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Abstract 

Besides the ubiquitous cytochrome pathway of mitochondrial respiration, the green 

alga Chlamydomonas possesses an alternative pathway of respiration, which is 

comprised of a single protein, alternative oxidase (AOX). AOX is induced when 

Chlamydomonas cells are shifted from a growth medium containing ammonium as 

the nitrogen source to one with nitrate. The primary aim of this thesis was to 

understand the metabolic connections between nitrate assimilation and the induction 

of the alternative pathway.  That these two metabolic processes are closely linked is 

supported by the fact that the gene encoding AOX is clustered with the genes 

required for nitrate assimilation (NAR genes). 

To investigate if the clustering of AOX with NAR genes occurs in other green algae, 

publicly available genome databases were searched. It was found that while the 

clustering of NAR genes is widespread in many lineages of green algae, the 

presence of AOX within a NAR cluster is a characteristic of only a single group of 

green algae, the chlorophytes. Interestingly, it was found that lineages that lack NAR 

gene clustering seem to have a preference for importing amino acids instead of 

nitrate as their dominant source of nitrogen.  

The role of AOX in nitrate assimilation was investigated by constitutively blocking 

AOX expression. AOX knockdown cells displayed a slightly decreased rate of growth 

and distinctly different photosynthetic electron transport characteristics. Whole-cell 

metabolite analysis showed that the lack of AOX in the mitochondrion in knockdown 

cells suppressed the stimulatory effect of nitrate on oxidative pentose phosphate 

pathway (oxPPP) activity in the chloroplast. Interestingly, this regulation also 

occurred in the opposite direction. In wild-type cells, the biochemical inhibition of 

oxPPP by glycerol in the chloroplast decreased the accumulation of AOX in the 

mitochondrion. 

I suggest that the induction of AOX by nitrate is to relieve respiratory electron 

transport from adenylate control. During nitrate assimilation increased demand by 
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the chloroplast for ATP would decrease the transfer of ADP and Pi to the 

mitochondria restricting the rate of the cytochrome pathway. Up regulation of the 

alternative pathway would allow for continued upstream respiratory carbon flow 

under limiting adenylate conditions.  

Keywords 

Alternative oxidase, nitrate, Chlamydomonas, respiration, oxidative pentose 

phosphate pathway 
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Chapter 1  

1 General Introduction 

1.1 Chlamydomonas reinhardtii, the green alga 

Chlamydomonas is a genus of biflagellate unicellular green algae commonly 

found in soil and fresh water environments and has a nearly cosmopolitan 

distribution (Harris 2009). While it is most common in temperate regions, species 

of Chlamydomonas have been isolated from high altitude snowfields (e.g. 

Chlamydomonas nivalis) (Williams et al., 2003) and Antarctica (Chlamydomonas 

sp. UWO241) (Possmayer et al., 2016). How these so-called extremophile 

species differ genetically and physiologically from their temperate counterparts is 

beginning to be elucidated (Dolhi et al., 2013). 

Phylogenetically, Chlamydomonas belongs to the Chlorophyceae (green algae) 

that diverged from the lineage leading to Streptophytes (land plants) 

approximately one billion years ago (Leliaert et al., 2012). The species C. 

reinhardtii was first described by Pierre Danegard (Danegard 1888) with most 

laboratory strains being derived from soil isolates collected by Gilbert Smith in 

1945 near Amherst, Massachusetts, USA (Harris 2009).   

1.2 Chlamydomonas reinhardtii as a model organism 

Like other organisms including Drosophila melanogaster, Caenorhabditis elegans 

and Arabidopsis thaliana, C. reinhardtii possesses a set of traits that makes it 

particularly amenable for experimentation and thus it has become a widely 

adopted model system. First, it can be easily grown and maintained in the 

laboratory and has a relatively fast growth rate (doubling time of around 10 

hours). Second, besides growing photoautotrophically like plants, C. reinhardtii is 

able to grow completely heterotrophically in the dark if it is supplied with acetate 

(Harris 2009). This specific trait has allowed researchers to characterize a wide 
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range of photosynthetic mutants (Spreitzer and Mets 1981, Grossmann et al., 

2010) that are unable to grow in the presence of carbon dioxide alone.  

