 2012). They identified in the HYDA1 

promoter sequence two GTAC core elements that are recognized and bound by Crr1 in vitro.  

Disruption of the HYDA1 CuREs diminished its response to Cu-deficiency, while only slightly 

reducing the hypoxia-induced transcriptional upregulation. This finding further confirmed the 

close link between the Cu and O2 deficiency signaling pathways. It is also supported by the 

structural analysis of the Crr1 protein, in which two distinct domains were detected in Crr1, 

possibly separating signaling activities induced by Cu or O2 deficiency (Sommer et al. 2010). 

However, HYDA1 transcript increases to a much greater level under hypoxia conditions than 

under Cu depletion (Figure 10, compare panel A and C), and HYDA1 is still responsive to 

hypoxia induction in crr1 mutant cells (Castruita et al. 2011; Pape et al. 2012; Quinn et al. 

2002). It is likely that the hypoxia induced transcriptional activation of HYDA1 is regulated by 

other transcription factor(s) working in concert with Crr1, or by a completely different pathway 

yet to be discovered.  

     In this study, I used a RSP3 reporter gene system in a screen for mutant strains with lesions 

in factors regulating HYDA gene expression. Immotile pf14 mutant cells were transformed with 

pHYDA-RSP3 reporter gene constructs. The transformant cells were immotile under aerobic 

conditions but ~2% of them became motile after anaerobic induction. This conditionally 

swimming phenotype supported the observation that regulation of HYDA1 expression occurs at 

the transcriptional level as described previously (Stirnberg and Happe 2004). From the 

conditionally swimming transformant strains we isolated a number of mutants with a 

constitutively swimming phenotype, in the presence of oxygen. One mutant strain, B6-F, was 

generated by chemical mutagenesis from the conditionally swimming transformant strain B6. 

qPCR characterization and RNA-seq analysis showed that a number of genes including the 

endogenous HYDA1 gene were up-regulated in aerobically grown B6-F cells. The whole 

genome of strain B6-F was sequenced by next-generation sequencing and compared to the 

original transformant strain B6 and the reference genome from JGI v4.0. Several single 

nucleotide polymorphisms (SNPs) were identified between B6-F and B6. Molecular mapping 
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using qPCR quantification as a phenotypic marker linked the elevated expression of several 

genes to one SNP site on chromosome 1. A BLAST search showed that the hypothetical protein 

encoded by the disrupted gene contains an F-box domain and a DUF525/ApaG domain that are 

conserved in a wide range of organisms.   Transformation of mutant cells using a wild-type copy 

of the gene completely restored the expression levels of FDX5, CPX1 and CYC6 and partially 

restored the levels for HYDA1 and HYDG. The disrupted gene was named CHC1 (Constitutive 

expression of Hydrogenases and Copper responsive genes 1). Characterization of tetrad progeny 

from the cross of B6-F and crr1-1 mutant allele CC-3959 suggests that Crr1 is epistatic to Chc1 

in the copper signaling pathway. 
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3-2. Results 

 

3-2-1. Constitutive swimming mutant strain B6-F shows up-regulation of 

transcripts from hydrogenase-related genes 

 

Strain B6-F was identified in a screen for constitutively swimming mutants derived from the 

conditionally swimming transformant strain B6 after chemical mutagenesis. Restoration of 

motility in strain B6-F could be caused by mutations in factors not associated with the 

expression of HYDA genes, such as reversion of the pf14 mutation or second-site mutations 

suppressing the pf14 phenotype. To verify that the pf14 mutation is still present in strain B6-F, 

B6-F cells were crossed to strain CC-2290 (PF14, mt-). If B6-F motility was a result of 

reversion of the pf14 allele, this cross should result in all motile progeny because both parents 

would contain only the wild-type RSP3 gene. Motility scoring of progeny from this cross is 

summarized in Table 1 Part I, and shows that the mutant pf14 allele is present in some progeny 

indicating that reversion did not occur in strain B6-F. To determine whether the wild-type RSP3 

transcript driven by the HYDA1 promoter is expressed in strain B6-F, a reverse-transcription 

PCR assay was employed. This assay takes advantage of the C to T nonsense mutation in the 

first exon in the pf14 allele of the RSP3 gene (Williams et al. 1989). The mutation generates a 

recognition site (TTAA) for the restriction enzyme Mse I that is not present in the wild-type 

allele (Figure 2, panel A and B). A cDNA fragment including parts of the first and second exons 

was reverse transcribed from RNA of B6 and B6-F cells. Although the amplified cDNA 

fragment from strain B6 is cleaved by Mse I (Figure 2C), the majority of the amplified cDNA 

from strain B6-F is not cleaved, indicating the presence of the wild-type RSP3 transcript 

expressed from the reporter gene construct. The cleaved products from the endogenous pf14 

transcripts are visible with a longer exposure of the gel (data not shown).  These results indicate 

that the motility of B6-F cells is not likely due to a second–site suppressor of the pf14 mutation 

but rather to the strong expression of wild-type RSP3 transcripts driven by the HYDA1 promoter.  

     Strong expression of the wild-type RSP3 transcript in strain B6-F suggests that the mutation 

leads to activation of the HYDA1 promoter in the reporter gene construct. To determine whether 

strain B6-F contains mutation(s) in cis-acting or trans-acting factors that affect the HYDA1 

promoter, B6-F (mating type plus, mt+) was crossed to the pf14 strain CC-613 (mt-).  If the 
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mutation(s) in B6-F is in cis-acting elements in the HYDA1 promoter/5’UTR sequence in the 

reporter gene, or in genes tightly linked to the reporter gene integration site, the mutation(s) 

would co-segregate with the reporter gene, and all tetrads would contain two motile and two 

immotile progeny (parental ditype). If the mutation(s) is unlinked to the reporter gene and 

identifies trans-acting factors affecting HYDA1 expression, the motility phenotype would not 

segregate 2:2 in tetrad progeny. Tetrad progeny from the cross of B6-F with CC-613 did not 

show a 2:2 segregation, suggesting that the mutation(s) in strain B6-F is likely in a gene 

encoding a trans-acting factor (Table 1 Part II, Cross to Parent Transformant Strain). Support 

for this conclusion comes from Southern blot experiments that did not detect insertions or 

rearrangement of the HYDA1 promoter in the reporter gene (Table I Part II).  

     To determine whether the mutation in strain B6-F segregates as a single locus, strain B6-F’ 

was backcrossed to the conditionally swimming transformant strain B6. Strain B6-F’ (mt-) was 

obtained by selecting for a swimming phenotype from the B6-F x CC-613 cross with a minus 

mating type and the presence of the reporter gene construct. Thus, the B6-F’ strain contains both 

the reporter gene construct and mutation(s) that turned on the RSP3 expression from the reporter 

gene. If only one mutation is responsible for the expression of the RSP3 transcript in strain B6-F, 

the B6-F’ x B6 tetrads would have 2:2 immotile: motile progeny segregation. Results from 

scoring the motility of tetrad progeny (Table I part II) suggest that there may be more than one 

mutation affecting the expression of the RSP3 from the reporter gene in strain B6-F.  

     Because the mutation(s) in trans-acting factors controlling HYDA1 gene expression activated 

the expression of the RSP3 reporter gene transcript, it is likely that the expression of the 

endogenous HYDA1 gene is also increased. Furthermore, other genes that are similarly 

regulated under hypoxic conditions, such as HYDA2, and the hydrogenase maturation factors 

HYDEF and HYDG, may be affected in concert. To characterize the impact of the mutation(s) in 

strain B6-F on the hypoxia-responsive gene expression profile, I assayed the transcript levels of 

the two hydrogenases HYDA1 and HYDA2, one of the two hydrogenase maturation factors 

HYDG, a ferrodoxin FDX5 that has been shown to be upregulated in hypoxia (Jacobs et al. 

2009), two genes CPX1 and CYC6, that are upregulated in both O2- and Cu-deficiency (Quinn et 

al. 2000; Quinn et al. 2002), and the RSP3 gene. Two genes, AMYB1 and PFR1, were chosen as 

controls for the intracellular O2 availability in sampled cells. The transcript level of the AMYB1 

gene encoding for a β-amylase has been shown to increase by more than 10-fold shortly after 

onset of dark fermentation and to remain elevated for at least 24 hours. The transcript level of 

the PFR1 gene encoding for a pyruvate ferredoxin oxidoreductase is upregulated by ~900-fold 
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shortly after onset of dark fermentation and remains elevated for at least 24 hours (Mus et al. 

2007). The house-keeping gene CBLP (RACK1) encoding for a G-protein β subunit-like 

polypeptide was used as the internal control for total RNA abundance (Schloss 1990).  

     Total RNA was isolated from cultures of the pf14 strain CC-1032, the conditionally 

swimming transformant strain B6, and the constitutively swimming mutant strain B6-F grown 

under aerobic conditions. Transcript abundance of each gene in each strain was calculated using 

the ΔΔCt method (Livak and Schmittgen 2001). Transcript abundance for each gene was 

normalized to the CBLP expression level and calibrated to the transcript level in strain CC-1032 

which is set as 1. As shown in Figure 5, under aerobic conditions, mutant strain B6-F shows 

elevated transcript levels of HYDA1 HYDG, FDX5, CPX1 and CYC6. Increased transcript level 

of HYDA2 was not detected. The RSP3 transcript level is increased by almost two-fold in B6-F 

(compared to CC-1032, it is increased by ~three-fold. Compared to B6, it is increased by two-

fold), which supports the conclusion that B6-F restored motility by constitutively expressing the 

wild-type RSP3 transcript from the reporter gene construct. The transcript of AMYB1 is at 

similar levels in all strains, indicating that the upregulation of transcript levels in strain B6-F is 

not due to accidental anaerobiosis during sample preparation. Together with the AMYB1 gene, 

the PFR1 gene was initially included in the assay as an indicator for the cellular O2 level. 

However the transcript level of PFR1 is upregulated in strain B6-F. The product of PFR1 has 

been proposed to transfer electrons generated by pyruvate-only oxidation during dark 

fermentation to the [FeFe]-hydrogenases via ferrodoxin (Mus et al. 2007; Philipps et al. 2011b). 

It is possible that the PFR1 gene transcript level is influenced by factors controlling the 

anaerobic expression of the HYDA1, HYDG genes, and the Crr1 target genes FDX5, CPX1, and 

CYC6.  

     All of the genes assayed in aerobically grown B6-F cells have been shown to be upregulated 

in hypoxia (Forestier et al. 2003; Happe and Kaminski 2002; Lambertz et al. 2010; Mus et al. 

2007; Posewitz et al. 2005; Quinn et al. 2002). To determine whether the B6-F strain retains the 

ability to upregulate these genes in response to hypoxia, transcript levels of the HYDA1, HYDA2, 

HYDG, FDX5, CPX1, CYC6, AMYB1 and PFR1 genes in strains CC-1032, B6 and B6-F were 

measured at different time points during anaerobic induction in darkness. The house-keeping 

gene CBLP was used as the internal control for total RNA level. All data were normalized by 

the transcript levels of the CBLP gene and calibrated to those in strain CC-1032, which is set as 

1. As is shown in Figure S4 A-C, transcript levels of the HYDA1, HYDA2 and HYDG genes 

increase at comparable levels in all three strains after anaerobic induction. The PFR1 gene 
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showed a higher rate of induction in strain B6-F than in strains CC-1032 and B6. The AMYB1 

gene is upregulated in response to the induction at comparable levels in all three strains. 

Transcript levels of the Crr1 target genes FDX5 and CYC6 increased slightly in strains CC-1032 

and B6, while not much in strain B6-F. The transcript level of FDX5 showed a slight two-fold 

increase in strain B6-F between 0’ to 4h, however it is not comparable to the ~200-fold 

difference observed in strains CC-1032 and B6. It is possible that this increase is due to an 

artifact of limitations of qPCR quantification over a large range of variation (see Discussion 

below). Transcript levels for CPX1 did not show much change during the induction in all strains. 

This result shows that despite the constitutive increase in transcript levels in strain B6-F, the 

HYDA1 and HYDG genes are still inducible by hypoxia, suggesting there are other factors, 

independent of the mutated gene(s) in strain B6-F, regulating the hypoxia inducible expression 

of HYDA1 and HYDG genes. To the contrary, the FDX5, CYC6 and CPX1 genes in strain B6-F 

no longer respond to hypoxia induction, suggesting that the B6-F mutation(s) fully blocks or 

overrides the hypoxia signaling pathway controlling these genes. 

 

3-2-2. A lesion upregulating the transcript level of the FDX5 gene in strain B6-F is 

localized on chromosome 1  

 

To identify the gene mutated in strain B6-F, the mutation was first mapped genetically by 

crossing strain B6-F to the polymorphic strain CC-2290 (S1 D2) (Gross et al. 1988). Progeny 

from 26 tetrads were assayed for the phenotype defined by constitutive expression levels of the 

HYDA1, HYDG and FDX5 genes through qPCR. The house-keeping gene CBLP was used as 

the control for total RNA abundance (Figure 6).  

     The segregation pattern of the upregulated transcript level phenotypes differed for each gene. 

The segregation pattern for the HYDA1 gene can be divided into 4 groups. Sixteen tetrads out of 

26 showed a 2:2 segregation ratio of high:low transcript levels (Figure 6A, Group I); 10 tetrads 

showed varying segregation ratios (Figure 6A, Groups II-IV). The segregation pattern for the 

HYDG gene is similar to that of HYDA1 (data not shown). For the FDX5 gene, 21 tetrads out of 

26 showed a 2:2 segregation ratio of high: low transcript levels (Figure 6B, Group I and III), 

even though some tetrad progeny in Group III displayed an abnormally higher background level. 

Five tetrads gave irregular segregations. The comparison for tetrads showing different patterns 

among the three genes is shown in Figure 6C. Among the three genes, the FDX5 gene showed 
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the highest level of upregulation in transcript level, and a clear 2:2 segregation. Because of 

these characteristics, it was used as the phenotypic marker for molecular mapping of the 

mutation in strain B6-F. The progeny were scored for SNP markers using mapping primers from 

the Chlamydomonas Resource Center. The region of mutation was first localized between the 

CYP1 and ARG7 markers on chromosome 1. Further mapping narrowed this region down to the 

CYP1 marker (genome coordinate 349 kb) and the 1294K marker developed in this study 

(genome coordinate 1294kb) (Table 2). According to the molecular map of the C. reinhardtii 

nuclear genome (Kathir et al. 2003), this ~1 Mb region includes the putative centromere, 

restricing recombination and further mapping.  

 

3-2-3. Next generation sequencing of strains B6 and B6-F genome identified one 

SNP site within the mapped region, and multiple SNPs across the whole genome  

 

Genomic DNA samples of strains B6 and B6-F were sequenced using Illumina next generation 

sequencer Genome Analyzer XII. DNA samples were sequenced as paired-end reads with a 100 

bp read length on each end. Sequencing generated a total of ~20.9 million pass-filter reads for 

strain B6 and ~27.6 million for strain B6-F with approximately 274 bp inserts for strain B6 and 

320 bp inserts for strain B6-F. These data provided a roughly 24-fold coverage for the 120 Mb 

nuclear genome of strain B6 and 37-fold coverage for strain B6-F (Merchant et al. 2007). Short 

reads from both strains were mapped to the JGI genome v4.0 using Bowtie with default settings 

(Langmead et al. 2009). Uniquely mapped reads from each strain were compared for SNPs. 

Identified SNPs were filtered with a minimum coverage of 6 for both strains. If multiple base 

calls were given, the allele ratio at the position should be >85%. A total of 49 SNPs were 

identified after filtering, dispersed on 15 chromosomes and 2 scaffolds (Appendix 1).  

     Only one SNP was discovered within the mapped region between the CYP1 marker and the 

1294K marker in strain B6-F. This T-C mutation was localized on chromosome 1 at position 

1018303, at the second base pair of the first intron of gene model au5.g1088_t1 (JGI v4.0 

protein ID 510723). This gene corresponds to gene g142 on chromosome_1:1024380-1029645 

of the JGI v5.3 genome (http://www.phytozome.net). The mutation changes the consensus 

splicing signal GT to GC, likely leading to the failure of splicing this intron. An in-frame pre-

mature stop codon immediately follows the SNP site, likely resulting in a truncated protein. 

Reverse transcription PCR amplification of the region spanning intron 1 confirmed retention of 

http://www.phytozome.net/
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intron 1 in strain B6-F mRNA (Figure 7). Sequencing of the cDNA products from verified that 

intron 1 sequence is retained in transcripts from strain B6-F but is missing in transcripts from 

strain B6 (data not shown). The first in-frame start codon downstream of the mutation is at 

codon 45 thus it is possible that the mutated gene produces a protein truncated by 44 amino 

acids at the N-terminus. The linkage of this SNP mutation with the mutant phenotype of 

elevated FDX5 transcript levels as was shown by the molecular mapping results, and the 

confirmation that the mutation disrupted normal splicing of an expressed transcript suggest that 

the mutation in gene model au5.g1088_t1 is responsible for the abnormal expression of the 

FDX5 gene, and possibly the increased transcript levels of the other genes assayed by qPCR. 

This gene is named CHC1 for Constitutive expression of Hydrogenases and Copper responsive 

genes 1. 

 

3-2-4. The chc1-1 mutation affecting the expression of the RSP3 reporter gene 

construct and the mutant phenotype of overexpression of the FDX5 gene is 

recessive. 

 

To determine whether strain B6-F contains a dominant or recessive mutation, stable diploid 

cells heterozygous for the mutation in B6-F were generated by crossing B6-F (nit1-, AC17, pf14, 

mt+) to CC-4322 (NIT1, ac17, pf14  mt-). A total of 104 potential diploid strains were picked 

and scored for their motility. Because both parent strains have the pf14 background, a recessive 

mutation(s) in B6-F should result in immotile diploid cells. Conversely, a dominant mutation 

would result in constitutive expression of the RSP3 reporter gene and motile diploid cells. Of 

the 104 putative diploid strains, 100 were immotile or with very weak flagellar movement 

characteristic of pf14 mutant cells, indicating that the mutation(s) responsible for restoration of 

motility in strain B6-F is recessive. Interestingly, 4 out of the 104 putative diploid strains were 

motile. However, PCR testing at the mating type locus showed that two of them only contained 

mt+ or mt- locus, suggesting that they are in fact haploid progeny resulting from a 

recombination event where both NIT1 and AC17 loci are present. The remaining two motile 

strains contained both mating type loci.  

     Loss of heterozytosity (LOH), which can be caused by chromosome loss or mitotic 

recombination, occurs at an estimated rate of ~ 2 x 10
-3

 per cell per cell division at a particular 

region of the nuclear genome in C. reinhardtii diploid strains (Zamora and Marshall 2005). Both 
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events could result in the loss of large stretches of genomic sequences in diploid strains. To test 

whether or not the cell motility observed in two of 104 of the B6-F/CC-4322 diploid strains is 

due to LOH, the expression levels of genes HYDA1, HYDA2, HYDG, PFR1 and FDX5 were 

quantified in the control strain CC-1032 (pf14), the transformant strain B6, the mutant strain 

B6-F, 3 immotile B6-F/CC-4322 diploid strains (#6, #9, #10) and 2 motile B6-F/CC-4322 

diploid strains (#11, #12) (Figure 8). The house-keeping gene CBLP was used as the control for 

total RNA abundance. All data were normalized by the transcript level of the CBLP gene. 