Chlamydomonas has been widely exploited by geneticists because it is 

amenable to both forward and reverse genetic techniques for the elucidation of 

the molecular basis of various traits. Both insertional and chemical mutagenesis 

have been widely adopted (McCarthy et al., 2004, Dent et al., 2005, Gonzalez-

Ballester et al., 2005), aided by the fact that vegetative cells of C. reinhardtii are 

haploid and reproduce simply by fission. Diploid cells, produced by the 

fertilization of haploid zygotes, can also be maintained (Harris 2009). In addition 

to forward genetic approaches, the completion of the C. reinhardtii genome 

sequencing project (Merchant et al., 2007) along with a wealth of expressed 

sequence tag (EST) libraries has made it possible to use the techniques of RNA 

interference (RNAi), for example, to specifically block the expression of a known 

gene and study the functional consequences of knocking it out (Reviewed in 

Cerutti et al., 2011). 

1.3 Energy Metabolism in Photoautotrophs 

As a photoautotrophic eukaryote, a C. reinhardtii cell possesses both a 

chloroplast and mitochondria. It can be argued that in many ways a single C. 

reinhardtii cell is metabolically similar to a single leaf cell of a plant. Structurally 

however, a notable difference is that a C. reinhardtii cell has a single chloroplast 

and 2-4 mitochondria whereas a single mesophyll cell of a leaf typically contains 

hundreds of each of these organelles. 

As the two energy-transducing organelles of the cell the mitochondria and the 

chloroplast display metabolic interconnectivity (Krömer 1995; Nunes-Nesi et al. 

2011).  Both cellular respiration and photosynthesis, for example, exchange 

adenylate (e.g. ATP) and pyridine nucleotides (NADH, NADPH). The chloroplast 

is the site of photosynthesis where light energy is used to drive the reduction of 

carbon dioxide into sugar. While some of this sugar is stored in the chloroplast as 

starch much of it is exported to the cytosol, where it is used as the starting  
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Figure 1.1 Picture of C. reinhardtii cell showing the cellular location of 

photosynthesis, Calvin cycle, glycolysis, tricarboxylic acid (TCA) cycle and 

oxidative phosphorylation. Photosystem II (PSII) and Photosystem I (PSI) are 

the two photosystems of photosynthesis; CYTB6F mediates the electron transfer 

between the two photosystems by oxidizing the PQ (plastoquinone) pool. The 

electrons are finally accepted by NADP+ catalyzed by the enzyme ferredoxin 

NADP+ reductase. NADPH formed and ATP synthesized by the ATP synthase 

complex are utilized in the Calvin cycle for the generation of photo assimilates. 
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molecule for two distinct processes. First, these carbon molecules represent a 

key source of the carbon skeletons used to synthesize a wide range of molecules 

(e.g. amino acids, fatty acids). Second this reduced carbon is oxidized by the 

components of cellular respiration with the energy conserved in the generation of 

ATP, the common energy currently required to support a wide array of anabolic 

processes (biosynthetic reactions). 

1.3.1 Photosynthesis 

The chloroplast contains an internal organized membrane called the thylakoid 

within which is embedded the components of photosynthetic electron transport 

(e.g. the light reactions).  Photosystem I (PSI) and photosystem II (PSII) are the 

two supramolecular complexes that bind chlorophyll and other pigments that 

harvest light energy and use that energy to drive electron transport that oxidizes 

H2O molecules and uses the released electrons to reduce NADP+ to NADPH 

(Figure 1.1).  Concurrently with electron transport, proton pumping generates an 

electrochemical gradient of protons across the thylakoid membrane that is used 

for the chemiosmotic generation of ATP using the enzyme complex ATP 

synthase (Hopkins and Hüner 2008).  

The NADPH and ATP generated by the light reactions are consumed by the 

reactions of the Calvin Cycle, which are localized in the stroma of the chloroplast.  

The primary product of the Calvin cycle is the three-carbon sugar 

glyceraldehyde-3-phosphate (G3P). Within the chloroplast, G3P can be used for 

the synthesis of various molecules including glucose and other six carbon 

compounds, as well as the synthesis of starch. In addition, G3P can be readily 

exported into the cytosol where it can enter glycolysis or be used as a precursor 

for a range of biosynthetic reactions.  