Results are expressed as fold changes relative to the transcript levels in strain CC-1032, which 

is set as 1. The expression levels of AMYB1 and PFR1 genes were used as an indicator of the 

cellular O2 availability. As is shown in Figure 8A, transcript levels of the HYDA1 gene are 

partially suppressed in all diploid strains in comparison to mutant strain B6-F, whereas the 

transcript levels of the HYDG and PFR1 genes are partially suppressed in some strains (#10, 

#11 and #12 for HYDG, #6, #10 for PFR1).  The results suggest that there might be multiple 

mutations in strain B6-F affecting the transcript levels of these genes. Because the mutation 

sites are not identified, I could not test the ploidy at the corresponding chromosomal regions for 

each mutation and it is unclear whether those mutations are dominant or recessive. Another 

possibility is that the effect of the chc1-1 mutation is semi-dominant for the changes in HYDA1 

and HYDG transcript levels.    

     The transcript level of the FDX5 gene, however, clearly revealed that all immotile diploid 

strains (#6, #9, #10) were suppressed to the wild-type level and the two motile strains (#11, #12) 

remained at the mutant level of expression. Ploidy of chromosome 1 in all strains was tested by 

PCR amplification, using SNP markers at genome coordinate 1018 kb (CHC1 locus, on the 5’ 

end of chromosome 1 and close to the putative centromere) and 9430 kb (on the 3’ end of 

chromosome 1) (Figure 8B). Both markers were developed according to the next generation 

sequencing data using the nucleotide differences between strain B6-F and the reference genome 

(JGI v4.0). All diploid strains showed sequences from both the reference genome and the B6-F 

genome, showing that both copies of chromosome 1 are present.  However, strains #11 and #12 

only gave the product representing the mutant copy of chromosome 1, which suggests that 

mitotic recombination occurred around the chc1-1 mutation site and both copies of the 

chromosome at this region contain the chc1-1 mutation. In conclusion, the chc1-1 mutation 

from mutant strain B6-F with regard to regulation of FDX5 transcript level is recessive.   
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3-2-5. A λ phage clone containing the complete sequence of the CHC1 gene (gene 

model au5.g1088_t1) rescues the overexpression phenotype of the FDX5, CYC6 and 

CPX1 genes. 

 

To clone the complete CHC1 gene, a λ phage library constructed from wild-type genomic DNA 

was screened with a hybridization probe generated from a PCR fragment from gene model 

au5.g1088_t1. One phage, clone 17-1, was ~ 15.5 kb in length and covered three complete gene 

models: JGI v4.0 au5.g1086_t1, au5.g1087_t1, and au5.g1088_t1 (CHC1, JGI v5.3 g142), and 

an incomplete fourth gene model au5.g1089_t1 (Figure 9A). B6-F cells were transformed with 

rescue DNA along with the pHyg3 plasmid as a selectable marker (Berthold et al. 2002). Five 

different rescue DNAs were used: i) the whole phage 17-1 purified DNA; ii) a 5.1 kb Hind 

III/Spe I cloned fragment containing the CHC1 gene; iii) phage 17-1 DNA digested with BamH 

I/Sma I, which disrupts the first two gene models but leaves the CHC1 gene intact; iv) phage 

17-1 DNA digested with Sac II which disrupts CHC1 and the fourth incomplete gene model but 

leaves the first two genes intact; and v) DNA from a phage clone that does not contain the 

CHC1 gene (control). Potential rescue transformants were selected on 1% soft agar TAP plates 

with hygromycin (18 µg/ ml) (Bloodgood 1981). Transformations using the purified phage 17-1 

DNA or a 5.1 kb cloned fragment containing the CHC1 gene did not yield enough transformants 

due to a reagent problem. Transformations using restriction enzyme digested phage 17-1 DNA 

and the negative control using phage 7-2 DNA yielded transformants. Because the chc1-1 

mutation has been shown to be recessive and B6-F/CC-4322 diploid strains were immotile 

when heterozygous at the CHC1 locus, B6-F rescue strains containing the wild-type CHC1 gene 

should display the pf14 phenotype of paralyzed flagella. Table S1 shows the ratio of immotile 

rescue transformants in each transformation. The ratio of immotile cells with paralyzed flagella 

is 0.2 -0.6% in transformations without a functional CHC1 gene in the transformed DNA, and 

increases to 2% when an intact CHC1 gene is present, suggesting that the CHC1 gene can 

rescue the motile phenotype in strain B6-F to the paralyzed flagella phenotype. 

     To analyze rescue of the overexpression phenotype of chc1-1 mutation in strain B6-F, the 

putative rescue strains were tested for the transcript levels of the HYDA1, HYDG, FDX5, CYC6 

and CPX1 genes under aerobic conditions using qPCR (Figure 9). The strains tested include six 

rescue transformants from the BamH I/Sma I digested phage 17-1 DNA containing the intact 

CHC1 gene (RESQ 58-70), two strains from the Sac II digested phage 17-1 DNA containing 
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disrupted CHC1 fragments (RESQ 72-73), one strain from the negative control phage DNA 7-2 

(RESQ 7), along with strains CC-1032, B6 and B6-F. The AMYB1 gene was used as an indicator 

for the cellular O2 level. The house-keeping gene CBLP was used as the internal control for total 

RNA abundance. All data were normalized to the transcript level of CBLP, and calibrated to the 

levels in strains CC-1032, which is set as 1. The transformation using BamH I/Sma I digested 

phage 17-1 DNA, which contains the intact CHC1 gene, partially decreased the expression 

levels of HYDA1 and HYDG in some strains (e. g. RESQ 69 and 70) but not in others (RESQ 58, 

60, 62, 66), supporting the previous observation that there might be multiple mutations affecting 

the transcript levels of HYDA1 and HYDG genes in strain B6-F (Figure 9B). In contrast, the 

intact CHC1 gene completely rescued the transcript upregulation phenotypes of FDX5, CYC6 

and CPX1 genes (Figure 9C). The presence of the extra copy of the rescuing CHC1 gene in 

strains transformed with the BamH I/Sma I digested phage 17-1 was verified by results from a 

Southern blot (Figure S3 C). The transcript level of the CHC1 gene in each strain is also 

quantified by qPCR (Figure S3 D). The qPCR result confirmed that unlike the altered transcript 

level phenotype with the HYDA1 and the HYDG genes, the chc1-1 mutation is solely 

responsible for the overexpression of the FDX5, CYC6 and CPX1 genes, and that the wild-type 

CHC1 gene can fully rescue the mutant phenotype.  

 

3-2-6. Transcriptome profiling in strain B6-F through RNA-seq identified changes 

in genes involved in multiple cellular processes, primarily in the Cu-deficiency 

response.  

 

Signaling pathways often form an intertwined network in response to various environmental 

stimuli. For example, some genes that are up-regulated by hypoxia induction, e.g. HYDA1 and 

FDX5, also respond to Cu deficiency. On the other hand, some Cu-deficiency responsive genes, 

such as CYC6 and CPX1, increase transcription levels under O2 shortage (Castruita et al. 2011; 

Lambertz et al. 2010; Pape et al. 2012; Quinn et al. 2000; Quinn et al. 2002). To gain a more 

comprehensive view of the effect of the B6-F mutation(s), changes in gene expression were 

profiled at the transcriptome level. Total RNA samples from strains B6 and B6-F were 

sequenced as single ended reads with a sequencing length of 50 nt using Illumina GAIIX to 

obtain ~18 million pass filter reads each. Short reads were aligned to the reference genome JGI 

v4.0 using Cufflinks with default settings (Trapnell et al. 2010). Differences between strains B6 



 

 

73 

and B6-F were compared using Cuffdiff (Trapnell et al. 2010), and filtered by q-value (<0.05). 

Table 3 shows a list of genes with >2-fold changes in transcript abundance between strains B6 

and B6-F under aerobic conditions. Mutation(s) in strain B6-F altered the transcript levels of a 

wide range of genes involved in various aspects of cellular activity, such as anaerobic 

metabolism, photosynthesis, redox reactions, etc. One category of genes that draws particular 

interest includes genes involved in the Cu-deficiency response or Crr1 target genes, for example 

FDX5, CYC6, CPX1, and CRD1. The transcript levels of these genes were upregulated in strain 

B6-F. Further comparison of the transcriptome difference between strains B6 and B6-F with the 

RNA-seq data in Castruita et al. (2011) comparing transcript abundances of cells grown in +Cu 

vs –Cu TAP media shows that a large number of genes displayed similar fold changes, 

especially for genes with the larger changes in transcript abundance, such as FDX5, CYC6, 

GOX7 and IRT2. Both B6 and B6-F RNA-seq samples in this study were isolated from Cu- and 

O2-replete media, which means that the changes in gene transcript levels likely are due to 

mutation(s) specifically affecting genes involved in the Cu-deficiency response. As shown 

earlier, the chc1-1 mutation is solely responsible for the upregulation of the CYC6 and CPX1 

genes, which are well-known Cu-deficiency responsive genes and targets of Crr1. The FDX5 

gene, whose function is yet to be discovered, is also recognized as a Crr1 target. It is reasonable 

to hypothesize that the transcript abundance changes in some genes, especially genes involved 

in the Cu-deficiency response, are caused by the chc1-1 mutation.  

 

3-2-7. The chc1 mutation phenotype is suppressed by the crr1 mutation. 

 

The mutation(s) in strain B6-F affected the transcript levels of a wide range of genes, 

particularly those that are involved in the cellular response to Cu-deficient conditions. The chc1 

mutation was responsible for the upregulation of the FDX5, CPX1 and CYC6 transcript levels. 

The CPX1 and CYC6 genes are well known Cu-deficiency responsive genes and all three genes 

are targets of Crr1, the central regulator for the Cu-deficiency pathway (Castruita et al. 2011). 

To examine whether the CHC1 gene functions through the same signaling pathway, strain B6-F 

was crossed to strain CC-3959 (crr1-1, arg2). Tetrad progeny were assayed for the expression 

levels of the Crr1 target genes FDX5, CYC6 and CPX1, as well as those of the HYDA1 and 

HYDG genes. The house-keeping gene CBLP serves as the internal control for total RNA 

abundance, and the AMYB1 gene is an indicator for cellular O2 availability. Transcript levels in 
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each strain were compared between +Cu and –Cu conditions. 

     The crr1 mutation suppresses the chc1-1 mutant phenotype in double mutant progeny 

(Figure 10). Transcript levels of the HYDA1, HYDG, FDX5, CYC6 and CPX1 genes in the chc1-

1 crr1 double mutant strains were similar to levels in the wild-type strain CC-125, while the 

expression of the AMYB1 gene was not affected. Further induction by Cu deprivation could not 

increase the abundance of the transcripts, similar to that observed in crr1 mutant strains (strain 

CC-3959 in Fig. 10 and Kropat et al., 2005). This result indicates that the phenotype of up-

regulation of the HYDA1, HYDG, FDX5, CPX1 and CYC6 gene transcript levels in strain B6-F 

works through the Crr1-dependent pathway, and that Crr1 function is epistatic to that of Chc1. 

If there were other mutations affecting the transcript levels of HYDA1 and HYDG genes, they 

also work through the Crr1 pathway. The expression levels of the HYDA2, AMYB1 and PFR1 

genes were not affected by Cu availability (Figure S5). 

     It has been shown by other researchers that the Cu- and O2-deficiency pathways may share 

signaling components as some genes, such as HYDA1, HYDG, FDX5, CPX1 and CYC6 are 

responsive to both induction conditions (Castruita et al. 2011; Pape et al. 2012; Quinn et al. 

2000; Quinn et al. 2002). Transcript levels of the HYDA1, HYDG, FDX5, CYC6 and CPX1 

genes in the crr1 chc1-1 double mutant strains were also tested under O2-deprivation conditions. 

In crr1 chc1-1 double mutant strains, the HYDA1 and HYDG genes still remain inducible to the 

–O2 signal (Figure 10C), while the Crr1 target genes FDX5, CYC6 and CPX1 no longer respond 

to the induction (Figure 10C, Figure S6 B). The induced expression of the HYDA2 gene was not 

affected by crr1 or chc1-1 mutations (Figure S6 A). The efficiency of induction was confirmed 

by the transcript levels of the AMYB1 and PFR1 genes (Figure S6 A). This result further 

supports the conclusion that the chc1-1 mutation upregulates the transcript levels of these genes 

through a Crr1-dependent pathway. Other regulatory mechanisms independent of Crr1 co-

regulate the expression of HYDA1 and HYDG genes.  

 

3-2-8. The CHC1 gene encodes a novel protein with an F-box like domain. 

 

Results in earlier sections showed that the CHC1 gene is responsible for the regulation of Crr1 

target genes FDX5, CYC6 and CPX1 through a Crr1 dependent manner. The CHC1 gene is the 

first component shown to be involved in the Crr1 regulation network. However the function of 

the Chc1 protein and its relationship with the Crr1 protein still remain unknown. qPCR analysis 
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shows that the CHC1 gene transcript is expressed constitutively at comparable levels in strains 

CC-1032, B6 and B6-F under aerobic conditions. The transcript level decreases by ~60% after 

anaerobic induction (Figure S4 D, S7 E). The CHC1 gene transcript abundance showed 

differential response in strains with different genotypes at the CHC1 and CRR1 loci under +Cu 

or –Cu conditions (Figure S7 A-D). Strains containing the wild-type CRR1 and CHC1 genes do 

not change or slightly increase the CHC1 gene transcript level under Cu depletion (A). Strains 

with crr1 CHC1 genotypes show little response or a slight decrease in CHC1 transcript level 

under Cu depletion (B). Strains containing only the chc1-1 mutation increase CHC1 transcript 

abundance by ~two fold under –Cu conditions (C). One hypothesis could be that the chc1-1 

mutation affects the homeostasis of the Chc1 protein under –Cu conditions, which in turn 

increases the transcription of the CHC1 gene. The crr1 chc1-1 double mutant strains do not 

exhibit a clear trend in CHC1 gene transcript level in response to Cu depletion (D).  

     The CHC1 gene encodes a novel unannotated protein. Analysis of amino acid sequence using 

TargetP (Emanuelsson et al. 2000) and PSORT (http://www.psort.org/) (Horton et al. 2006) did 

not find any localization signals and predicted that the Chc1 protein is cytosolic. Interestingly, a 

BLAST (Basic Local Alignment Search Tool) search on NCBI shows that the Chc1 protein is 

highly conserved across a wide range of organisms. The highest amino acid sequence similarity 

is found in proteins from Plantae including green algae and vascular and nonvascular land 

plants. Most of the homologous proteins are hypothetical or have an unknown function.  A few 

were annotated as F-box or F-box like proteins, such as F-box protein SKIP16 (skp1/ask-

interacting protein 16) in both Arabidopsis thaliana and Medicago truncatula. The A. thaliana 

SKIP16 protein is one of the many conserved skp1/ask-interacting proteins, identified as an 

interactor with the ASK2 protein of the SCF complex through yeast-two hybrid (Risseeuw et al. 

2003). Domain analysis of the Chc1 protein sequence through NCBI identified an F-box domain 

involved in protein-protein interaction at the N-terminus, an SMI1 domain with putative 

function in carbohydrate transport and metabolism in the center, and an apaG/DUF525 domain 

with unknown function at the C-terminus. The apaG/DUF525 domain has been found at the C-

terminus of proteins containing F-box or F-box-like domains (Ilyin et al. 2000). Amino acid 

sequence alignment of the C. reinhardtii Chc1 protein with similar proteins from a few land 

plant species shows the conserved F-box domain and the ApaG/DUF525 domain (Figure 11). 

These results may indicate that the Chc1 protein could play a role in the SCF complex in Ub-

dependent protein degradation. Further investigation is needed to identify the function the 

CHC1 gene. 

http://www.psort.org/
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Figures and Tables for Chapter III 

 
 

 

 

 

 

 

 

 

FIGURE 5. qPCR quantification of patterns of changes in gene transcript levels  in 

strains CC-1032, B6 and B6-F under aerobic conditions 

 

Cells of the pf14 strain CC-1032, the conditionally swimming strain B6 and the constitutively 

swimming mutant strain B6-F were aerobically grown in TAP media. Total RNA was isolated 

from each strain and reverse transcribed using a mixture of oligo (dT) primer and random 

primers (Materials and Methods). Transcript levels of individual genes were assayed using 

primer/ probe sets from the Roche universal probe library. All gene transcript levels were 

normalized to that of the house-keeping gene CBLP, and calibrated to the level in the pf14 strain 

CC-1032 which was set at 1. The Y axis represents the fold change of transcript level of a 

certain gene in each strain in comparison to CC-1032. Data were split into two charts to 

accommodate a different y value range in FDX5 and CYC6 expression data (different scales on 
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Y axis). All data (except for PFR1, CPX1 and CYC6) represent an average of multiple 

independent RNA samples (CC-1032: n=8; B6: n=7; B6-F: n=9). 
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FIGURE 6. qPCR analysis of B6-F x CC-2290 tetrad progeny for mapping the B6-

F mutation with molecular markers 

 

Strain B6-F was crossed to the polymorphic strain CC-2290 (S1 D2). Progeny of 26 complete 

tetrads were aerobically grown in liquid TAP media. Total RNA was isolated and assayed by 

qPCR. All data were normalized by the CBLP transcript level and calibrated to levels in strain 

CC-1032 which were set at 1. Results from strains CC-1032, CC-2290, B6 and B6-F were the 

average of multiple independent RNA samples (n>6). For other strains, the result represents one 

RNA sample. Every other tetrad is shaded in green to allow for better visualization. A) The 

patterns of HYDA1 transcript levels segregating in all tetrads can be divided into 4 groups. 

Group I: 2:2 segregation of high: low HYDA1 transcript level; Group II: 3:1 segregation of high: 

low HYDA1 transcript level; Group III: 1 progeny with high HYDA1 transcript level, 2 progeny 

with an intermediate level, 1 progeny with a wild-type low level; Group IV: 2:2 segregation of 

high: low HYDA1 transcript level, with the lower ones at a much higher level than basal 

expression. B) The patterns of FDX5 transcript levels segregating in all tetrads can be divided 

into 3 groups. Group I: 2:2 segregation of high: low FDX5 transcript level; Group II: tetrads 

with more than 3 progeny showing fold changes >1000 (determined as the lowest level of FDX5 

transcript observed in strain B6-F); Group III: tetrads with more than 3 tetrads showing fold 

changes >200 (determined as the level of FDX5 transcript fold change in strain CC-1032 after 2 

hours of anaerobic induction). C) Tetrads showing different patterns of the transcript levels in 

HYDA1, HYDG, and FDX5. Group I: similar patterns of fold changes in transcript level in 

HYDA1 and HYDG, while FDX5 is different. Group II: similar patterns of fold changes in 

transcript level in HYDA1 and FDX5, while HYDG is different. Group III: the patterns of fold 

changes in transcript level are different in all three genes.   
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TABLE 2. Mapping the mutation on chromosome 1 

 

 Markers and Position on Chromosome 1a 

Strain

b 

CYP1c 820K 839K 1038K 1294K 1307K 1333K 1364K 1479K 1574K 1930Kd PC1 ARG7c 

349228 819921 838908 1038721 1294003 1307492 1332824 1364080 1479200 1574346 1930740 2452760 3160196 
1-3 1e 1 0 0 0 0 0 0 0 1 1 1 2 

10-4 1 1 0 1 2 0 2 2 2 2 1 2 2 

17-3 2 1 1 1 1 1 1 1 1 1 1 1 1 

20-1 1 1 1 0 2 0 2 2 2 2 1 2 2 

22-1 2 1 1 1 1 1 1 1 1 1 1 1 0 

 
a
Markers were based on the C. reinhardtii nuclear genome sequence on JGI v4.0. 

b
Strains used for molecular mapping within the region between the markers of CYP1 and ARG7 

were B6-F x CC-2290 progeny. The C. reinhardtii allele is indicated by 1; the CC-2290 (S1 D2) 

allele is indicated by 2; 0 indicates not scored. Each of the progeny strains had the phenotype of 

increased transcript level of the FDX5 gene from the C. reinhardtii parent (scored as 1).  

c
CYP1 and ARG7 were markers included by the Chlamydomonas mapping kit from the 

Chlamydomonas Resource Center.  

d
The abnormal result at this locus might be due to mis-assembly of the genome, which contains 

numerous sequencing gaps.   
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FIGURE 7. A single nucleotide mutation on chromosome 1 in strain B6-F causes 

failure in intron splicing  

 

A) The 5’UTR, the first six exons and the first five introns of gene model au5.g1088_t1 are 

shown (small blue rectangle: 5’UTR; larger blue rectangles: exons; solid lines with arrow 

heads: introns). The position of the T-C single nucleotide mutation and adjacent nucleotides is 

indicated above the gene model (red: end of exon 1; black: beginning of intron 1). Forward and 

reverse primers used for reverse transcription PCR in panel B are marked. The reverse primer 

span a splice site and is drawn as linked by joined lines.  B) Reverse transcription PCR using 

primers in panel A amplified products of different sizes from cDNA templates from strains B6 

and B6-F. Total RNA from aerobically grown B6 and B6-F strains was reverse transcribed 

using the reverse primer as the gene specific primer and PCR amplified using the forward and 

reverse primers. Genomic DNA from strain B6-F, used as a negative control, only produced 

non-specific products.  
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FIGURE 8. Mutant strain B6-F contains a recessive mutation that increases the 

FDX5 transcript level  

 

A) Transcript levels of genes HYDA1, HYDG, FDX5, AMYB1, and PFR1 in strains CC-1032, 

B6, B6-F and five B6-F heterozygous diploid strains were quantified by qPCR. Each data point 

represents one RNA sample. All data were normalized to the transcript level of the CBLP gene, 

and calibrated with levels in strain CC-1032 which was set as 1. The Y axis value represents 

fold change of a specific gene in one strain in comparison to the same gene in CC-1032. FDX5 

is shown in a separate chart with a y axis to accommodate its large changes in transcript levels. 

B) Motility and ploidy test scores for the strains assayed in Panel A. B6-F heterozygous diploid 

strains were initially selected using nit1 and ac17 genetic markers. They were scored as diploids 



 

 

85 

when they were able to grow on Nitrate-M media. Two molecular markers on chromosome 1 

were designed based on SNPs between B6-F and JGI v4.0 genomic sequence at base pair 

coordinate 1018Kb (close to the centromere) and 9430Kb (close to the end of the chromosome). 

REF, JGI v4.0 reference sequence. O, no sequence (for haploid strains). SNP, SNP sequence 

from B6-F.  
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FIGURE 9. λ phage clone containing a wild-type copy of gene model 

au5.g1088_t1(CHC1) rescues the B6-F up-regulated transcript phenotype with 

FDX5, CYC6 and CPX1 genes, and partially with HYDA1 and HYDG genes  

 

A) λ Phage clone 17-1, depicted as a red solid line, contains the complete sequence of the CHC1 

gene (gene model au5.g1088_t1 on JGI v4.0 Augustus 5, gene model g142 on JGI v5.3). Four 

gene models covering a 21.5kb region of chromosome 1 are shown as solid arrows with 

different colors (data from JGI V4.0). The direction of the arrows represents the direction of 

transcription. The gene model in red (au5.g1088_t1) contains the T-C single nucleotide 

mutation. Restriction sites are labeled as short lines beneath the gene models. (B, BamHI (red). 

Sm, SmaI (blue). S, SacII (purple). The diagram was drawn to scale. B) and C) qPCR 

quantification of transcript levels in rescue strains and control strains. B6-F cells were 

transformed with rescue DNA fragments. Immotile transformants showing the pf14 phenotype 

(paralyzed flagella) were scored as potential rescue strains. The transcript levels of genes of 

interest in strains CC-1032, B6 and B6-F were used as controls. All data were normalized to the 

transcript level of the housekeeping gene CBLP. The fold change in the transcript level of each 

gene was calibrated to the level in strain CC-1032 which was set as 1. Rescue strains (labeled as 

RESQs) were transformed with different phage DNAs as indicated below the charts. RESQ7 

was transformed with a phage DNA that does not contain gene model au5.g1088_t1 and was 

used as a negative control (NC) for phage DNA transformation. Phage 17-1 was transformed as 

digested fragments in two patterns. In one experiment it was sequentially digested with BamHI 

and SmaI, to disrupt gene models other than au5.g1088_t1. In a second experiment it was 

digested with SacII, which disrupts gene model au5.g1088_t1. B) Fold changes of transcript 

levels of HYDA1 and HYDG in RESQ strains. The level of AMYB1 shows the endogenous O2 

availability in each strain when cells were collected during RNA preparation. C) Fold changes 

of transcript levels of FDX5, CYC6 and CPX1 genes in RESQ strains. 
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TABLE 3. Mutation(s) in the constitutively swimming mutant strain B6-F affect 

the transcript levels of genes involved in various pathways 

 

Process Gene B6 

FPKM 

B6-F 

FPKM 

Fold 

change 

Annotation 

Genes with increased transcript levels 

Anaerobic 

metabolism 

FDX5 4.6 1159.3 250.2 2Fe-2S ferredoxin 

PFR1 0.1 9.8 125.4 pyruvate ferredoxin 

oxidoreductase 

HYDEF 3.1 24.4 7.9 [FeFe]-hydrogenase assembly 

factor 

HYDG 13.1 75.2 5.7 [FeFe]-hydrogenase assembly 

factor 

HYDA1 22.9 90.9 4.0 [FeFe]-hydrogenase 

Cu-deficiency 

related 

CYC6 4.2 1120.1 268.3 cytochrome C 

CTH1B 1.3 52.6 41.7 Copper target homolog 1, 

untranslated variant under Cu- or 

O2-deficient conditions 

IRT2 0.9 26.0 28.2 ZIP metal transporter family 

CRD1 59.5 839.1 14.1 Copper response defect 1 protein 

CPX1 56.9 656.5 11.5 Coproporphyrinogen III oxidase 

CTR2 3.7 38.8 10.4 copper transporter 

CTR3 7.7 45.2 5.9 copper transporter 

AOF1 7.6 42.8 5.6 Amine oxidase-like protein 

(backup enzyme in Cu 

deficiency) 

CTR1 1.8 8.5 4.9 copper transporter 

Electron 

transport 

HCP1 3.6 43.4 12.0 Prismane/CO dehydrogenase 

family 

Lipid 

metabolism 

FAD5 40.6 121.0 3.0 fatty acid desaturase 5 

FADA 9.1 20.9 2.3 fatty acid desaturase A 

Metal 

assimilation 

ZRT2 2.8 20.0 7.1 Zn-nutrition responsive 

transporter 

ZIP12 3.1 7.5 2.4 Zn transporter 12 precursor 

Oxygen 

dependent  

206687 0.2 29.2 117.4 prolyl 4-hydroxylase α subunit 

516174 2.6 140.8 54.6 glyoxal oxidase-related protein 

GOX7 0.4 14.8 36.9 glyoxal oxidase-related protein 

AOX1C 0.6 18.4 30.5 alternative oxidase 1C 

206509 3.8 67.3 17.9 prolyl 4-hydroxylase α subunit-

like 

GOX17 6.6 93.2 14.1 glyoxal oxidase-related protein 

HPD1 8.1 77.2 9.5 4-hydroxyphenylpyruvate 

dioxygenase 
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Oxygen 

dependent  

206683 7.3 51.3 7.0 prolyl 4-hydroxylase α subunit 

170066 3.6 12.1 3.3 glyoxal oxidase-related protein 

394310 3.2 9.8 3.1 prolyl 4-hydroxylase α subunit 

Genes with decreased transcript levels 

Cu-deficiency 

related 

CTH1A 242.5 69.7 0.29 Copper target homolog 1 protein 

Metal 

assimilation 

ZIFL1 20.1 5.8 0.29 Zn induced facilitator-like 1 

FEA2 8.0 0.2 0.02 Fe-assimilating protein 2 

Oxygen 

dependent  

196837 11.0 4.6 0.42 glyoxal oxidase-related protein 

Photosynthesis CAB1 13.9 3.2 0.23 chlorophyll a/b binding protein 1 

CAB3 92.0 20.0 0.22 chlorophyll a/b binding protein 3 

LHCSR3.2 18.7 3.9 0.21 chlorophyll a/b binding protein 1 

Transporter SULTR2 25.2 5.4 0.21 sulfate transporter 2 

NAR1.2 28.8 3.3 0.11 Formate/nitrite transporter 

Other related genes 

Anaerobic 

metabolism 

HYDA2 13.4 16.2 

 

1.21 

 

[FeFe]-hydrogenase 

Cu-deficiency 

related 

CRR1 29.4 32.7 

 

1.11 

 

Copper Response Regulator 1 

House-

keeping gene 

CBLP 618.0 618.5 

 

1.00 

 

G-protein β subunit-like 

(RACK1) 

Anaerobic 

metabolism 

AMYB1 34.1 29.1 

 

0.85 

 

β-amylase 

 

Cells were aerobically grown in Cu-replete TAP media. 0.4 ug of total RNA from 5 

independent preparations were mixed for each strain for RNA-seq quantification. Transcript 

abundance in the two strains is expressed as FPKM (Fragments Per Kilobase of transcript per 

Million mapped reads). Annotation of transcripts was based on JGI v4.0 annotation, and 

modified according to the annotations in Castruita et al 2011 (Castruita et al. 2011). Details of 

sample preparation and short read alignments are included in Materials and Methods. A 

complete list of genes with >2-fold changes (increase or decrease) in transcript level is included 

in Appendix 2. 
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FIGURE 10. The mutant phenotype of increased FDX5, CYC6 and CPX1 

transcript levels in strain B6-F was suppressed by the crr1 mutation   

qPCR analysis of B6-F (chc1-1) x CC-3959 (crr1-1) tetrad progeny. Cells were grown 

aerobically in Cu-replete (+Cu) and Cu-deplete (-Cu) TAP media (Panel A and B) and 
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aerobically/anaerobically in Cu-replete TAP medium (Panel C). All data were normalized by 

the transcript level of the house-keeping gene CBLP and calibrated to the transcript levels in 

strain CC-1032 which was set as 1. The Y axis value represents the fold change of transcript 

level in each strain in comparison to CC-1032. The wild-type strain CC-125, crr1 mutant strain 

CC-3959 and the chc1-1 mutant strain B6-F are used as control strains. The transcript levels of 

each strain grown in +Cu and –Cu media are compared side by side. The genotype of each 

strain at the CHC1 and the CRR1 loci are listed in the table below each chart. W: wild-type; m: 

mutant. Double mutant progeny are marked in red. A) comparison of transcript levels of 

HYDA1and HYDG genes in tetrad progeny in +Cu and –Cu media. B) transcript levels of FDX5, 

CYC6 and CPX1 genes in tetrad progeny in +Cu and –Cu media. C) comparison of transcript 

levels of HYDA1, HYDG, FDX5, CYC6 and CPX1 in control strains CC-125, CC-3959, B6-F 

and the double mutant strains from the B6-F x CC-3959 cross grown in Cu-replete medium 

under +O2 or –O2 conditions. 
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AT              -----------MG--LEDAGDLVLHIVLSKIGPENTARVACVSKRLKVSAS-EESLWSIF 46 

PT              -----------MPPIINKLGDLALNIILTKLGPKETAKVSCVSKRFKDLAS-EESLWSLF 48 

ZM              MASQPPPEPAPAEAGLESMEGLVLDTVISRAGARPAAALACASTRLRTAVA-DDSLWRRF 59 

SM              --------------MEDVLPALLLQTILARTDAVDCARVACVNRRWRALAH-DDTLWSQH 45 

CR              ----------------MELTPQCLAHVFSQLPARDAARAACVQRLWRDLVQPDERLWKHF 44 

                                       *  ::::  .   *  :*..   :  .  :: **  . 

                                        

AT              CSNDLNISTPLDPHGDPAPSFKRAYQLWRESFRMYPWNLVKRVRLCWDNLKQWLTLNFPE 106 

PT              CLQDLDLSAPLDHHGNPLRSFKATYKLWREAFCMYPWSLVKRVKSCWDRLKSWLTTNFPE 108 

ZM              CGEDLGLDAPVDPEGRPLPSFQVAYKVWSESFGMYPLPMVKRVRQFWTSMKTWLSENFPE 119 

SM              CRDEYGVCAAADFMGNPCCSFKETYAAWHDEFNQYGG-LVYRTKKLWDDLKGVLRSNYPA 104 

CR              MEEDLGMVTKASPDGTEASTYRSAYCAWRKAYGPEYWPFLPRAIRAWGQIKGWLEVNYPA 104 

                  :: .: :  .  *    ::: :*  * . :      :: *.   *  :*  *  *:*  

 

AT              AKATLRKGVTEDDLQEFETSLKVKLPLPTRLLYRFVDGQELS------------------ 148 

PT              VKATLGRGASEGEIQELERILKVKLPLPTRLLYRFHDGQNLTGENL-------------- 154 

ZM              AYKTLCEGVSEAQLKSAEDDLGFKLPMPTKLLYRFCNAQLPFSEDH-------------- 165 

SM              VADSLARQASEADIVAAESTLGWPLPPHVRLLYRFCDGQQIVD----------------- 147 

CR              IRASIQDGTSEEEIRSVEGLLGFSLPPAIKVIYRLHNGQALLFDASRDRRHAAAKAARAG 164 

                   ::   .:* ::   *  *   **   :::**: :.*                      

 

AT              --------------------SPNGLDGSLGLIGGYSAYSHDVNVYLLPLKEVMRETKESF 188 

PT              --------------------NTDAAACLLGLIGGYCFYDHLVNVYLLPLHEVILETRE-I 193 

ZM              --------------------DTNKSISTYGLIGGYAFYDHWVNVHLSPLEQIVEETKDFY 205 

SM              --------------------GDEIAHQYVGLLGGYYFYNHFVNVQLLPLQQVVSYTQRLL 187 

CR              VSGGPGGGGPPPGAGLGPESEEELGSIFHGLFGGYSVYSHLVVSRLMPLRRAAMWTQELE 224 

                                      :      **:***  *.* *   * **..    *:    

 

AT              MRDLGFSSRLDLIVMAASVVASLKIFLLDCTTGQLFTGTSN----RQLLPCVPDALVRSV 244 

PT              VRHLDLPNGSQFIVVAASSSNIGKFFFLNCSDGQLYVGTQNLLTIGEMIPCVPQTLISPV 253 

ZM              REFPDVFHGRKFIVVATSWFHP-KTFLLDCSNGELYVGTYN-LPIGGMLPCVPKALIKPA 263 

SM              SRAP---AGTKRIVIAASCNLN-KFFLLDCDSGMVLVGTKNFLKKYEVMPCLPLASS--- 240 

CR              LHKLR----PQLLAFACSFRVRDKMFVADAATGGLAVARRG-GRGMALQPAAPAADSEP- 278 

                 .        . :..* *     * *. :.  * : ..  .      : *. * :      

 

AT              HDTNGDQQQDAMLLWLEEHGRRLQTGTINVRQQ-----NNVKSISLFPEIPPLCSVSVTN 299 

PT              HDFNIDQQQDAMLLWLEEHGHRLHNGMIKLRDE-----GNIKSISLFPEESPLCSTAVTN 308 

ZM              GN---DLAQDGLLLWLEEHLRRLQSGMIKTRML-----MASRYISLYPEAPPSCSSAVTN 315 

SM              ------NPGDGMLRWLEEYRDGLLSGKYTVRND-----DGIRSISLYPENGSTCTEAVTQ 289 

CR              ------GACDGVLRWFEEYARRLEAGYYEVAVLDEDYPQGSRAISLFPLRQPEMKEEVTR 332 

                         *.:* *:**:   *  *               : ***:*   .  .  **. 

 

AT              GVQVRASSVFIPEISNLRDQPPAYWYAYSIRMSLMPEGCILNGT----HHSSCQLYWRHW 355 

PT              GVKVRASAIFVPEAVDLSRK---YLFAYSIRMSLPPEGCIINGM----RFSSCQLHLRHW 361 

ZM              GIKVRSSAVFVPEHPGRPGE--KFMFTYSIRMSV-PEACMLGGV----YYSSCQLCSRHW 368 

SM              GIQVRASAVFVPELSDPEAL-EKYLFSYSVRMRFLPVSALAS--------NQCQLSRRHW 340 

CR              GVRVRASMVYAPEESPAGKHLFAYTIRFALQDTQSQLAALPPGSSAAQCLARCQLSTRHW 392 

                *::**:* :: **          :   ::::      ..:            ***  *** 

 

AT              VIRADN-EVIDNVNGEAVIGKYPLLQAGEEEFVYESCSSFPTTAGSIDGSFTFVPGSLRD 414 

PT              VISADD-TVASNVNAEAVIGKFPLLLPGEKEFVYESCTPLRSPTGSVEGSFTFVPGRLID 420 

ZM              TIRSCD-RVVSDVSGGGVIGEYPLLLPGEDEFVYESCTPLPQVPGSVEGSFSFVPGKLSR 427 

SM              VVTADD-EIVDEVRAEAVVGMYPLLKLGGDAFVYESCSTQNTLSGSLEGDFTFVPGCLSR 399 

CR              RIRDERGEVADEVHGEGVIGKYPLLEAGGPEFAYCSCTHQAAPQGSMEGEFRFVEGSLER 452 

                 :      : .:* . .*:* :***  *   *.* **:      **::*.* ** * *   

 

AT              PKGSQFEVKVVEFPLELPDYIF 436 

PT              PKGMPFEAEVARFPLQLPDYIF 442 

ZM              PEGKPFEVMVAPFPLDVPEYIF 449 

SM              QEGPEFCVRVAPFPMQVPRYIF 421 

CR              QLGAGFDVACPRFHLEVPPFIF 474 

                  *  * .    * :::* :** 
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FIGURE 11. The protein encoded by gene model au5.g1088_t1 (CHC1) contains 

two highly conserved domains associated with F-Box proteins in many organisms 

 

Amino acid sequence alignment of the Chc1 protein encoded by gene model au5.g1088_t1 in 

Chlamydomonas and other organisms using ClustalW2 with default parameters (Goujon et al. 

2010; Larkin et al. 2007). (AT, Arabidopsis thaliana, NCBI accession number: NP_563759.1; 

PT, Populus tichocarpa, NCBI accession number: XP_002327990.1; ZM, Zea maize, NCBI 

accession number: ACF85411.1; SM, Selaginella moellendorffii, NCBI accession number: 

XP_002979125.1; CR, Chlamydomonas reinhardtii). Red underline marks the hypothetical F-

box domain at the N-terminus, blue underline marks the highly conserved DUF25/ApaG 

domain at the C-terminus. An asterisk  (*) indicates positions that have a single, fully conserved 

residue;  colon (:) indicates conservation between residues with strongly similar properties - 

scoring > 0.5 in the Gonnet PAM 250 matrix. period (.) indicates conservation between residues 

with weakly similar properties - scoring =< 0.5 in the Gonnet PAM 250 matrix. 
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FIGURE 12. Model of Chc1 and Crr1 regulation of CuRE and HyRE in different 

growth conditions 

 

A tentative model for the Crr1 and Chc1 regulation of O2/Cu –deficiency responsive genes. 