1.3.2 Respiration 

Cellular respiration encompasses a range of metabolic reactions that collectively 

are used to oxidize a diverse group of molecules (carbohydrates, fatty acids and 

proteins) and use the released energy to produce adenosine triphosphate (ATP). 
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Cellular respiration is divided into three distinct stages: glycolysis, the 

tricarboxylic acid cycle (TCA) and oxidative phosphorylation (Figure 1.1). During 

glycolysis, which occurs in the cytosol, glucose is oxidized to pyruvate, producing 

both ATP and NADH.  The pyruvate is subsequently transported into the matrix 

of the mitochondrion where it is further oxidized and converted to acetyl CoA, 

which is subsequently completely oxidized to CO2 by the enzymes of the TCA 

cycle, generating ATP, NADH and FADH2 in the process. Additional ATP is 

generated by the oxidation of NADH and FADH2 by a respiratory electron 

transport chain that is located on the inner mitochondrial membrane. Oxidation of 

these substrates generates a proton gradient that represents potential energy 

that is conserved in the chemiosmotic generation of ATP (oxidative 

phosphorylation). In a number of species this is denoted as the cytochrome 

pathway as they also possess a second, alternative pathway of mitochondrial 

respiration.  

1.3.3 Cytochrome Electron Transport Pathway  

All eukaryotes possess a respiratory electron transport chain that is referred to as 

the cytochrome pathway (CP).  This electron transport chain consists of four 

major protein complexes —Complex I (NADH dehydrogenase), Complex II 

(succinate dehydrogenase), Complex III (cytochrome bc1) and Complex IV 

(cytochrome c oxidase) that are associated with the inner mitochondrial 

membrane and which facilitate the transfer of electrons from NADH or FADH2 to 

molecular oxygen, reducing it to water (Figure 1.2). Electron flow along the CP is 

coupled to chemiosmotic ATP generation through the generation of a proton 

gradient, which is facilitated by proton pumping at three sites (Complex I, 

Complex III, and Complex IV) (Figure 1.2). This movement of positively charged 

protons from the matrix into the intermembrane space establishes an 

electrochemical gradient across the membrane. The gradient is dissipated by 

ATP synthase (Complex V) where the free energy released by the movement of 

protons back into the matrix is used to drive the formation of ATP (adenine 

triphosphate) from ADP (adenine diphosphate) and inorganic phosphate (Pi).  
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1.3.4 Alternative Pathway Respiration 

In addition to the ubiquitous cytochrome pathway, plants and algae contain a 

second respiratory chain called the alternative pathway (AP) (For review see 

Vanlerberghe and McIntosh 1997). The AP branches from the cytochrome chain 

at ubiquinone and consists of a single protein, the alternative oxidase (AOX), 

which serves to transfer electrons from reduced ubiquinone directly to O2 (Figure 

1.2). AOX is a ∼32-kDA interfacial membrane protein that contains a non-heme 

di-iron carboxylate active site and interacts with a single leaflet of the inner 

mitochondrial membrane (For review see Moore et al. 2013).  

As shown in Figure 1.2, electron flow along the AP bypasses two of the three 

sites where electron transport is coupled to proton pumping into the 

intermembrane space. Because of this, AP respiration does not contribute to the 

trans-membrane pH gradient used to synthesize ATP by chemiosmosis. Besides 

being present in all plants and algae examined to date, the AP has more recently 

been shown to be present in protozoa, some fungi and in some lower animal 

phyla (McDonald and Vanlerberghe 2004). 
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Figure 1.2 Mitochondrial Electron Transport Chain 

Complex I – NADH dehydrogenase complex; Complex II- Succinate 

dehydrogenase; UQ- ubiquinone; AOX- Alternative oxidase; Complex III- 

Cytochrome bc1; Cyt c- Cytochrome C; Complex IV- Cytochrome oxidase 

complex (COX); Complex V- ATP synthase complex.  

 

1.4 The Physiological Function of Alternative Oxidase  

Alternative oxidase has been shown to play an important role in pollination in 

certain families of angiosperms (for a review see Seymour 2001). For example, 

in species of the Araceae, including Sauromattum guttatum (skunk cabbage) and 

S. venosum (voodoo lily) high AP activity in the mitochondria of floral tissue 

cause thermogenesis resulting in high temperature within the flower that can 

exceed 45C. These high temperatures have been shown to facilitate the 

volatilization of compounds critical for the attraction of insect pollinators (Elthon 

et al., 1989, Moore and Siedow 1991).  
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The role of AOX in non-thermogenic plants remains an active area of research.  