Domains of Crr1 and Chc1 proteins were labeled in Panel A, according to Sommer et al. 

(2010). M, Met-rich domain; SMI, SMI domain; CuRE, blank arrowhead; HyRE, striped 

arrowhead represents the GTAC core sequence identified in the HYDA1 promoter region (Pape 

et al. 2012) and/or HyREs of Crr1 target genes. Zn
2+

, Cu 
2+

 and Cu
+
 ions are illustrated as circle, 

rectangle and triangles respectively. Effects of other metal ions were not included for simplicity. 

The figure was modified from Kropat et al. (2005). Crr1 is a nuclear localized protein while 

Chc1 was suggested as cytosolic, so the interaction shown in the figure may not be direct. A) 

Under Cu-replete aerobic conditions, Cu
2+

 ions inhibit Crr1 binding to the CuREs (and possibly 

the HyREs), either through conformational change (left) or competitive binding to the SBP 

domain (right). The Crr1 proteins are also targeted for degradation through interaction with 

Chc1 proteins. B) Under –Cu conditions, Crr1 binds to CuRE and/or HyRE sequences in the 

promoter of target genes and activates gene transcription. The conformation of the Crr1 protein 

inhibits interaction with Chc1 and the subsequent degradation by proteasomes. C) Under 

hypoxia conditions, Cu
+
 replaces Zn

2+
 (Sommer et al. 2010). This change in metal binding 

could result in a change of conformation in the Crr1 protein that inhibits binding to the CuRE 

and promotes binding to the HyRE possibly through the ankyrin repeats and cys-rich region at 

the C-terminus. The transcript level of CHC1 gene decreases, resulting in a decrease of the 

Chc1 protein level. The decreased Chc1 protein level allows more Crr1 protein to activate target 

gene expression through HyRE. 
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TABLE S1. Motility scoring of strain B6-F rescue transformants 

 

Rescue DNA 
Total 

transformants 
pf Flagellaless 

Other motility 

defects 
pf 

ratio 

17-1 BamH I/ Sma I 600 12 8 1 2% 

17-1 Sac II 530 1 6 3 0.2% 

7-2 (NC) 160 1 1 2 0.6% 

 

Potential B6-F rescue transformants were selected on 1% soft agar TAP plates containing 18 

ug/ml hygromycin. Different rescue DNAs listed in the first column include λ phage 17-1 DNA 

digested with BamH I and Sma I; λ phage 17-1 DNA digested with Sac II; λ phage 7-2 DNA 

used as a negative control. Total transformants represent the number of transformant colonies 

scored for motility. All immotile cells were examined with a stereo microscope and categorized 

into 3 groups.  pf: paralyzed flagella; Flagellaless: cells without any flagella; Other motility 

defects: all other phenotypes affecting cell motility, including unequal length flagella, short 

flagella, uni-flagella, long flagella, slow swimming etc. The ratio of paralyzed flagella is 

calculated for each transformation (pf ratio).    
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FIGURE S3. Confirmation of strain B6-F rescue transformation using λ phage 

DNA 

 

A) Diagram of the genomic region covered by the rescue λ phage (modified from Figure 9A). λ 

Phage clone 17-1, depicted as a red solid line, contains the complete sequence of the putative 

mutated gene CHC1 (gene model au5.g1088_t1). Four gene models covering a 21.5kb region of 

chromosome 1 are shown as solid arrows with different colors (data from JGI v4.0 genome 

sequence). The direction of the arrows represents the direction of transcription. The gene model 

in red (au5.g1088_t1) contains the T-C single nucleotide mutation. The probe used in the 
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Southern blot in panel B (SNP-1018k probe) is shown above the phage DNA. Restriction sites 

are labeled as short lines beneath the gene models. B, BamHI (red). Sm, SmaI (blue). S, SacII 

(purple). Diagram was drawn to scale. B) qPCR quantification of the PFR1 gene transcript 

levels in strains CC-1032, B6, B6-F and B6-F rescue transformant strains. The transcript levels 

of each strain were normalized to the level of the house-keeping gene CBLP, and calibrated by 

that of strain CC-1032 which is set as 1. NC, negative control; 17-1 BamHI/SmaI: λ phage 17-1 

DNA digested with BamHI and SmaI; 17-1 SacII: λ phage 17-1 DNA digested with SacII. C) 

Southern blot analysis of B6-F rescue transformants (RESQ#). 2.2 ug of genomic DNA from 

each strain was completely digested with SacI and fractionated on 0.8% agarose gel. DNA was 

transferred to nylon membrane and hybridized to the 
32

P labeled SNP-1018k probe (panel A), 

which recognizes a 0.5 kb fragment at the 5’ end of CHC1 (amplified using primers SNP-

1018K-F: ACAAGGGTGTGGCTCCGCTA and SNP-1018K-R: 

GAGTGTTGCATGGGCGGCAT. Ta=57 °C). The two bands corresponding to the endogenous 

bands at 9.4 kb and 7.5 kb are marked with ◄. Rescue transformant strains containing 

additional bands are labeled with * above the strain ID. As indicated in Panel B, strains #58-71 

were transformed with λ Phage clone 17-1 digested with BamHI and SmaI, strains #72-73 were 

transformed with λ Phage clone 17-1 digested with SacII. D) qPCR quantification of CHC1 

transcript levels in aerobically grown cells. The transcript levels of each strain were normalized 

to the level of the house-keeping gene CBLP, and calibrated by that of strain CC-1032 which is 

set as 1. 
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FIGURE S4. Changes in transcript levels during anaerobic induction 

 

The transcript levels of the HYDA1, HYDA2, HYDG, AMYB1, PFR1, FDX5, CYC6 and CPX1 

genes were quantified in strains CC-1032, the conditionally swimming transformant strain B6 

and the constitutively swimming mutant strain B6-F (chc1-1). Cells were anaerobically induced 

in sealed TAP media in darkness, and RNA samples were extracted at indicated time for each 

chart. All data were normalized to the transcript level of the house-keeping gene CBLP, and 

normalized to the transcript levels in strain CC-1032, which is set as 1. A) quantification of the 

transcript levels of  the two hydrogenases HYDA1 and HYDA2, and the hydrogenase maturation 

factor HYDG. B) quantification of the transcript levels of genes involved in anaerobic 

fermentation, AMYB1 and PFR1. C) quantification of the transcript levels of the CRR1 target 

genes, FDX5, CYC6 and CPX1. FDX5* and CYC6* below corresponding charts shows the 

transcript level changes in strains CC-1032 and B6 with a smaller scale for better visualization. 

D) quantification of the transcript level of the CHC1 gene. For HYDA1, HYDA2, HYDG, 

AMYB1, PFR1, FDX5genes, data at time 0’ represent the average of six independent RNA 

samples; data at 2h and 24h represent the average of two independent RNA samples; data at 15’, 

30’, 4h, 12h represent result from one RNA sample (if applicable). For CYC6 and CPX1 genes, 

data represent one set of RNA samples.  
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FIGURE S5. qPCR quantification of transcript levels of HYDA2, AMYB1 and 

PFR1 genes in B6-F x CC-3959 tetrad progeny grown in +Cu or –Cu media 

Cells of strains CC-125, CC-3959, B6-F and B6-F x CC-3959 tetrad progeny were grown 

aerobically in Cu replete (+Cu) and Cu deplete (-Cu) TAP. All data were normalized by the 

transcript level of the house-keeping gene CBLP and calibrated to the transcript levels in strain 

CC-1032 which was set as 1. The Y axis value represents the fold change of transcript level in 
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each strain in comparison to CC-1032. The transcript levels of each strain grown in +Cu and –

Cu media are compared side by side. The genotype of each strain at the CHC1 and the CRR1 

loci are listed in the table below each chart. W: wild-type; m: mutant. Double mutant progeny 

are marked in red.  
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FIGURE S6. qPCR analysis of transcript levels of HYDA2, AMYB1, PFR1, FDX5 

and CYC6 genes in crr1 chc1-1 double mutant strains from B6-F x CC-3959 cross 

grown in +O2 or –O2 media 

 

Cells of strains CC-125 (CHC1, CRR1), CC-3959 (CHC1, crr1), B6-F (chc1-1, CRR1) and crr1 

chc1-1 double mutant progeny from B6-F x CC-3959 cross were grown in TAP media under 

aerobic (+O2) or anaerobic (-O2) conditions. All data were normalized by the transcript level of 

the house-keeping gene CBLP and calibrated to the transcript levels in strain CC-125 which was 

set as 1. The Y axis value represents the fold change of transcript level in each strain in 

comparison to CC-125. The transcript levels of each strain grown under + O2 and – O2 

conditions are compared side by side. A) Quantification of transcript levels of HYDA2, AMYB1 

and PFR1. B) and C) Magnified view of the quantification of transcript levels of the FDX5 gene 

and the CYC6 gene. Data represent one set of RNA samples. 
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FIGURE S7. CHC1 gene transcript levels in –O2 and –Cu conditions in different 

strains 

qPCR quantification of the CHC1 gene transcript levels under nutrient replete growth 

conditions and under Cu- or O2-deplete conditions in control strains and B6-F x CC-3959 (crr1-

1) progeny strains with different genotypes at the CHC1 and CRR1 loci. A) CHC1 transcript 

levels in strains with wild-type genotype at both CHC1 and CRR1 loci under +Cu and –Cu 

conditions. B) CHC1 transcript levels in strains with crr1 CHC1 genotypes under +Cu and –Cu 

conditions. Two independent sets of CC-3959 RNA samples were quantified. C) CHC1 

transcript levels in strains with CRR1 chc1-1 genotypes under +Cu and –Cu conditions. Two 

independent sets of B6-F RNA samples were quantified. D) CHC1 transcript levels in four crr1 

chc1-1 double mutant strains under +Cu and –Cu conditions. E) CHC1 transcript levels in four 
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crr1 chc1-1 double mutant strains under +O2 and –O2 conditions. For Panels A through D, the 

genotypes at the CHC1 and CRR1 loci of strains tested in each panel is labeld on top. 
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3-3. Discussion 

 

3-3-1. The RSP3 reporter gene system provides a powerful tool for identification of 

factors involved in regulating hydrogenase gene expression 

 

This study demonstrated that the RSP3 reporter gene system is a powerful tool to screen for 

mutations in regulators of HYDA gene promoter activity. Mutant strain B6-F contains 

mutation(s) that activate expression of the RSP3 reporter gene controlled by the HYDA1 

promoter sequence. The endogenous HYDA1 gene, which is driven by the same promoter 

sequence as the RSP3 gene in the reporter gene construct, is upregulated under aerobic 

conditions. In addition to the HYDA1 gene, strain B6-F grown under aerobic conditions showed 

an increase in levels of transcripts from the hypoxia responsive genes HYDEF, HYDG, PFR1, 

genes involved in Cu-deficiency response like CYC6, CPX1, the ferredoxin gene FDX5 that also 

responds to –Cu induction, and a number of other genes with relationships to the O2-/Cu-

deficiency pathway yet to be determined.    

     The RSP3 reporter gene system responds to factors affecting expression of the HYDA1 gene.  

The RSP3 gene transcript level is not affected in pf14 mutant cells (Williams et al. 1989). 

However it is unclear how much of the wild-type RSP3 transcript or Rsp3 protein is required for 

the restoration of motility. Previous studies using RSP3 as a reporter gene fused it to promoters 

that are strongly induced (hundreds of fold increase) and screened for motile cells (Ferrante et 

al. 2011; Haring and Beck 1997; Quesada and Fernandez 1994; Zhang and Lefebvre 1997).  

The HYDA1 transcript levels could increase by hundreds of fold in response to anaerobic 

induction (Mus et al. 2007).  However in this study, the HYDA1 gene transcript level was 

increased by an average of ~15 fold in aerobically grown strain B6-F whereas the RSP3 

transcript level showed a roughly two-fold increase. Our results indicate that the RSP3 reporter 

gene system is sensitive enough to detect even minor changes in the expression level of the 

HYDA1 gene.   

 

3-3-2. Next generation whole genome sequencing 
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The strategy of genetic mapping of the mutation responsible for altered gene expression 

combined with whole genome sequencing allowed the identification of the chc1-1 lesion in the 

mutant strain B6-F. A similar strategy was used previously to identify mutations in 

Chlamydomonas strains (Dutcher et al. 2012).  In this project, nearly 50 SNP differences 

between the B6 and B6F strains were identified across the whole genome, whereas the mapping 

data provided a focus on a genomic region of approximately one Mb that contains a single SNP.  

Multiple SNPs might be caused by 1) the initial chemical mutagenesis treatment of strain B6 or 

2) accumulated spontaneous mutations since the separation of strain B6-F from strain B6 over a 

five-year period. The rate of genetic variances estimated by population fitness was 2-4 x 10
-

3
/generation (Goho and Bell 2000), which leads to the accumulation of mutations over time.  

Results from mutant rescue strains indicate that the single chc1-1 mutation on chromosome 1 is 

responsible for the upregulation of the FDX5, CYC6 and CPX1 gene expression. It also partially 

affects transcript levels of the HYDA1 and HYDG genes.   

     Mutations in backcrosses demonstrated that at lease one other gene in addition to chc1 

contributed to the consititutive swimming phenotype in B6-F. However the effect of chc1 alone 

could be observed by measuring transcript levels of FDX5, CYC6 and CPX1 genes.  Future 

experiments to backcross the B6-F strain and characterize the segregation of gene expression 

patterns in the progeny will enable us to determine the potential role of other mutations in 

addition to chc1-1. The majority of the SNPs identified by sequencing are localized to 

intergenic sequences or introns, and are not likely to cause changes in proteins (Appendix 1). 

However, some additional SNP mutations may contribute, for example, to the upregulation of 

the HYDA1 and HYDG genes. By analyzing the segregation of these SNPs in the backcross 

progeny strains, candidate mutations affecting HYDA1 or HYDG gene expression could be 

identified.  

     The whole genome sequencing generated ~24-fold coverage for the nuclear genome of strain 

B6 and ~37-fold for strain B6-F. The 0.2 Mb chloroplast DNA is also sequenced and included in 

the total reads but not mapped to the nuclear genome (Maul et al. 2002). The relatively low 

coverage of strain B6 may result in low read numbers at locations of potential SNP mutations, 

which would be filtered out during the sorting process. Varying results were obtained from 

different alignment tools. For example, the SNP marker 9430K was identified by the BWA 

alignment program (Burrows-Wheeler Aligner) (Li and Durbin 2009) and has been confirmed 

by PCR and Sanger sequencing, while it was not included in the list of SNPs identified by 

Bowtie alignment. The variation in total SNPs identified by different methods  is caused by i) 
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Bowtie compares uniquely mapped reads while BWA also includes reads mapping to multiple 

locations and ii) Bowtie further filters SNPs for a coverage of at least 6 reads for both strains 

(Materials and Methods). The results suggest that additional genome sequencing of the strains 

would reveal more SNPs and might be required to fully understand the genetic changes that 

resulted in the altered gene expression in the B6-F strain. 

 

3-3-3. The HYDA1 and HYDA2 genes are differentially regulated  

 

Results from this study show that the HYDA2 gene is regulated by different factors than those 

that regulate the HYDA1 gene. In strain B6-F, the HYDA2 transcript is not elevated (or increases 

by at most 2-fold) under aerobic conditions compared to strain B6, whereas the level of HYDA1 

transcript is increased by ~15 fold as measured by qPCR (Figure 5).  Similarly, when transcript 

levels were assessed with RNA-seq, the HYDA2 transcript showed a 1.2-fold increase in B6-F 

cells compared to B6 cells, whereas the HYDA1 transcript showed a 4-fold increase (Table 3).   

     Change in the HYDA2 transcript level was not detected reproducibly in –Cu cells (Figure S5). 

In comparison, HYDA1 transcript level is upregulated by a few folds in Cu depletion (Figure 

10A) and has been shown to be partially under the regulation of Crr1 (Pape et al. 2012). These 

results support the hypothesis that HYDA2 may be regulated by different mechanism(s) than 

HYDA1.   

 

3-3-4. The PFR1 gene 

 

C. reinhardtii is a rare eukaryotic system in terms of pyruvate fermentation, as it possesses all 

four predominant enzymes used in pyruvate fermentative metabolism (Mus et al. 2007).  These 

include PFL1 (pyruvate formate lyase), PFR1 (pyruvate ferredoxin oxidoreductase), PDC1 

(pyruvate decarboxylase) and lactate dehydrogenase (Mus et al. 2007). The product of the PFR1 

gene is pyruvate ferredoxin oxidoreductase. Its function is thought to be in oxidizing pyruvate 

into acetyl-CoA and CO2, and donating electrons to ferrodoxin, and eventually to [FeFe]-

hydrogenases (Hemschemeier et al. 2008; Mus et al. 2007).  The PFR1 transcript level is 

significantly increased during anaerobic induction (Mus et al. 2007), and slightly in Cu-

deficiency induction (Castruita et al. 2011).  
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     In this study the PFR1 transcript level was shown to be upregulated in strain B6-F, though 

the level of upregulation varied greatly among different assays. The initial characterization 

using qPCR in strains CC-1032, B6 and B6-F showed that the PFR1 gene was upregulated by 

3-4 fold in strain B6-F in comparison to strain CC-1032 under aerobic conditions (Figure 5).  In 

the assay quantifying PFR1 transcript levels in B6-F rescue transformants, the negative control 

and the two strains containing a non-functional CHC1 gene showed increased PFR1 transcript 

levels 40-80 fold higher than the level in strain CC-1032 (Figure S3 B). Progeny from the B6-F 

x CC-3959 cross with the CRR1 chc1-1 genotype  showed even larger variations in PFR1 

transcript levels in aerobic, Cu-replete cultures, from ~10 fold to over 200 fold increase (Figure 

S5, strains 18-4, 20-2, 21-2, 22-1). The RNA-seq quantification showed that there was a 125 

fold increase in the PFR1 transcript level in strain B6-F in comparison to strain B6 (Appendix 

2). This discrepancy may reflect the inaccuracy of the qPCR quantification due to primer/probe 

design, as the amplicon of the PFR1 gene does not span any introns (Materials and Methods, 

section 3-5-13-3). It is possible that genomic DNA contamination affected the quantification, 

even though this was not the case for the assays on the other genes.      

     It is interesting to note that all B6-F rescue strains transformed with a complete CHC1 gene 

(phage 17-1 digested with BamHI and SmaI) showed a rescued phenotype of low PFR1 

transcript level, except for strain #58 (Figure S3 B). This was peculiar because strain #58 

successfully rescued the phenotype of the abnormal expression of FDX5, CYC6, and CPX1 

(Figure 9C). At the moment there is no explanation for why strain #58 showed differential 

rescue phenotype on PFR1 and the Crr1 target genes.  

 

3-3-5. Quantification using qPCR and RNA-seq 

 

The gene expression profiles in strain B6-F were investigated using both qPCR and RNA-seq 

techniques. Overall results from the two methods show a similar characterization of the mutant 

phenotype in strain B6-F, however discrepancies were also revealed. First is the magnitude of 

changes in transcript levels. Generally qPCR assays showed larger differences in expression 

levels as compare to the RNA-seq data. For example, the transcript level of the FDX5 gene 

increases an average of ~4000 fold in strain B6-F in comparison to strain CC-1032 (Figure 5), 

while according to the RNA-seq measurement, the increase is ~250 fold (Appendix 2). The 

RNA-seq data compared transcript levels in strain B6-F to those in strain B6 instead of in strain 
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CC-1032, however the difference between the two measurements is more than 10 fold, and 

similar results were also observed for other genes.  This discrepancy may be mainly attributed 

to the limitations of qPCR. Due to the efficiency of PCR amplification at early and late cycles, 

the qPCR quantification is limited by a range of reliable Ct (threshold cycle) values roughly 

between ~17 to ~31 (range varies for individual experiments), which is about a 1-10 x 10
6
 range 

in fold changes (Heid et al. 1996; Morey et al. 2006; VanGuilder et al. 2008). For qPCR assays 

in this study, the transcript levels differ greatly from gene to gene. The most abundant transcript 

is from the housekeeping gene CBLP, with Ct values generally between 15 to 18, while those of 

the FDX5, CYC6, PFR1, AMYB1 genes in wild-type cells under uninduced conditions are 

usually over 30. This huge range of transcript abundance very likely leads to inaccurate 

transcript quantification for genes with low basal expression levels, which is translated into 

large variation or exaggeration when calculating fold changes between strain B6-F and control 

strains.   

 

3-3-6. Crr1 and Chc1 

3-3-6-1. Crr1 and other SBP domain containing proteins 

 

The Crr1 protein is a transcription factor containing an SBP (SQUAMOSA promoter Binding 

Protein) domain (Kropat et al. 2005; Sommer et al. 2010). The SBP domain was first identified 

in Antirrhinum majus as it binds to the SQUAMOSA promoter (Klein et al. 1996). The plant-

specific SBP domain containing proteins have been found in terrestrial plants such as 

Arabidopsis thaliana and Oryza sativa, and in aquatic photosynthetic microorganisms like C. 

reinhardtii (Chen et al. 2010). These proteins are involved in a wide range of biological 

processes, such as leaf development, phase transition, etc. (Chen et al. 2010).  

     In C. reinhardtii, Crr1 is the key regulator in the Cu-deficiency response (Kropat et al. 2005). 

It regulates the concerted differential expression of Cu-responsive genes at multiple levels, one 

of which is transcriptional activation by binding to the consensus CuRE GTAC core element in 

the promoters of its target genes (Kropat et al. 2005). The A. thaliana orthologue SPL7 

(SQUAMOSA promoter binding protein-like7) also plays a central role in response to Cu 

deficiency (Yamasaki et al. 2009).  CRR1 transcripts are constitutively expressed in C. 

reinhardtii cells, slightly downregulated by 20-30% in Cu-deplete medium (Kropat et al. 2005). 

http://www.springerlink.com.ezp1.lib.umn.edu/content/b4x3776031nv6544/
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Studies in A. thaliana and O. sativa have shown that certain SPLs are regulated by miRNA-

targeted transcript degradation (Martin et al. 2010; Xie et al. 2006). Considering the relatively 

stable CRR1 transcript level in C. reinhardtii in Cu-replete and -deplete conditions, CRR1 may 

be regulated through other mechanisms, for example, protein degradation.  

 

3-3-6-2. Chc1 - a putative F-box protein? 

 

The CHC1 gene identified in this study encodes a novel protein with highly conserved 

homologues in a wide range of organisms, especially in land plants. Disruption in the CHC1 

gene results in constitutive expression of a number of Cu-responsive genes. This mutant 

phenotype is suppressed by the crr1 mutation, suggesting that Crr1 is epistatic to Chc1. The 

Chc1 protein is predicted to contain an F-box-like domain at the N-terminus, an SMI domain in 

the middle and a DUF525/ApaG domain with unknown function at the C-terminus. The 

DUF525/ApaG domain was first identified in bacteria (Blanchin-Roland et al. 1986). In 

eukaryotic organisms, this domain has been found in the C-terminal regions of mammalian F-

box proteins (Ilyin et al. 2000), suggesting a role in protein-protein interactions.  Another  

eukaryotic homologue containing the DUF525/ApaG domain, the PDIP38 protein in human, 

was identified as an interacter with the P50 subunit of DNA polymerase δ and the proliferating 

cell nuclear antigen (PCNA) (Liu et al. 2003). Putative DUF525/ApaG domain containing 

proteins also have been found in the genome of various organisms such as chicken, zebrafish, 

Arabidopsis etc. (Cicero et al. 2007). A possible insight into the relationship between the ApaG 

domain and the Crr1 protein is that a Salmonella typhimurium protein CorC sharing sequence 

homology with ApaG is associated with Co
2+

 sensitivity (Gibson et al. 1991).  Previous work 

showed that Co
2+

 ions antagonize the inhibitory effect of Cu
2+

 on Crr1 function (Kropat et al. 

2005; Quinn et al. 2003).  The function of the SMI domain is predicted as beta-1,3-glucan 

synthesis or carbohydrate transport and metabolism by conserved domain analysis of the 

BLASTP suite (NCBI) (Altschul et al. 1997; Altschul et al. 2005). The relationship of this 

domain to the Cu/O2-deficiency response pathway is not clear at the moment.  

 

3-3-6-3. Possible relationship between Crr1 and Chc1 
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Results from this study showed that disruption of the CHC1 gene causes constitutive expression 

of most Cu-deficiency responsive genes, or Crr1-target genes, without Cu-depletion stress. This 

upregulation can not be further elevated by Cu depletion, and is completely suppressed by the 

crr1 mutation. In addition, the transcript levels of the HYDA1, HYDEF and HYDG genes are 

also increased by 10-20 folds in chc1-1 mutant cells, and this upregulation phenotype is 

suppressed by the crr1 mutation. However, these genes can be further induced by anaerobic 

induction, even in crr1 chc1-1 double mutant strains. It is not unreasonable to hypothesize that 

the CHC1 gene is mainly involved in the Cu-response signaling pathway. The phenotypes 

related to expression of the the HYDA1, HYDG and HYDEF genes may be a result of the 

distorted Cu-response signaling caused by the chc1-1 mutation, as these genes have been shown 

to have elevated transcript levels in Cu-deplete conditions in addition to hypoxic induction 

(Castruita et al. 2011).  

     Based on the results from this study, a model for the activity of the Crr1 and Chc1 proteins in 

response to O2/Cu deficiency is proposed in Figure 12, modified from the model proposed by 

Kropat et al. (2005).   

     I: When Cu is replete and the cells are supplied with O2 (Panel A), Cu
2+

 ions inhibit binding 

of the SBP domain to CuREs (or HyREs?) of Crr1 target genes, possibly through 

conformational change of the Crr1 protein or competition with Zn
2+

 ions at the Cu
2+

 binding 

sites (Kropat et al. 2005; Sommer et al. 2010). The Crr1 protein is targeted for degradation by 

direct or indirect interaction with the Chc1 protein through Chc1 F-box and DUF525/ApaG 

domains, so that the ratio of Crr1 protein: Cu
2+

 is kept at a low level and Cu
2+

 completely 

inhibits Crr1 binding to the target genes (Sommer et al. 2010).  

     II: When Cu is removed from the environment (Panel B), Crr1 binds to the CuRE (and 

HyREs such as the one in HYDA1) and activates expression of its target genes (Kropat et al. 

2005; Pape et al. 2012). It is possible that this conformation of the Crr1 protein inhibits 

interaction with the Chc1 protein, preventing degradation of Crr1.  

     III: When cells are deprived of O2, in Cu replete conditions (Panel C),  Cu
+
 ions replace Zn

2+
 

ions for binding with the SBP domain of Crr1 (Sommer et al. 2010). This change in metal 

binding possibly inhibits SBP domain binding to the CuRE sequence, and promotes a 

conformational change of the Crr1 protein. The ankyrin repeat domain and the cys-rich region at 

the C-terminus possibly promotes Crr1 binding to HyRE sequences to activate target gene 

expression. On the other hand, the CHC1 transcript level drops in hypoxia conditions, possibly 

leading to a decrease in the abundance of Chc1 protein and less degradation of the Crr1 protein, 
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allowing the Crr1 protein to interact with HyREs of its target genes.  

     IV: In the chc1-1 mutant strain B6-F, the mutated Chc1 protein no longer mediates the 

degradation of the Crr1 protein under Cu/O2-replete conditions.   The ratio of the Crr1 protein: 

Cu
2+

 rises above the level that inhibits Crr1 binding to CuRE (and/or HyRE) target sequences 

(possibly 1:3; Sommer et al. 2010) and activates the expression of Crr1 target genes.  

     It is worth noting that the Crr1 protein is localized to the nucleus (Sommer et al. 2010) while 

Chc1 is predicted to be a cytosolic protein, so the two proteins may not interact directly with 

each other but possibly through other protein partners.  The presence of the F-box domain and 

the DUF525/ApaG domain suggests that the Chc1 protein is likely involved in protein-protein 

interaction. Whether or not Chc1 interacts directly with Crr1, and what is the consequence of 

the interaction, are questions that deserve further investigation.  
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3-4. Future directions 

3-4-1. Relationship of Crr1 and Chc1 

3-4-1-1. Crr1 protein levels in +Cu/-Cu conditions 

Results from this study suggest a model based on the hypothesis that Crr1 activity is regulated 

at the protein level. The model predicts that Crr1 levels change in response to the presence or 

absence of Cu. This prediction could be tested by using a Crr1 antibody to examine Crr1 protein 

levels on protein blots from cells grown under different conditions. The abundance of the Crr1 

protein could be tracked in wild-type cells or in one of the three crr1 mutant strains (Kropat et 

al. 2005; Pape et al. 2012).  If Crr1 is regulated through protein stability, the protein level 

should decrease in Cu-replete culture.  Levels in chc1-1 mutant cells would be expected to be 

higher than the levels in wild-type cells.  No Crr1 antibody has been reported to date, so instead 

we could construct a Crr1-HA tag protein driven by its own promoter or by a strong constitutive 

promoter, such as the HSP70-RbcS2 promoter (Fuhrmann et al. 2004; Lumbreras et al. 1998; 

Schroda et al. 2002). 

3-4-1-2. Interaction between Crr1 and Chc1 

The model predicts a physical interaction between Crr1 and Chc1 proteins.  The interaction of 

Crr1 and Chc1 could be tested by yeast two-hybrid methods, or by pull-down assays if the two 

proteins are each expressed with a tag.  

3-4-1-3. Other Crr1 or Chc1 interaction partners 

It will be interesting to see whether there are other protein partners interacting with either Crr1 

or Chc1. This could be done through yeast two-hybrid screening of a cDNA library.  

Alternatively the Crr1 or Chc1 proteins might be expressed with a tandem affinity tag (Li 2010) 

to facilitate identification of binding partners.  If Crr1 and Chc1 interact indirectly, this assay 

could identify common interactor(s) between the two proteins.  

3-4-2. Modification of the qPCR assay 

Though the qPCR system used in this study (control genes, primer/probe set for individual 

genes, etc.) served its purpose for quantifying transcript levels in different strains and conditions, 

improvements could be made for more accurate and reliable measurements in the future.   
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3-4-2-1. House-keeping genes 

The CBLP gene is expressed stably in all conditions tested in this study (data not shown). 

However it is a rather abundant transcript (Ct value of ~15-18, 1 µg total RNA/RT reaction, 15 

ng cDNA/assay), while most of the other genes of interest were expressed at low levels under 

normal conditions. This wide range of transcript abundance probably led to inaccuracy in the 

qPCR quantification. Two other house-keeping genes also have been validated for qPCR assays 

including the RSP14 gene encoding for ribosome protein subunit (Nelson et al. 1994) (BMGC 

gene id CRY(03)), and the IDA5 gene encoding for actin (Sugase et al. 1996) (BMGC gene id 

IDA5(02)). The RSP14 transcript shows a Ct value in the range of ~17-20 whereas IDA5 in the 

range of ~19-22.  These transcripts could serve as alternative house-keeping genes with a more 

compatible range for the transcript levels of genes of interest. The RSP14 transcript level 

showed more variations than the CBLP gene, while the IDA5 transcript level seemed to be 

affected by the presence or absence of flagella, which can be an issue when quantifying cells 

with defects in flagella (data not shown).  

3-4-2-2. Genes with low transcript levels 

In this study all assays were done using 20 ng of cDNA, except for B6-F x CC-3959 progeny 

which used 15 ng of cDNA according to the revised BMGC qPCR guidelines. One reaction is 

sufficient for ~27-30 assays (genes of interest), each using 15 ng cDNA. Therefore, for future 

assays of transcripts at low abundance, the amount of cDNA could be increased to allow more 

accurate quantification in the reliable Ct value range.   

3-4-3. Continue screening for mutant strains with elevated HYDA gene transcript 

levels  

Results from this study have demonstrated the utility of the reporter gene system to screen for 

mutations that upregulate the expression level of the endogenous HYDA1 and related genes.  

Disruption of the Chc1 protein, possibly acting through the Crr1 pathway, leads to upregulation 

of HYDA1 gene expression.   Further screening of strains expressing the reporter gene is needed 

to generate strains with mutations in other genes involved in the hypoxia signal transduction 

pathway.   

     This study demonstrated the utility of using flagellar genes as reporters of HYDA promoter 

activity.  Even modest increases in promoter activity resulted in expression of the RSP3 reporter 
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gene and detectable cell motility.  Other motility-related genes could be tested for use as 

reporter genes.  For example, the BLD1 gene encodes a protein required for intraflagellar 

transport and flagellar assembly, IFT52.  Unlike the pf14 mutant used in this project, The bld1-2 

allele, generated by insertional mutagenesis, is unlikely to revert or to be suppressed by second-

site mutations (Brazelton et al., 2001).   
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3-5: Materials and Methods 

3-5-1. Strains 

TABLE M4. Strains used in Chapter III  

Strain Genotype Purpose 

CC-1032 pf14, mt+ 
-Transformation with pHYDA-RSP3 reporter genes 

-Control strain 

CC-125 PF14, mt+ -Control strain 

CC-124 PF14, mt- -B6-F backcross 

CC-613 pf14, mt- 

-Cross with constitutively swimming mutant strains -

Cross with constitutively swimming mutant strains to 

get mutant strains in the opposite mt 

-Generation of strain CC-4322 

CC-1690 NIT1, AC17, PF14, mt+ -Generation of strain CC-4322 

CC-530 NIT1, ac17, PF14, mt- -Generation of strain CC-4322 

CC-4322 NIT1, ac17, pf14, mt- 
-Generation of diploid strains with constitutively 

swimming mutant strains 

CC-2290 mt- -Polymorphic strain S1 D2 for molecular mapping 

CC-3959 crr1-1::ble, arg2, mt- -crr1 mutant strain 

CC-4507 pf14::pHYDA1-RSP3, mt+ Conditionally motile transformant strain B6 

CC-4508 pf14::pHYDA1-RSP3, 

mt+, chc1-1 

Constitutively motile mutant strain B6-F 

CC-4509 pf14::pHYDA1-RSP3, 
mt+, chc1-1 

Constitutively motile mutant strain B6-F, single 

colonized culture used for rescue transformation 

CC-4510 pf14::pHYDA2-RSP3, mt+ Conditionally motile transformant strain C5 (three 

copies of the pHYDA2-RSP3 construct) 

CC-4511 pf14::pHYDA2-RSP3, mt+ Constitutively motile mutant strain C5-4 (TCR1 

insertion in one copy of the pHYDA2-RSP3 construct) 

CC-4512 pf14::pHYDA1-RSP3, mt+ Conditionally motile transformant strain A6 

CC-4513 pf14::pHYDA1-RSP3, mt+ Constitutively motile mutant strain A6-3 (MCR1 

insertion in the the pHYDA1-RSP3 construct) 

All strains were obtained from the Chlamydomonas Resource Center, University of Minnesota. 

The conditionally swimming transformant strains B6 and the constitutively swimming mutant strains 

B6-F have been deposited to the Chlamydomonas Resource Center, University of Minnesota.  

3-5-2. Growth conditions 

3-5-2-1. General growth conditions 

All strains were maintained on Tris-Acetate-Phosphate (TAP) or Minimal (M) (Harris 1989) agar 

plates for long term storage. Strains CC-530 and CC4322 were maintained on TAP agar or ½ R agar 

(M media supplemented with acetate (5ml/L)). Strain CC-3959 and progeny from the CC3959 x B6-

F cross were kept on TAP-Arg (0.02%) medium. 
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     For RNA preparation under aerobic conditions or large scale DNA preparation, cells were 

grown in TAP media bubbled with filtered air, at 24
o
 on a 14-hr light/10-hr dark cycle, 

illuminated with white light (4800 lux) from fluorescent tubes.    

3-5-2-2. Anaerobic induction to screen for for conditionally swimming transformant 

strains 

3-5-2-2-1. Anaerobic induction to screen for conditionally swimming transformant strains  

The initial aerobic induction to screen for conditionally swimming transformants was done 

using a sealed plastic bag and argon purging. Single colony transformants were picked into 96-

well petri dishes with M media and placed in sealed zip-lock bags. The cells were first purged 

with argon for 20 minutes, left under light for 5-6 hours, then flushed with argon again and left 

under light overnight. Cell motility was scored the next day and swimming transformants were 

kept for further analysis. 

 

3-5-2-2-2. Anaerobic induction for qPCR analysis  

Cells were grown aerobically in TAP media as described in 3-5-2-1. 250 ml of each culture was 

harvested at early log-phase (0.5-2 x 10
6
 cells/ ml) and centrifuged in a table top centrifuge for 5 

minutes at 2200 rpm, room temperature. The culture was concentrated 10 times by resuspending the 

pellet in 25ml of TAP media (1/10 of the starting volume) in a glass tube with a rubber stopper and 

sealed with an aluminum seal. The tubes were wrapped with aluminum foil and flushed with argon 

for 30 min. The outlet air passed through a needle linked to a rubber tube, and bubbled through ~20 

cm of water. Once the purging was over, the net internal air pressure of the whole device was 

equivalent to 0.02 atm.  The cultures were incubated in light-proof bags for various time periods. 

Samples were extracted with a syringe and needle at indicated time points during induction, with 

slight argon  purging to maintain internal air pressure.  

 

3-5-2-3. Cu-free treatment  

Cu-free media were prepared as described by Quinn and Merchant (1998). All containers including 

stir bars were washed with 6N HCl for at least 2 h and rinsed 7-8 times with dH2O. Agar was 

washed with EDTA (final concentration 20mM) overnight four times and rinsed with dH2O 4-5 

times. Cu-free TAP media was made from Cu-free stock solutions, and supplemented with Arginine 

to a final concentration of 0.02% (w/v).  
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     Single colonies of tetrad progeny from the B6-F x CC-3959 cross, and the control strains 

CC-125, CC-3959, and B6-F, were picked into Cu-free-TAP-Arg medium first in 96-well dishes 

(2-3 days), then transferred to 24-well dishes (2-3 days). 1-2 ml of cultures from each strain 

grown in Cu-free-TAP-Arg medium in 24-well petri dishes were inoculated into 20 ml Cu-free-

TAP-Arg liquid medium in 125 ml flasks covered with aluminum foil. All cultures were grown 

under constant illumination, and aerated by shaking at 110-120 rpm. Cells were collected for 

RNA preparation after 1-2 days when cell density had reached approximately 1-5 x 10
6
 cells/ml.  