It has been suggested that the shunting of electrons through the AP allows for 

continued operation of glycolysis and the tricarboxylic acid cycle under conditions 

where the cytochrome pathway is impaired or otherwise restricted (Lambers 

1982, Vanlerberghe 2013). By providing a second pathway of electron flow, AP 

respiration may also serve to prevent the over-reduction of electron transport 

components, particularly the ubiquinone pool, which would in turn reduce the 

formation of damaging reactive oxygen species (ROS).  Using transgenic 

tobacco cells, Maxwell et al., (1999) showed that cells lacking AOX had 

increased mitochondrial-derived ROS formation and an up regulation of key 

genes such as catalase involved in antioxidant defense, when compared with 

wild-type cells.  

AOX has been shown to be induced by a diverse array of stress conditions.  This 

includes: pathogen attack (Cvetkovska and Vanlerberghe 2012), low oxygen 

(Clifton et al., 2005), nutrient limitation (Noguchi and Terashima 2006), salinity 

(Wang et al., 2010), metal toxicity (Tan et al., 2010), low temperature (Wang et 

al., 2011), high light and drought (Giraud et al., 2008, Yoshida et al., 2011, Zhang 

et al., 2012), and high CO2 (Gandin et al., 2010). A common consequence of 

many of these stressors that increase AOX expression is that they also increase 

intracellular ROS. An increase in H2O2 levels, for example, have been shown to 

be a key secondary messenger in many responses of plants to stress and it has 

been proposed as a key intermediate in AOX signaling (Maxwell et al., 2002, 

Vanlerberghe 2013).  

Several research studies in plants have investigated the role of AOX by 

employing molecular tools to alter AOX expression. Interestingly it was reported 

that the growth and development of plants was unaffected by altering the AOX 

expression levels under normal growth conditions. However, under drought 

(Giraud et al., 2008, Dahal et al., 2015), high light (Yoshida et al., 2011) and high 

CO2 (Vishwakarma et al., 2015), AP respiration is shown to be essential in 

optimizing photosynthetic performance through its ability to manage the energy 
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imbalances in the metabolism. The role for AOX under such situations was 

explained as follows; stress conditions promote reductant generation through 

photosynthesis and mechanisms to dissipate excess reducing power while 

continuing to support ATP synthesis. Such mechanisms in the chloroplast can be 

continued without much interruption only if other cellular processes like 

respiratory NADH oxidation became less coupled to ATP synthesis. To achieve 

this, AP respiratory route in the mitochondrial respiration is increased to oxidize 

the excess carbon with lowered ATP synthesis and thereby manage the whole 

cell energy imbalance.  

1.5 AOX and its Regulation in Chlamydomonas 
reinhardtii 

In all species investigated to date AOX is encoded by a small family of nuclear 

genes. In plants, the individual members have been shown to be differentially 

regulated in a tissue or developmental stage-dependent manner (Finnegan et al., 

1997). Earlier work in Arabidopsis, in which four AOX genes have been 

identified, has shown that these genes display different spatial patterns of 

expression (Saisho et al., 1997). Among the four AOX encoding genes, AOX1a 

and AOX1c are expressed in all organs of the plant. While AOX1b is expressed 

in flowers and buds, AOX2 was found to be upregulated in stem, rosette and 

roots (Saisho et al., 1997). Interestingly, in non-plant species, it seems that AOX 

is encoded by only a single gene.  This is the case for Trypanosoma brucei 

(Chaudhri et al., 1998), Hansenula anomola (Sakajo et al., 1999), and 

Aspergillus niger (Kirimura et al., 1999). However, in the yeast, Candida albicans 

there are two AOX encoding genes found in its nuclear genome (Huh et al., 

1999). 