3-5-3. Reporter gene constructs 

For construction of the reporter gene system, please refer to section 2-5-3 

3-5-4. Chlamydomonas transformation   

Chlamydomonas cells were transformed following the glass bead method (Nelson and Lefebvre 

1995). Cells were grown in liquid TAP media for 3-5 days and harvested at a cell density of 1-5 

x 10
6
 cells /ml. For each transformation, 0.5-1 x 10

8
 cells were placed in 15 ml tubes and spun 

down in table top centrifuge at 3000 rpm for 2 minutes. The pellet was resuspended in 1 ml of 

freshly thawed autolysin (filtered through a 0.22µm filter, Millex-GP SLGP033RS) and 

incubated under bright light for 45 minutes at room temperature with gentle shaking. The cells 

were harvested by centrifugation at 3000 rpm for 2 minutes and resuspended in 0.3 ml liquid 

TAP medium. Sterile acid-washed glass beads (0.3 ml, Sigma G1152-500G), 1-2 µg of 

transforming DNA (20 µg for λ phage DNA and digested phage DNA) and 1 µg of pSI103 

plasmid conferring resistance to paromomycin (Sizova et al. 2001) were added to the tube, and 

gently pipetted, followed by 100 µl of freshly made 20% (w/v) PEG 8000 (filtered through a 

0.22 µm filter). The mixture was vortexed at maximum speed for 30-45 seconds and 

immediately diluted by 10 ml liquid TAP medium. The liquid was transferred to a fresh 15 ml 

tube and centrifuged at 2000 rpm for 2 minutes. The cell pellet was resuspended in 10 ml liquid 

TAP media and incubated at room temperature overnight under bright light with gentle shaking. 

Cells were harvested the next day by centrifugation at 2000 rpm for 2 minutes. The cell pellet 

was spread on TAP plates with appropriate antibiotic selecition: paromomycin at 10 µg/ml or 

hygromycin at 18 µg/ml. For the rescue transformation, transformants were spread on TAP-

hygromycin soft-agar plates (1% agar). Transfromant colonies were picked after 5-7 days. 

     The anaerobic induction to screen for conditionally swimming transformants was done using 

a sealed plastic bag and argon purging. Single colony transformants were picked into 96-well 
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dishes (Costar #3595, Corning Inc., Corning, NY) containing M media and placed in sealed zip-

lock bags. The cells were first purged with argon for 20 minutes, left under light for 5-6 hours, 

then flushed with argon again and left under light overnight. Cell motility was scored the next 

day and swimming transformants were kept for further analysis.  

3-5-5. Mutagenesis & selecting for constitutive swimmers 

For mutagenesis and selection for constitutively swimming mutant strains, refer to section 2-5-5.  

3-5-6. Southern blot analysis on B6-F rescue transformants   

Genomic DNA isolated from B6-F rescue transformant strains using CsCl method (1-2 ug; 

Schnell and Lefebvre, 1993) or using the Puregene Core Kit (2.2 µg; Qiagen 1042601) was used 

for Southern blot analysis. For the protocol, please refer to section 2-5-7 and 2-5-10 (radioactive 

probe labeling). 

3-5-7. λ phage library construction and screening 

For the protocol of the construction and screening of λ phage genomic DNA library, refer to 

section 2-5-9 and 2-5-10 (radioactive probe labeling). 

3-5-8. Reverse transcription (RT)-PCR and Mse I digestion assay  

For the protocol of reverse transcription PCR and Mse I digestion assay on the pf14 mutation, 

please refer to section 2-5-11. 

3-5-9. qPCR quantification using Roche Universal Probe Library (assay protocol 

provided by the Biomedical Genomic Center (BMGC), University of Minnesota) 

The assay design utilized the Roche Universal Probe Library (UPL) technology and was based 

on the DNA sequence for each gene from the JGI ver4.0 sequence.  Each assay design generated 

a sequence for the forward primer*, reverse primer*, amplification product (amplicon) and 

provided the UPL probe number. In most cases, the primer sets spanned an intron (Table M7). 

Each primer was ordered through the BMGC Oligonucleotide & Peptide Synthesis service using 

Integrated DNA Technologies (IDT). 

     DNaseI treated total RNA samples were used as a template for first-strand cDNA synthesis 

using SuperScript II reverse transcriptase from Invitrogen.  Synthesis of cDNA was performed 

using 5 μl of total RNA at a concentration of 200 ηg/μl, 1 μl Oligo (dT) (100 μM), 1 μl of 
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random hexamers (200 μM), 1 μl random decamers (100 μM) and 1 μl dNTP's (10 mM) were 

added to the 5 μls of total RNA. 3 μl DEPC-treated dH2O was added to make a total volume of 

12 μl. The mixture was heated to 65 °C for 5 minutes in an Applied Biosystems GeneAmp PCR 

System 9700, then immediately placed on ice. Four μl of 5 x first-strand RT buffer and 2 μl of 

0.1 M DTT was added to the sample mixture. The sample was inserted into an Applied 

Biosystems GeneAmp PCR System 9700 to incubate at 25 °C for 2 min. One μl of SuperScript 

II RT and 1 μl of distilled water was added to the sample mixture for a final volume of 20 μl.  

The sample was inserted into an Applied Biosystems GeneAmp PCR System 9700 to incubate 

at 25 °C for 10 min, 42 °C for 50 min and then inactivated by heating at 70 °C for 15 min.  The 

reaction was terminated by dilution to 125 μl using DEPC-treated dH2O. 

     To validate the primer probe sets, a five-point one to five dilution series of the cDNA sample 

was carried out in a 96-well plate.  The starting concentration for the dilution series was 5 ηg/μl. 

A cocktail was made adding 2 μl of 10  forward primer (IDT), 2 μl of 10 M reverse primer 

(IDT), 1 μl of 10 M probe (Roche Universal Probe Library), and 36 μl of 2.22X Homebrew 

master mix. Four μl of the cocktail was dispensed into a 96-well BioRad plate containing 4 μl 

aliquots of the dilution series and a 4 μl aliquot of distilled water for a negative template control.  

Three μl of the dilution series and cocktail mix were dispensed into duplicate wells on a 384-

well ABI optical plate. The 384-well ABI plate was loaded on the ABI 7900 HT. The FAM-Non 

Fluorescent Quencher detector, and Rox passive reference was selected. The qPCR protocol was 

initiated: 2 min activation at 60 °C and a 5 min denaturation at 95 °C, followed by 45 cycles of 

10 sec at 95 °C and 1 min at 60 °C. 

     Quantitative PCR was performed on the ABI 7900 HT. Three μl of cDNA was dispensed into 

duplicate wells on a 384-well ABI optical plate. The concentration of each cDNA sample was 

24 ηg. A working cocktail was made adding 10 uM forward primer (IDT), 10 uM reverse primer 

(IDT), 10 uM probe (Roche Universal Probe Library), and 2.22X Homebrew master mix. Three 

μl of cocktail was dispensed into the 384-well ABI optical plate containing the 3 μl aliquots of 

cDNA samples. The plate was inserted into the ABI 7900 HT. The FAM-Non Fluorescent 

Quencher detector and Rox passive reference was selected. The qPCR protocol was initiated: 2 

min activation at 60 °C and a 5 minute denaturation at 95 °C, followed by 45 cycles of 10 

seconds at 95 °C and 1 minute at 60 °C. 
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*: When quantifying progeny from the B6-F x CC-2290 cross, gene sequences on JGI v4.0 were 

compared to those of polymorphic strain CC-2290 ESTs through a BLAST search. Primer/probe 

sets were designed in regions supported by sequence coverage from both strains.  

     The result of qPCR is presented as Ct (threshold cycle) values.   Data were analyzed 

following the ΔΔCt method (Livak and Schmittgen 2001). All data were normalized by the 

transcript levels of CBLP, and calibrated to the transcript levels of strain CC-1032 (CC-125 for 

B6-F x CC-3959 tetrad progeny). The transcript abundance of genes in each strain is expressed 

as fold-difference relative to that in strain CC-1032 or CC125. All data points represent one 

RNA preparation unless otherwise indicated.  

3-5-10. Molecular mapping PCR 

The genomic DNA from each tetrad prgeny of B6-F x CC-2290 cross was extracted using 

Puregene Core Kit (Qiagen 1042601) for molecular mapping PCR. PCR was done using Fisher 

taq polymerase and primers from the molecular mapping kit (Chlamydomonas Resource Center, 

University of Minnesota, Kathir et al., 2003; Rymarquis et al., 2005) or primers designed for 

this project (Table M6). The reaction mixture included 12.5 ng template DNA, 2.5 µl 50% (w/v) 

glycerol, 0.625 µl formamide, 1.25 µl 10 x buffer A (Fisher Biotech FB-6000-10), 6.25 pmol of 

each primer and 0.1 µl Fisher Taq DNA polymerase (Fisher Biotech FB-6000-10) in a reaction 

of 12.5 µl. The reaction was performed with cycles of 95 °C 3 min, 35 cycles of (95 °C 1 min, 

Ta* °C 1 min, 72 °C 1 min), 72 °C 10 min.    

Ta*: annealing temperature for individual primer set. 

3-5-11. Next generation whole genome sequencing 

Genomic DNA samples (10 µg at 200 ng/ µl) prepared using the CsCl centrifugation method 

from strain B6 and B6-F were used for whole genome next generation sequencing. The genomic 

DNA library was prepared by the BioMedical Genomic Center (BMGC) at the University of 

Minnesota, Twin Cities, using Nextera Library Prep Kits (Illumina), following the 

manufacturer’s instructions. Illumina cBOT (Illumina) was used for cluster generation, 

following the manufacturer’s instruction.  Both B6 and B6-F DNA samples were sequenced for 

paired-end, 100-bp read length using the Illumina GAIIX sequencer (BMGC, Univesity of 

Minnestoa). Short reads were first trimmed for a minimum quality score of 28 at the 3’ end, and 
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aligned to the the Chlamydomonas genome at JGI v4.0 using BWA (Burrows-Wheeler Aligner) 

(Li and Durbin 2009) and Bowtie (Langmead et al. 2009) with default settings.  

     SNPs were identified by comparing uniquely mapped reads generated from Bowtie 

alignment between strains B6 and B6-F. SNP sites with a coverage of less than 6 reads for either 

strain were excluded from further analysis. .  

 

3-5-12. RNA-seq analysis  

Total RNA prepared using the LiCl precipitation method were submitted for RNA-seq analysis 

(3 µg; Wilkerson et al., 1994). For strains B6 and B6-F, 0.6 µg from each of five independent 

RNA samples were combined to a total of 3 µg. The RNA samples were not treated with 

DNaseI, as the heat inactivation treatment probably lowers the quality of the RNA.  

     First a quality control (QC) was run for the samples using a Ribo Green Assay (Invitrogen) 

for quantification and an Agilent Nano chip (Agilent Technologies) to verify the RNA integrity. 

A RIN (RNA Integrity Number) of 8 is acceptable for further processing. C. reinhardtii cells 

contain a large chloroplast which may lower the final RIN. As a result, a RIN value around 7.5 

was accepted for this assay. The cDNA library was prepared using the Illumina Truseq RNA 

library preparation kit (Illumina) following the manufacturer’s instructions.  

     The processed samples were sequenced using Hiseq2000 for a 50-bp read length, single 

ended. Approximately 18 million pass-filter reads were obtained for each sample. Short reads 

were first trimmed for a minimum quality score of 28 at the 3’ end, and aligned to the 

Chlamydomonas genome at JGI v4.0 using Cufflinks and default settings (Trapnell et al. 2010). 

FPKM (Fragment Per Kilobase of exon model per Million mapped fragments) of uniquely 

mapped reads were compared between strains B6 and B6-F using Cuffdiff and default settings 

(Trapnell et al. 2010). The generated list of differentially expressed fragments was filtered for a 

q-value (FDR adjusted p-value). The FDR, allowed false discovery rate, default was set at 0.05 

or less. Genes showing >2 fold upregulation or downregulation were listed in Appendix 2.  
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3-5-13. List of primers used in Chapter III 

3-5-13-1. Reverse transcription (RT)-PCR primers 

TABLE M5. List of Reverse Transcription (RT)-PCR primers used in Chapter III 

 
Locus Primer Sequence (5’ to 3’) Ta (°C) Amplicon (bp) 

pf14 

pf-RT AGAATGCGCGCGGCGTATGTG 50a RTc 

pf-F TAGCAACGATGGTGCAGGCT 
53 275 

pf-R ATGTGTTGCCTCGTACTACA 

chc1-1 

reverse CTCCAGCCAGCCCTTGATCT 50b RTc 

forward ACGGAAATGGAGCTCACGCC 
56 

303 (wt) 

389 (B6-F) reverse CTCCAGCCAGCCCTTGATCT 

 

a: The Ta of the pf-RT primer is 58 °C. The 1
st
 strand cDNA synthesis was done at 50 °C using 

this primer. 

b: The Ta of the reverse primer is 54 °C. The 1
st
 strand cDNA synthesis was done at 50 °C using 

this primer. 

c: Primer is used in the 1
st
 strand cDNA synthesis 

3-5-13-2. Primers for molecular mapping 

Mapping SNP markers on each chromosome used primers from the mapping kit from the 

Chlamydomonas Resource Center, University of Minnesota, based on Kathir et al .(2003). 

TABLE M6. Mapping primers on chromosome 1 developed in this study 

 
Genomic 

Coordinatea 
Primers (5’ to 3’) 

Tm 

(°C) 

Ta 

( °C) 

Amplicon 

reinhardtii 

Amplicon     

S1 D2 

819921 

820K-F: TCAGGAAGCACATCAAACTC  52.6 

48.7 98 152 820K-R1 (r): AGCTGAGACTAGCTGTCAG 53.5 

820K-R2 (s): CGCAGGCCAAGAAGTAAAG 53.9 

838908 
839K-F: TACATGCACGCCGGAAGACC 60.1 

55.2 156 146 
839K-R: GCACGGAGTCCAAGCACACA 60.5 

1038721 

1038K-F1 (r): TCCATTCACCTCATTACAA 48.3 

49 102 80 1038K-F2 (s): TACACTGAAGCACTCCCC 54 

1038K-R: AGGTAGCGGTTGCAAAGA 54.2 

1294003 

1294K-F1 (s): TCACCCACACGACCATAA 53.3 

48 61 86 1294K-F2 (r): ACCCAGACAGACCTAGAC 52.8 

1294K-R: GAGGCTCTTACGTACTGC 52.3 

1307492 

1307K-F: GCAACGCACACCCAACAA 57.1 

54.2 100 71 1307K-R1 (s): AGGTGGGGCTTGCACTGC 61.5 

1307K-R2 (r): TGCGTTGGTGCGTGCTGG 62.2 
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1332824 

1333K-F1 (r): CTATGCGACGGCGCCAGG 61.8 

54.2 116 70 1333K-F2 (s): CGAGAGCTGGCTTCAGGG 58.2 

1333K-R: GAGTGGCCCTGCGATGCG 62.2 

1364080 
1364K-F: GGTCACTTCCCATTGGCTT 55.4 

50.2 107 119 
1364K-R: TGGCTGATATAGGTGTGGC 54.3 

1479200 
1479K-F: GTCGACGTGGCAGGTATGT 57.3 

52.2 311 296 
1479K-R: AATGGACACCGATCACGGC 58 

1574346 

1574k-F1 (s): TCAGAGCTTCAACTTGGTCA 53.8 

49.6 230 112 1574k-F2 (r): TACAATGGAAGACGGACAGG 54.2 

1574k-R: TAGGTTAAGGCAGGTTGGC 54.8 

1930740 

1930K-F: GACTCGTTGACAGTCTG  49.6 

49 127 98 1930K-R1 (r): TCTAGGCCCCAGCAAAA 53.6 

1930K-R2 (s): TGTTATCAAGTGCAAGG 46.5 

2452760 
PC1-F: CGGAGCTTGTGGCTTGGGAAC 61.2 

55 145 127 
PC1-R: CCCAATGCAGGGCCGAAACAG 61.6 

 

 
a
start position of amplicon on JGI v4.0 

 (r): primer amplifies the reinhardtii allele 

 (s): primer amplifes the S1 D2 (CC-2290) allele 

3-5-13-3. Primer/probe sets used in qPCR assays 

TABLE M7. Primer/probe sets used in qPCR assays in Chapter III 

 

 

Gene BMGC IDa 
Primers (5’ to 3’) Intron

b 

S1 D2 
c 

Probe 

 Amplicon 

Forward Revers IDd sequence 

HYDA1 HYD1 (03) ACGACACGTAC
CTCGGAGAG 

GGCGCTCCTC
ACTTCTTCT 

Yes Yes 133 GGAGAAGG 109 

HYDA2 HYD2 (03) CAGGCGGCTCT

GTACGAC 

TGGCACGTAG

TGGGTGTG 
Yes Yes 123 CTGTCCCA 144 

HYDG HYDG (01) ACTTCTGCCAC

CCCAACTC 

GGTCGGCGTA

GTCCATCA 
Yes Yes 1 GCTCCAGGe 60 

FDX5 FDX5 (01) CTCCGACTGCA

CCATCCT 

CTTGCCGTAC

TCGCAGGT 
Yes No 63 

AGGAGGAG
e 

61 

AMYB1 AMYB1 
(04) 

GACAAGTTCAT
GCTCGAAAGC 

GTTCTGGCTG
ACGAAGAACC 

Yes Yes 14 CTGGGAGA 135 

RSP3 RSP3 (01) CCAGCGGCTAC

ATCTACGAC 

TTGAGCCAGG

GCATGAAC 
No No 39 AGGTGGAG 64 

IDA5f IDA5 (02) GTGTGATGGTC
GGGATGG 

AGAATACCGC
GCTTGGACT 

Yes Yes 141 GGCGACGA 70 

CBLP CBLP (01) ACCAACCCCAT

CATCGTG 

TTCAGCTTGC

AGTTGGTCAG 
Yes Yes 28 GCGGCTGG 74 

CRY1f CRY1 (01) ACTATTTCGCG
CGTCACC 

ATGTGCAGGG
CAGTGATG 

Yes Yes 17 AGGAGCTGe 131 

PFR1 PFR1 (01) CACACACGCG

AAGAGACCTA 

AGTGTCGGAG

CACAAATCAA 
No  No 37 CCAGGGCA 60 

CHC1 GMmRNA

1760 (01) 

GTGCTGGATGA

GGACTACCC 

GGGCGCATAC

ACCATACTG 
Yes - 134 GAAGGAGG 123 

CYC6 CYC6_(01) TCAGGTGGAG

AATGGCAAG 

AACACGTACT

CCGCCACAG 
Yes - 101 GAGGAGGA 110 

CPX1 CPX1_(01) ACTCTGGACCC 
CCGAGTTAC 

TGCAATCAGG
TGCAACAATC 

No  - 144 GGAAGAGG 65 
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IDA5g IDA5 (02) GTGTGATGGTC

GGGATGG 

AGAATACCGC

GCTTGGACT 
Yes Yes 141 GGCGACGA 70 

RSP14g CRY(03) ACTATTTCGCG
CGTCACC 

ATGTGCAGGG
CAGTGATG 

Yes Yes 17 
AGGAGCTGe

  
131 

 

 
a
The identification number of the primer/probe set deposited in BMGC library for qPCR assays.  

b
Whether the amplicon spans an intron sequence. 

c
Whether the amplicon sequence is covered by S1 D2 (CC-2290) allele ESTs.  

d
Identification number of the probe in the Roche Universal Probe Library system. 

e
The probe spans an intron sequence. 

f
The primer/probe set was not used in this study, but has been tested as working combination 

and could be used as an internal control gene for future research. 

g
primer/probe sets validated but not used in the assays in this study. 

3-5-13-4. Single Nucleotide Polymorphism (SNP) marker primers  

TABLE M8. Single Nucleotide Polymorphism (SNP) marker primers used in Chapter III 

 
Genome 

coordinat

ea 

SNPb Primer Primer sequences (5’ to 3’) 
Ta 

(°C) 

Amplicon 

(bp) 

Sequencing 

Primer 

Primers to identify strain B6-F mutation (SNP) on chromosome 1 

1018303 A - G 
SNP-1018K-F ACAAGGGTGTGGCTCCGCTA 

57 499 
SNP-

1018K-R SNP-1018K-R GAGTGTTGCATGGGCGGCAT 

9429922-

9429923 
AG - CT 

SNP-9430K-F GCTGTCGAAATGGGTGGCAG 
55.7 307 

SNP-

9430K-F SNP-9430K-F TCACCTTGCTCCTGTGGGAC 

Primers to identify crr1-1 mutation (deletion) on chromosome 2 

6654725 G 
Crr1-F TGGCCAGGTCACTGCATCCT 

56 269 Crr1-F 
Crr1-R CAGCCCATGTCGCAAGCCAT 

 
a
Position of mutation (nucleotide change for B6-F mutation primers, single nucleotide deletion 

for crr1-1 mutation primers) on JGI v4.0 

b
Nucleotide difference for each SNP site. A-G: A (JGI v4.0) is changed to G (strain B6-F). AG-

CT: nucleotides AG (JGI v4.0) are changed to CT (strain B6-F). G: single nucleotide deletion in 

mutant allele crr1-1. 
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Appendices 

 

Appendix 1 

List of SNP mutations between strains B6 and B6-F identified by next 

generation whole genome sequencing 
 

Chra Positionb Refc B6d  Depthe B6-Ff Depthg 

JGI 

V4.0 

Protein 

IDh 

Annotationi 

Position 

of SNPj 

1 1018303 A A 49 G 45 405586 

Putative F-box protein 

1st intron, 

affects 

splicing 

1 3629007 A A 23 G 32 376425 protein kinase. 1st exon exon 

1 7661365 G A 41 G 34 - 
 

intergeneti

c region 

2 1606535 A T 44 A 49 518681  3'UTR 

2 2678515 C C 27 A 31 518859 
Armadillotype fold 

putative 

5'UTR 

2 5712652 A A 35 G 29 519359 
 

putative 

5'UTR 

2 8074900 G G 32 T 34  
 

intergeneti

c region 

3 140199 C T 15 C 8 520399 
protein kinase 

last exon 

(8th) 

3 2761632 A A 50 T 32 418926 

Transcription initiation 

factor TFIID, subunit 

BDF1 and related 

bromodomain proteins exon 

3 4333829 C T 8 C 13 521155  intron 

4 2072697 G G 20 C 16 522158 Protein kinase, core exon 

4 2242701 G G 11 T 21 522175  intron 

5 2010500 C C 27 G 26 522567  intron 

7 978677 A A 27 C 27 524333 

Pyruvate phosphate 

dikinase, PEP/pyruvate 

binding 

intron 
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7 3600157 C A 30 C 19 524746 

Histidine triad-like motif, 

RNA recognition motif  intron 

8 1959396 A A 11 C 18  

 

putative 

promoter 

of protein 

ID 

525463 

8 2140993 C T 11 C 11 525492  exon 

8 2739632 C C 7 G 6 525555  intron 

9 3565738 G G 28 T 29  
 

intergeneti

c region 

_9 4364710 A G 32 A 31 526388  exon 

10 2882354 G G 24 A 40 510030  intron 

10 6574613 G G 24 T 17  
 

intergeneti

c region 

11 117455 A C 8 A 7 512153  intron 

11 866682 C C 24 A 24 512245  intron 

12 2207719 T T 15 C 14 512890 Aldehyde dehydrogenase exon 

12 2452444 C C 10 A 15 512946 Histone H2A exon 

12 5898840 G G 36 T 30 513581 

Adenylyl cyclase class-

3/4/guanylyl cyclase, 

Bacterial extracellular 

solute-binding, family 1 3'UTR 

12 7273257 G G 51 A 42 513794 

Glutamate/ 

phenylalanine/ 

leucine/valine 

dehydrogenase 3'UTR 

12 7790586 G G 22 C 17 513895 

 

last nt in 

intron; 

may affect 

splicing 

12 8070620 G G 30 C 30  
 

intergeneti

c region 

12 8156672 T T 25 C 20 330785  intron 

12 9238527 G A 26 G 28 180472 

ELG19, Acetylglucos-

aminyltransfer-ase 

EXT1/exostosin 1 exon 

13 4473753 C C 34 A 27 196798 

Similar to copper type II, 

ascorbate-dependent intron 
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monooxygenase 

13 5977065 G G 43 C 51 515037 Chaperonin Cpn60 3'UTR 

13 6219937 G G 8 T 26 152186 

2-5 oligoadenylate 

synthetase, ubiquitin-like 

region 

intron 

(>10 kb) 

15 941863 A A 8 C 19 179210 FOG: Zn-finger exon 

16 1472 G C 11 G 13 515965 

M16 peptidase-like, 

metal-binding intron 

16 800591 T T 40 G 26 287929 

CREB binding 

protein/P300 and related 

TAZ Zn-finger proteins exon 

16 1910897 T C 9 T 12 516288  exon 

16 2886769 G G 23 T 26 516407  exon 

16 4915812 A A 25 G 20 396216 

ATP-dependent helicase, 

DEAD-box exon 

16 4932165 G G 22 A 33 395937 Protein kinase intron 

17 66319 G T 16 G 17 145357 

FMR1, putative fumarate 

reductase (=succinate 

dehydrogenase), 

flavoprotein subunit exon 

17 2415319 C C 26 A 21 289234 

Glycogen synthase 

kinase-3 exon 

17 3363103 G G 25 A 9 206679 ABC transporter intron 

scaf

_23 
175258 C C 13 T 18 391515 Serine carboxypeptidases intron 

scaf

_33 
18077 C C 27 A 31 195180 

MOT46, Nuclear 

transport receptor 

RanBP16 (importin beta 

superfamily), present 

only in organisms having 

motile (MOT) cilia 

intron 

(>15 kb) 

scaf

_33 
116068 A A 15 G 8 521802 

Protein kinase, core exon 

 

Whole genome sequencing on strains B6 and B6-F was done using Illumina Genome Analyzer 

XII. Short reads from each strain were aligned to the reference genome JGI v4.0 using Bowtie 

alignment tools and compared for single nuceotide polymorphisms (SNPs).  

a
Chromosome or seqeuence scaffold in v4.0 sequence 

b
Position - genome coordinate of the SNP position on chromosome or scaffold 
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c
Ref - nucleotide at this position on JGI v4.0 (reference genome) 

d
B6 - the predominant base call at this position in strain B6. Because the data were filtered for a 

first base allele ratio >85%, other base calls and ratio of first base out of total base were not 

shown in this table.  

e
Depth - total number of reads aligned to this position for the predominant base call (1stBase 

coverage) in strain B6 

f
B6-F - the predominant base call at this position in strain B6-F. Because the data were filtered for 

a first base allele ratio >85%, other base calls and ratio of first base out of total base were not 

shown in this table 

g
Depth - total number of reads aligned to this position for the predominant base call (1stBase 

coverage) in strain B6-F 

h
JGI V4.0 Protein ID - JGI v4.0 of the gene containing the SNP. Cell is left blank if the SNP is 

localized to an intergenetic region 

i
Annotation - JGI v4.0 annotation of the gene containing the SNP. Cell is left blank if no 

annotation is available 

j
Position of SNP - position of SNP relative to the corresponding gene 
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Appendix 2  

Transcripts showing >2-fold differences between strains B6 and B6-F 

identified by RNAseq quantification  

 

aProt 

ID 
bProcess 

cJGI 4.0 
Chromosome 

coordinate 

dGene 
eB6 

FPKM 

fB6-F 

FPKM 

gFold 

change 

hCastruita 

et al. 2011 
iAnnotation 

Genes with increased transcript levels (>2 folds) 

206699 

Cu-

deficiency 

related 

chromosome_16:4

37043-438368 CYC6 4.1754 1120.1 268.251 2598.128 Cytochrome c 

156833 
Anaerobic 
metabolism 

chromosome_17:7
02790-704770 FDX5 4.6343 1159.3 250.154 159.163 

2Fe-2S ferredoxin-

like superfamily 
protein 

206677 

Anaerobic 

metabolism 

chromosome_11:1

097982-1106207 PFR1 0.078 9.7784 125.396 4.441 

pyruvate:ferredoxi

n oxidoreductase 

206687 

O2 -

dependant 

pathway 

chromosome_3:39

08791-3912717  0.2484 29.168 117.432 45.299 

prolyl 4-

hydroxylase alpha 

subunit 

 

O2 -
dependant 

pathway 

chromosome_16:1

249972-1254405  2.5772 140.79 54.631 38.919 

glyoxal oxidase-

related protein 

  
chromosome_1:87
6787-883189  0.1548 6.4873 41.895  

Calcium-binding 
EF-hand 

183048 

Cu-

deficiency 

related 

chromosome_12:3

032519-3034085 

CTH1

B (!) 1.2622 52.604 41.676 0.240 

Copper target 

homolog 1 

protein, 
untranslated 

variant produced 

under copper and 
or oxygen 

deficient 

conditions.  

206032  

chromosome_17:4

203611-4208549 

RSEP

1 0.6819 27.934 40.968 23.816 

Peptidase M50 

family protein 

206689 

O2 -

dependant 
pathway 

scaffold_44:7865-
12827 GOX7 0.4 14.768 36.916 77.706 

glyoxal oxidase-
related protein 

206679  

chromosome_17:3

361364-3373946 PDR3 6.2935 229.31 36.437 4.640 

pleiotropic drug 

resistance 3 

77667 

O2 -
dependant 

pathway 

chromosome_3:27

54071-2758667 

AOX1

C 0.6048 18.447 30.500  

alternative oxidase 

1C 

196635 

Cu-
deficiency 

related 

chromosome_12:5

299498-5303890 IRT2 0.9206 25.96 28.199 15.418 

ZIP metal 

transporter family 

536322 

Signal 
transductio

n 

chromosome_2:24

9528-251251 

CYG2

4 0.4529 9.1988 20.313  guanylate cyclase 

206509 

O2 -
dependant 

pathway 

chromosome_2:14

02263-1405778  3.7635 67.292 17.880 20.706 

prolyl 4-

hydroxylase alpha 
subunit-like 

protein 

183476 

Cu-
deficiency 

related 

chromosome_7:46

15044-4618608 CRD1 59.537 839.12 14.094 12.303 

Copper response 

defect 1 protein 

35598 

O2 -

dependant 
pathway 

chromosome_16:1
255284-1259653 

GOX1
7 6.6167 93.249 14.093 38.919 

glyoxal oxidase-
related protein 

148253 Electron chromosome_9:89 HCP1 3.6176 43.446 12.009  Prismane/CO 
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transport 0465-894087 dehydrogenase 

family 

53583 

Cu-
deficiency 

related 

chromosome_2:15

22843-1526793 CPX1 56.94 656.54 11.530 14.993 

Coproporphyrinog

en III oxidase 

153794  
chromosome_14:3
06796-313494  1.0047 10.585 10.535  

Auxin-responsive 
family protein 

196096 

Cu-

deficiency 

related 

chromosome_10:2

224541-2229503 CTR2 3.7121 38.762 10.442 19.859 

CTR type copper 

ion transporter 

206686  

chromosome_2:82

30961-8235323 HPD1 8.1496 77.182 9.471 47.972 

4-

hydroxyphenylpyr

uvate dioxygenase 

191403  

chromosome_2:71

81930-7186146 HCP3 4.4703 37.603 8.412 4.546 

Prismane/CO 
dehydrogenase 

family 

145064 

Anaerobic 

metabolism 

chromosome_6:56

99750-5708506 

HYD

EF 3.0929 24.352 7.874 12.271 

[FeFe]-
hydrogenase 

maturation factor 

153072 
Metal 
assimilation 

chromosome_1:25
205-30447 ZRT2 2.8125 20.005 7.113 2.336 

zinc-nutrition 

responsive 
transporter 

298218  

chromosome_9:43

83185-4392867 CDC2 1.7167 12.095 7.045  

cell division 

control 2 

206683  

chromosome_2:13

98723-1402215 

AT-
P4H-

2 7.3329 51.331 7.000 101.795 P4H isoform 2 

401816  
chromosome_6:67
89103-6794012  4.6183 31.806 6.887  

Rhodanese/Cell 
cycle control 

phosphatase 

superfamily 
protein 

  

chromosome_12:8

91798-892650  3.8783 26.389 6.804  

Transducin/WD40 

repeat-like 
superfamily 

protein 

19665  

chromosome_17:5

161305-5167161 

FAP1

64 1.7666 11.219 6.351  

ankyrin repeat 

family protein 

196115 

Cu-

deficiency 

related 

chromosome_10:2

263183-2268155 CTR3 7.6934 45.185 5.873 10.068 

copper transport 

accessory protein 

196226 

Anaerobic 

metabolism 

chromosome_6:56

95036-5699646 

HYD

G 13.101 75.214 5.741 7.439 

[FeFe]-
hydrogenase 

maturation factor 

173525 

Cu-
deficiency 

related 

chromosome_9:55

3935-558187 AOF1 7.594 42.805 5.637 4.050 

Amine oxidase-

like protein, 

Protein related to 

amine oxidase, 
flavin-containing; 

amine 

oxidase:FAD 
dependent 

oxidoreductase 

182877  

chromosome_10:3

213884-3216650  29.8 156.46 5.250 5.785 

2-oxoglutarate 
(2OG) and Fe(II)-

dependent 

oxygenase 
superfamily 

protein 

 

Cu-

deficiency 

related 

chromosome_14:2

991972-3002194 CTR1 1.7548 8.5273 4.859  

Protein kinase 

superfamily 

protein 

141676  

chromosome_2:51

72536-5175518  2.4225 11.265 4.650  

FAD/NAD(P)-

binding 
oxidoreductase 

family protein 
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536098  
chromosome_15:2
006828-2008632  5.0256 22.219 4.421  

Nucleotide-sugar 

transporter family 
protein 

381157  
chromosome_15:2
524201-2532000 XF1 12.623 54.923 4.351  

FAD/NAD(P)-

binding 

oxidoreductase 
family protein 

421317  
chromosome_10:1
679095-1683939  10.893 46.598 4.278  

formyltetrahydrof

olate deformylase, 
putative 

130931  

chromosome_9:36

51619-3662745 ECA1 2.4054 9.8406 4.091  

ER-type Ca2+-

ATPase 1 

183963 
Anaerobic 
metabolism 

chromosome_3:60
36822-6041467 

HYD
A1 22.883 90.921 3.973 4.241 

[FeFe]-
hydrogenases 

121823  

chromosome_17:2

304637-2313473 HAK5 3.0798 12.234 3.972  

high affinity K+ 

transporter 5 

188740  
chromosome_12:5
66166-569458 FD1 2.8426 11.013 3.874  ferredoxin 1 

419681  

chromosome_3:73

58297-7364243 PAB3 1.9686 7.606 3.864  

poly(A) binding 

protein 3 

292358  
chromosome_3:92
8820-932076 DPL1 3.118 11.36 3.643  

dihydrosphingosin
e phosphate lyase 

196717  
chromosome_5:80
8694-813823 

CYP9
7A3 16.819 60.153 3.577 5.154 

cytochrome P450, 

family 97, 

subfamily A, 
polypeptide 3 

205753  

chromosome_17:7

79865-783979 SSI2 64.342 223.65 3.476 4.877 

Plant stearoyl-

acyl-carrier-
protein desaturase 

family protein 

146632  
chromosome_1:50
07696-5012289 

CPK2
9 3.4378 11.462 3.334 2.772 

calcium-dependent 
protein kinase 29 

170066  

chromosome_6:69

52880-6959724  3.6455 12.05 3.306 1.766 

glyoxal oxidase-

related protein 

405744  
chromosome_1:12
13652-1222591 PDR3 3.2937 10.827 3.287  

pleiotropic drug 
resistance 3 

194026  
scaffold_23:22219
3-224706  12.216 39.971 3.272 2.852 

Class I glutamine 

amidotransferase-

like superfamily 
protein 

64643  

chromosome_1:85

19611-8523287  6.8837 22.21 3.226 3.555 

Galactose 

oxidase/kelch 
repeat superfamily 

protein 

141887  
chromosome_2:38
65476-3874168 EDR1 2.2855 7.3235 3.204  

Protein kinase 

superfamily 
protein 

115842  

chromosome_4:20

73974-2089790 PDR3 5.8371 18.613 3.189  

pleiotropic drug 

resistance 3 

196411  
chromosome_2:24
09624-2414204 

CYP5
1G1 40.39 126.37 3.129 4.439 

CYTOCHROME 
P450 51G1 

298092  
chromosome_9:34
60201-3463056  15.358 47.211 3.074 3.197 

catalytic LigB 

subunit of 
aromatic ring-

opening 

dioxygenase 
family 

394310  
chromosome_11:2
392534-2400686 

AT-

P4H-
2 3.2127 9.8472 3.065  P4H isoform 2 

117883  

chromosome_9:16

98693-1704152 FAD5 40.569 120.95 2.981  

fatty acid 

desaturase 5 

153430  

chromosome_11:8

16215-821851  3.5122 10.234 2.914  

Cysteine 
proteinases 

superfamily 

protein 
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186602  

chromosome_2:17

98041-1806657  2.1531 6.2531 2.904  

Protein kinase 

family protein 

145491  
chromosome_3:50
66616-5074354  3.6311 10.46 2.881 1.069 

HD domain-
containing metal-

dependent 

phosphohydrolase 
family protein 

398287  
scaffold_19:76740
0-773396  3.1499 9.0391 2.870  

Protein of 

unknown function 
DUF455 

410734  
chromosome_5:33
06699-3316867 

NRA
MP4 3.0849 8.7747 2.844  

natural resistance 

associated 

macrophage 
protein 4 

399804  

chromosome_9:14

72640-1483376 PDR4 13.358 37.93 2.840  

pleiotropic drug 

resistance 4 

309780  

chromosome_8:22

30176-2238478 LUT1 12.448 33.832 2.718  

Cytochrome P450 
superfamily 

protein 

285406  
chromosome_12:5
882316-5886130  4.3444 11.723 2.698   

187094  

chromosome_6:23

48366-2354772 LUT2 16.948 45.369 2.677  

Lycopene 

beta/epsilon 

cyclase protein 

148091  

chromosome_12:8

219789-8225611  3.1765 8.2111 2.585  

Glycine cleavage 

T-protein family 

286243  

chromosome_13:1

684323-1691025  3.0194 7.6814 2.544  

Protein kinase 
superfamily 

protein 

347348  

chromosome_16:2

118088-2123828 

SDG3

5 5.8902 14.907 2.531  

SET domain 

protein 35 

  

chromosome_10:2

545370-2548435  2.7642 6.9709 2.522   

127387  

chromosome_10:4

888688-4891549 

COX1

9-1 4.1947 10.565 2.519  

cytochrome c 

oxidase 19-1 

409900  

chromosome_17:4

471782-4475791  3.0974 7.7842 2.513   

145238  

chromosome_17:1

014141-1022423  3.8265 9.5907 2.506   

294072  
chromosome_4:27
79754-2785496 HSI2 2.5407 6.3678 2.506  

high-level 

expression of 

sugar-inducible 
gene 2 

285406  

chromosome_12:5

879286-5882268  2.6758 6.6514 2.486   

  
chromosome_7:24
17563-2429040  3.1116 7.6834 2.469  catalytics 

187910  

chromosome_13:1

071006-1073871  15.646 38.499 2.461   

  
chromosome_13:3
349632-3364431  4.8792 11.932 2.445   

183171  

chromosome_6:61

06061-6109835 ZIP12 3.0895 7.5236 2.435  

zinc transporter 12 

precursor 

333343  
chromosome_17:6
009885-6016987  3.7574 9.1372 2.432   

176525  

chromosome_2:60

83459-6090485  6.2484 15.178 2.429   

291249  
chromosome_2:61
03855-6106492  8.3865 20.314 2.422   

  

chromosome_2:30

71745-3080038 BPM6 3.6518 8.785 2.406  

BTB-POZ and 

MATH domain 6 

  
chromosome_11:1
44745-149787  5.948 14.258 2.397   

205910  

chromosome_6:42

06531-4209916 APX6 11.621 27.829 2.395  

ascorbate 

peroxidase 6 

114106  chromosome_3:39  3.9918 9.5486 2.392   
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88748-3994081 