In C. reinhardtii, two nuclear genes have been identified that encode for AOX 

(Dinant et al., 2001), AOX1 and AOX2; both showing the greatest similarity to the 

single AOX gene of the fungus Aspergillus niger (Kirimura et al., 1999) although 

both AOX genes are clearly evolutionarily related to plant AOX genes.  A 

common feature of the AOX protein in plants is that it is functional as a 

javascript:popRef('b32')
javascript:popRef('b33')


 

10 

homodimer (Umbach et al., 2006).  The dimerization is facilitated by the 

presence of conserved cysteine residues that are conspicuous in all plant AOX 

protein sequences. Interestingly, AOX from Chlamydomonas and fungal species 

examined to date lack the regulatory features found in the plant enzyme, 

including the conserved cysteine residues.  Because of this, it is assumed that in 

these species AOX is a functional monomer.  

Comparison of the predicted protein sequences coded by AOX1 and AOX2 show 

that at the amino acid level they share 57.6 % identity (Dinant et al., 2001), and 

undoubtedly the two copies were the product of a gene duplication event.  While 

the two genes share significant sequence similarity, their regulation seems quite 

distinct.  Only AOX1 seems to be inducible; it is up regulated by a wide range of 

stress factors (cold stress, H2O2 treatment, antimycin A), and was strongly 

expressed in the dum15 strain, a mutant that lacks complex III electron transport 

activity (Dinant et al., 2001). Regardless of treatment, the expression of AOX2 

remains almost imperceptible using RNA blot analysis (Molen et al., 2006, Dinant 

et al., 2001). However, more recent work has shown that AOX2 expression is 

upregulated when C. reinhardtii is exposed to copper and oxygen deprivation 

(Ostroukhova et al., 2016). 

The transcriptional regulation of AOX1 in C. reinhardtii has been investigated 

through the use of a reporter gene; promoter regions of AOX1 were fused to the 

coding region of the gene coding aryl sulfatase (Davies et al., 1992), and aryl 

sulfatase activity is readily assayed in cells transformed with the reporter 

construct. Unlike plants, the reporter gene as well as AOX abundance and AP 

respiration were induced when C. reinhardtii cells were shifted from a medium 

containing ammonium to one containing nitrate (Molen et al., 2006, Baurain et 

al., 2003). Additional work by Molen et al., (2006) showed that transcriptional up 

regulation of AOX1 by antimycin A, H2O2 and cold stress requires one or more 

enhancers which are not found in the proximal promoter region of the gene that 

is responsible for nitrate-dependent induction. Overall, the work of Molen et al., 

(2006) suggests the existence of two distinct pathways regulating AOX1 in C. 
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reinhardtii – one in response to oxidative stress and second due to metabolic 

changes brought about by a shift in nitrogen source from ammonia to nitrate. 

1.6 Nitrate Assimilation  

Of all the inorganic molecules that C. reinhardtii needs to take up from the 

environment the requirement for nitrogen exceeds all other nutrients (Richmond 

and Grobbelaar 2007). The different forms of nitrogen in the environment include 

nitrate, ammonium and urea and amino acids. Among these, nitrate is the most 

common nitrogen form available in the aerobic soil for the growth of plants and 

algae (Giordano and Raven 2004). 

While ammonium import into the cell is followed rapidly by its direct assimilation 

into amino acid biosynthesis, which occurs in the chloroplast, nitrate must first be 

reduced to ammonium through stepwise reduction to nitrite in the cytosol (using 

nitrate reductase) and to ammonia in the chloroplast (using nitrite reductase) 

(Hopkins and Hüner 2008) (Figure 1.3). The fundamental difference between 

ammonium and nitrate assimilation is the additional energy (ATP and reducing 

power) required for nitrate reduction. In the chloroplast stroma, nitrite reductase 

directly interacts with reduced ferredoxin, generated by electron transport, as the 

source of electrons to convert nitrite to ammonium (Figure 1.3). That nitrite 

reductase syphons off electrons from the acceptor side of PSI explains the 

stimulatory effect a shift into nitrate containing media has on the rate of 

photosynthesis. This has been shown in C. reinhardtii as well as a range of plant 

species (Bloom et al., 1989, Young and Beadall 2003). 
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Figure 1.3  Diagram of C. reinhardtii cell showing the major steps of nitrate 

assimilation. Nitrate is imported by the NRT2-NAR2 transport complex localized 

in the plasma membrane of the cell. NRT2 is the transporter and NAR2, the 

accessory protein. In the cytosol, nitrate is reduced to nitrite by Nitrate reductase 