164400  
chromosome_4:58
6656-591799 

β-

OHAS
E 1 13.455 31.99 2.378  beta-hydroxylase 1 

298308  

chromosome_1:15

0395-152443  3.5609 8.4159 2.363   

  
chromosome_3:50
38007-5040728  14.754 34.851 2.362   

147722  
chromosome_14:3
255532-3261789 

NAD

P-
ME3 6.4453 15.137 2.349  

NADP-malic 
enzyme 3 

390255  

chromosome_8:33

10762-3317705  15.142 35.475 2.343   

  
chromosome_14:2
885913-2889892  2.7728 6.4632 2.331   

396091  

chromosome_16:3

812014-3819320 COL2 6.9939 16.251 2.324 4.235 

CONSTANS-like 

2 

205761  
chromosome_16:3
481892-3486162 FADA 9.0648 20.888 2.304  

fatty acid 
desaturase A 

177689  

chromosome_13:6

107264-6109967 CLS 12.639 29.032 2.297 3.646 

cardiolipin 

synthase 

  
chromosome_4:27
85544-2787503  6.0577 13.881 2.291   

60432  

chromosome_12:1

13085-133357  2.7057 6.1898 2.288   

186500  
chromosome_2:86
5040-870810  4.1225 9.431 2.288   

379303  

chromosome_9:29

32805-2935503  5.7291 13.028 2.274   

144745  

chromosome_12:6

32388-637317 

NCE

D4 10.327 23.337 2.260  

nine-cis-
epoxycarotenoid 

dioxygenase 4 

181419  
chromosome_10:6
437070-6439689  4.5459 10.234 2.251 1.455  

404422  

chromosome_1:45

27188-4533088  7.5341 16.616 2.206   

182430  
chromosome_5:26
83927-2686228  10.422 22.948 2.202   

Genes with decreased transcript levels (>2 folds) 

40497

9  

chromosome_1:89

7661-900957  30.773 13.888 0.451   

19020

0  

chromosome_14:1

395807-1397277  27.891 12.529 0.449  

HSP20-like 
chaperones 

superfamily 

protein 

18512

5  

chromosome_16:1

763402-1766614  10.013 4.4841 0.448  

Histone 

superfamily 

protein 

39371
7  

chromosome_11:8
10290-812491  25.251 11.262 0.446  

Sodium Bile acid 
symporter family 

15270

9  

chromosome_7:33

47731-3350888  31.371 13.855 0.442   

15140

0  

chromosome_13:4

470317-4472779  7.8557 3.4417 0.438   

51172

2  

chromosome_1:73

99661-7404007  12.492 5.4598 0.437  

DNA/RNA 

helicase, RNA 
cyclase family 

protein 

29422
2  

chromosome_5:57
5666-582889  25.518 11.152 0.437   

30071

6  

chromosome_2:46

3336-465795  18.043 7.8777 0.437  

Peptidyl-tRNA 

hydrolase family 

protein 

41541

9  

chromosome_2:31

7319-320898  36.433 15.887 0.436  

PLAC8 family 

protein 

51509  chromosome_13:6  9.6389 4.1572 0.431  Zinc finger, PHD-
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3 373456-6377832 type, RNaseH, 

RTase 

40582
7  

chromosome_1:65
16779-6518511  30.013 12.794 0.426  protein kinase 

19683
7 

O2 -

dependant 
pathway 

chromosome_5:24
96134-2504660  11.032 4.6424 0.421  

glyoxal oxidase-
related protein 

99772  
chromosome_7:23
03479-2305634  23.868 9.9862 0.418  

RNA-binding 

(RRM/RBD/RNP 

motifs) family 
protein 

30571

9  

chromosome_5:33

24725-3327036 CAH5 48.278 20.097 0.416  

beta carbonic 

anhydrase 6 

12908

8  

chromosome_14:1

393832-1395437  28.614 11.75 0.411  

HSP20-like 
chaperones 

superfamily 

protein 

38127

2  

chromosome_16:1

921353-1924193  19.063 7.7936 0.409  

Bestrophin-like 

protein 

15003

0  

chromosome_9:41

79538-4184798  6.6916 2.7339 0.409   

24552  

chromosome_5:33

20356-3322660 BCA6 51.297 20.696 0.403 1.962 

beta carbonic 

anhydrase 6 

  

chromosome_12:2

36501-241615  12.772 5.1333 0.402   

39132

0  

chromosome_8:19

12802-1918785  10.283 4.1093 0.400  

Regulator of 

chromosome 

condensation 
(RCC1) family 

protein 

40582
7  

chromosome_1:65
10329-6514711  10.513 4.1575 0.395   

40256

4  

chromosome_6:40

64121-4070263  9.4977 3.7487 0.395   

11527
2  

chromosome_17:1
704623-1708453  133.72 52.476 0.392 1.103  

16398
9  

chromosome_17:3
270725-3273814  7.6806 2.9779 0.388  

NAD(P)-binding 

Rossmann-fold 

superfamily 
protein 

20569

7  

chromosome_14:1

117991-1119328  14.069 5.4501 0.387  

thioredoxin-like 

protein 

12876

6  

chromosome_4:18

04459-1807524 BOU 19.202 7.4228 0.387  

Mitochondrial 
substrate carrier 

family protein 

42423
6  

chromosome_12:2
454748-2459680  9.833 3.798 0.386   

15054

0  

chromosome_17:3

463080-3467504 ACD1 13.106 5.0593 0.386  

Pheophorbide a 

oxygenase family 

protein with 
Rieske [2Fe-2S] 

domain 

16132  
scaffold_31:19837
4-213866  7.7226 2.9794 0.386   

18351

1  

chromosome_7:54

35916-5437870 

CDC2

5 9.0589 3.4197 0.377 0.745 

Rhodanese/Cell 

cycle control 
phosphatase 

superfamily 

protein 

  
chromosome_3:17
56841-1759058  6.6524 2.5055 0.377   

41075

4  

chromosome_5:26

81478-2683834  7.6124 2.8628 0.376   

29996
2  

chromosome_1:68
72243-6880440  32.391 11.857 0.366   

38195  scaffold_20:34156 WVD 13.215 4.7509 0.360  TPX2 (targeting 



 

 

159 

0 -38213 2 protein for Xklp2) 

protein family 

  
chromosome_12:1
276151-1277603  23.733 8.4869 0.358   

34472

2  

chromosome_7:22

74215-2277185  6.4418 2.3026 0.357   

20550

1  

chromosome_10:3

449184-3455428 TDT 14.57 5.2055 0.357  

tonoplast 
dicarboxylate 

transporter 

16944

4  

chromosome_7:25

46786-2548647 

GWD

2 6.9065 2.4627 0.357  

phosphorylates the 
C-3 and C-6 

positions of alpha 

glucans with the 
beta phosphate of 

ATP 

39437
4  

chromosome_11:9
6920-101634 

PTAC
4 20.118 7.1209 0.354  

plastid 

transcriptionally 
active 4 

10682

7  

chromosome_7:29

74883-2981361  9.1023 3.2201 0.354 0.487  

18221
8  

chromosome_2:37
88041-3789606  25.271 8.8593 0.351   

19602

5  

chromosome_9:27

84065-2791598  6.9405 2.4229 0.349   

42080
2  

chromosome_10:2
784506-2786956  11.241 3.907 0.348   

28477

8  

chromosome_12:2

466860-2472274  33.183 11.468 0.346   

42669

3  

chromosome_12:8

523252-8526594  11.406 3.9083 0.343   

  

chromosome_15:1

428506-1437434  11.726 3.9294 0.335  

CHY-

type/CTCHY-
type/RING-type 

Zinc finger protein 

28444
2  

chromosome_12:7
41647-754448  14.812 4.8026 0.324   

37664

2  

chromosome_1:66

33175-6635795  10.201 3.2822 0.322   

19366
1  

chromosome_16:5
542665-5544808  66.507 20.721 0.312   

12746

4  

chromosome_13:1

088558-1091247  28.048 8.5723 0.306   

  
chromosome_17:3
344701-3348152  26.132 7.963 0.305   

15252

1  

chromosome_16:6

188063-6191410  14.32 4.2941 0.300   

15650
0  

chromosome_12:2
389289-2390869  34.253 10.188 0.297   

42348

5 

Metal 

assimilation 

chromosome_12:3

260606-3267410 ZIFL1 20.146 5.8293 0.289  

zinc induced 

facilitator-like 1 

18884
3  

chromosome_6:71
66444-7171322  8.2985 2.3905 0.288   

18304

8  

chromosome_12:3

029422-3032455 

CTH1

A 242.52 69.703 0.287 0.240 

Copper target 

homolog 1 
protein. 

Tetrapyrole 

biosynthesis 

14694
5  

chromosome_1:73
54829-7360729  57.023 16.215 0.284 1.367 

NAD-dependent 
glycerol-3-

phosphate 

dehydrogenase 
family protein 

33895
7  

chromosome_11:2
239029-2246209  19.037 5.3027 0.279  

Stigma-specific 

Stig1 family 
protein 

14773  chromosome_14:3 UCC1 18.491 5.1231 0.277  uclacyanin 1 
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8 143859-3147765 

16697

9  

chromosome_2:29

23871-2929667  7.8468 2.1406 0.273  

FAD/NAD(P)-

binding 
oxidoreductase 

family protein 

15609
1  

chromosome_13:2
86814-289354  7.0185 1.9113 0.272   

15131

7  

chromosome_13:4

997574-5001470 PRB1 8.156 2.1739 0.267  

basic 

pathogenesis-

related protein 1 

37850

8  

chromosome_6:43

84149-4386518 PHS1 17.282 4.4074 0.255  

cytidine/deoxycyti

dylate deaminase 

family protein 

14512
3  

chromosome_17:1
909830-1913558  8.4091 2.1328 0.254   

24120  

chromosome_4:18

49050-1853299 ACA4 406.43 101.31 0.249  

alpha carbonic 

anhydrase 4 

19028

1  

chromosome_12:6

136363-6139268 ABP1 15.575 3.835 0.246  

endoplasmic 
reticulum auxin 

binding protein 1 

14094
8  

chromosome_10:1
480659-1484691  57.672 14.019 0.243   

20610
5  

chromosome_6:60
04775-6010362 AOT4 23.447 5.4934 0.234  

Transmembrane 

amino acid 

transporter family 
protein 

42385

2  

chromosome_12:4

381538-4386050  6.872 1.6099 0.234  

Sodium Bile acid 

symporter family 

12872

6  

chromosome_4:18

43535-1847845 ACA4 52.286 12.018 0.230  

alpha carbonic 

anhydrase 4 

18473

1  

chromosome_8:14

92987-1495208 CAB1 13.894 3.1506 0.227  

chlorophyll A/B 

binding protein 1 

19424

5  

chromosome_11:1

113972-1115761  68.736 15.374 0.224   

18472

4  

chromosome_8:12

57469-1259618 CAB3 91.994 19.961 0.217  

chlorophyll A/B 

binding protein 3 

40301

4  

chromosome_6:61

03405-6105827  8.7155 1.8849 0.216   

19155

9  

chromosome_16:4

050230-4055190  8.6897 1.8562 0.214  

small G protein 

family protein / 
RhoGAP family 

protein 

15051
4  

chromosome_17:3
339268-3344488 

SULT
R2 25.223 5.3698 0.213  

sulfate transporter 
4;2 

34500

0  

chromosome_8:14

81656-1483867 

LHCS

R3.2 18.718 3.8852 0.208  

chlorophyll A/B 

binding protein 1 

18280
0  

chromosome_3:35
15460-3517272  23.542 4.6743 0.199   

20620

3  

chromosome_6:13

15588-1321184  7.3726 1.4303 0.194   

  
chromosome_5:18
31169-1840361 APTX 21.661 4.1282 0.191  APRATAXIN-like 

29899

1  

chromosome_1:32

90446-3293463  6.7513 1.273 0.189   

  
chromosome_1:73
69576-7375573  16.778 3.0271 0.180  

NAD-dependent 
glycerol-3-

phosphate 

dehydrogenase 
family protein 

29037

9  

chromosome_2:92

0090-925922  7.1626 1.2567 0.175   

18961
8  

chromosome_7:50
61137-5063441  16.983 2.9751 0.175   

18943
0  

chromosome_4:18
77713-1880795 BOU 27.878 4.8803 0.175  

Mitochondrial 

substrate carrier 
family protein 
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37974

8  

chromosome_10:5

460292-5465436  8.5396 1.4304 0.168   

40353
3  

chromosome_15:2
190706-2196757  26.749 4.4678 0.167   

28267

1  

chromosome_1:19

51291-1955254  13.932 2.0816 0.149  

CAP (Cysteine-

rich secretory 
proteins, Antigen 

5, and 

Pathogenesis-
related 1 protein) 

superfamily 

protein 

19290
8  

chromosome_11:2
467327-2470141  11.67 1.7151 0.147   

14198

5  

chromosome_2:31

25945-3129694  17.396 2.5442 0.146  

zinc finger 

(C3HC4-type 
RING finger) 

family protein 

14389

2  

chromosome_3:32

95345-3298273  12.039 1.6642 0.138   

18916

3  

chromosome_17:5

8154-60938  8.8883 1.2254 0.138   

55019  

chromosome_3:19

12555-1915165  192.93 25.818 0.134   

19080

0  

chromosome_12:7

183065-7189794  96.37 12.27 0.127   

18574
6  

chromosome_17:4
447589-4449201  23.825 2.7786 0.117   

13564

8  

chromosome_6:72

79921-7282814 

NAR1

.2 28.835 3.281 0.114  

Formate/nitrite 

transporter 

37735
7  

chromosome_2:79
74567-7977873  28.02 2.7249 0.097   

18493

8  

chromosome_12:4

190551-4193664  12.055 1.1174 0.093   

14507
0  

chromosome_6:56
52800-5656400  9.166 0.8355 0.091   

19640

5  

chromosome_12:7

702571-7705426  17.55 1.5597 0.089   

29429
8  

chromosome_5:12
49730-1253633  9.5948 0.847 0.088   

19664

9  

chromosome_16:3

968424-3971837 MSD1 15.2 1.2607 0.083 1.269 

manganese 

superoxide 

dismutase 1 

18409

9  

chromosome_12:8

388582-8397670  14.287 1.0997 0.077   

18327

3  

chromosome_3:43

40376-4343424  39.463 2.8211 0.071  

Calcium-binding 

EF-hand 

29041

1  

chromosome_2:10

96071-1100288  22.442 1.5849 0.071   

31990

4  

chromosome_17:1

253498-1256098  17.879 1.1784 0.066   

15422

9  

scaffold_38:16426

-19085  14.043 0.8094 0.058   

41078
0  

chromosome_5:61
100-65785  19.307 1.0098 0.052   

  
chromosome_8:27
06177-2709888  12.246 0.6159 0.050  

NAD(P)-binding 

Rossmann-fold 

superfamily 
protein 

34244

2  

chromosome_1:76

07208-7609758  6.595 0.3277 0.050   

38034
6  

chromosome_12:5
619980-5622570  16.777 0.8225 0.049   

18369

6  

chromosome_1:61

87933-6190665 AOC2 22.178 0.8717 0.039 0.141 

allene oxide 

cyclase 2 

32650  chromosome_5:19  15.432 0.5831 0.038  Peptidase M, 
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6 42153-1943299 neutral zinc 

metallopeptidases, 
zinc-binding site 

38095

7  

chromosome_14:4

93378-497325  14.114 0.5179 0.037   

29861
5  

chromosome_1:19
45821-1950553  21.772 0.7175 0.033  

CAP (Cysteine-
rich secretory 

proteins, Antigen 

5, and 
Pathogenesis-

related 1 protein) 

superfamily 
protein 

29645

1  

chromosome_7:26

57316-2660532  7.9224 0.2611 0.033   

28481
3  

chromosome_12:2
606279-2611821  24.414 0.7858 0.032   

94393  

chromosome_17:7

5414-77574 

PHC2

2 16.435 0.5216 0.032  

cell wall protein 

pherophorin-C22 

  
chromosome_6:50
95482-5100829  26.862 0.7214 0.027   

41539

5  

chromosome_2:79

69647-7973216  14.684 0.3685 0.025   

15389
4  

chromosome_6:50
51492-5061564  9.8111 0.2386 0.024  

Peptidase S26A, 
signal peptidase I 

17328

1 

Metal 

assimilation 

chromosome_12:7

419500-7423262 FEA2 8.0415 0.1849 0.023 1.169 

Fe-assimilating 

protein 2 

  
chromosome_12:3
843046-3846407  10.235 0.1298 0.013   

14467

7  

chromosome_12:3

275871-3284389 LOX1 12.933 0.0862 0.007  lipoxygenase 1 

17567
2  

chromosome_8:16
24454-1626228  22.893 0.0992 0.004   

 

50-bp single ended short reads from strains B6 and B6-F were mapped to the reference genome 

(JGI v4.0). The FPKM (Fragment Per Kilobase of exon model per Million mapped fragments) 

value of uniquely mapped reads for each transcript was compared between strains B6 and B6-F. 

a
Protein ID on JGI v4.0. 

b
Process – possible cellular /biochemical process that the protein encoded by this transcript may 

be involved in. 

c
JGI 4.0 Chromosome coordinateS. 

d
Gene –name assigned to the corresponding gene. Cell is left blank if no gene name has been 

assigned. 

e
B6 FPKM – the FPKM of uniquely mapped reads in strain B6. 

f
B6-F FPKM – the FPKM of uniquely mapped reads in strain B6-F. 

g
Fold change – fold change of transcript abundance (expressed as FPKM value) in strain B6-F 

compared to strain B6. 

h
Castruita et al. 2011- data from the Castuita et al. (2011) paper  SuppDataset_4 colume T,RNA-

seqPE (acetate), representing fold changes in -Cu media in comparison to +Cu media  in wild-
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type cells. Genes with a difference >10-fold or opposite changes between the RNA-seq data from 

this study and the Castuita et al (2011) data are in red color. 

i
Annotation – annotation of the corresponding gene on JGI v4.0. Cell is left blank when no 

annotation is available. 

(!): CTH1B is marked with (!) because the discrepency in transcript abundance change between 

this study and Castuita et al. (2001) probably is due to inaccurate annotation of this transcription 

variant. This transcript isoform is up-regulated under Cu-deficient conditions (Kropat et al. 2005; 

Moseley et al. 2002). 
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