(NR) by consuming a NADH molecule and transported to the chloroplast by 

nitrite specific transporter protein, NAR1. In the chloroplast, nitrite is reduced to 

ammonium by accepting electrons from ferredoxin (FDX), a component of 

photosynthetic electron transport chain. The conversion of nitrite to ammonium is 

catalyzed by the enzyme nitrite reductase (NIR). In case of ammonium, it is 

transported via ammonium transporters (AMT) present in the cell and the 

chloroplast membrane. 
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1.7 Organization of nitrate assimilation related (NAR) 
genes 

A complex network of genes and their encoded proteins (transporters and 

enzymes) define the nitrate assimilation pathway (Galvan and Fernandez 2001). 

To date, a total of five genes have been identified as being nitrate assimilation 

related (NAR).   Primarily through mutant analysis, these genes have been 

shown to play essential roles in either nitrate transport or its reduction to 

ammonium (Galvan and Fernandez 2007). In C. reinhardtii, NAR genes are 

found localized in two distinct gene clusters within the nuclear genome and they 

exhibit coordinated regulation (Quesada et al., 1998); the genes are strongly 

induced by nitrate while being repressed by ammonium (Quesada and 

Fernandez 1994).  

It was the early work by Quesada et al., (1998) that serendipitously identified 

AOX1 as being a member of the smaller of the two NAR clusters.  Originally 

denoted as NAR5, AOX1 was positioned very close, but in opposite orientation to 

NRT2.3, which encodes a nitrite/nitrate transporter (Quesada et al., 1998). The 

regulation of many NAR genes including nitrate reductase, nitrite reductase, and 

nitrate/nitrite transporters is under transcriptional control by the regulator protein 

NIT2, which seems to exert overarching control of the entire nitrate assimilation 

pathway (Schnell and Lefebvre 1993, Fernandez et al., 1989, Quesada and 

Fernandez 1994, Quesada et al., 1998). 

1.8 Thesis objectives  

It has been hypothesized by Quesada et al. (2000) that increased AOX 

expression and AP respiration within the mitochondrion in response to nitrate 

may be triggered by changes in photosynthetic metabolism owing to the 

increased demand for cellular reductant (NADPH) and ATP by nitrate 

assimilation as compared to ammonium assimilation.  While this hypothesis has 

not been directly tested it is based on a wealth of data from both plant and algal 

systems that have been published showing that respiratory metabolism 
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associated with the mitochondria and photosynthetic metabolism in the 

chloroplast do not occur in isolation, but rather that metabolic events in these two 

organelles are intimately connected by a range of metabolites (For review Foyer 

et al., 1998). These metabolites include NADH (NADPH), ATP and carbon 

compounds such as oxaloacetate and malate, which provide metabolic flexibility 

to energy metabolism.  

In C. reinhardtii, Dang et al., (2014) showed that a photosynthetic mutant of C. 

reinhardtii deficient in ATP generation is supported by the ATP synthesized 

through CP respiration in the mitochondria. This was shown by the data that the 

mutant’s growth was lowered only when CP respiration is blocked by the inhibitor 

antimycin A. Other research showed the compensatory role played by 

photosynthetic electron transport in a C. reinhardtii mutant defective in CP 

respiration (Cardol et al., 2003). It was shown that the lowered ATP synthesis in 

the mitochondria was compensated by increased ATP generation in the 

chloroplast by the stimulation of cyclic photosynthetic electron transport.  

The overarching goal of my doctoral thesis was to provide a metabolic rationale 

for why AOX and alternative pathway respiration are induced in C. reinhardtii 

(hereafter, Chlamydomonas) when cells are grown in the presence of nitrate. The 

data provided by Baurain et al., (2003) and Molen et al., (2006) clearly show that 

AOX is strongly induced by nitrate and other work by Quesada et al (1998) show 

that AOX1 is a component of a NAR gene cluster, suggesting a possibility of co-

regulation of these genes. Yet to date, the physiological and metabolic link 

between increased alternative pathway respiration and nitrate assimilation has 

not been directly addressed.  

The specific objectives of my thesis are to address the following questions: 

(1) Does AOX1 cluster with NAR genes in other green algal species?  

While AOX1 is shown to belong to a NAR cluster in Chlamydomonas, it is 

unknown if this clustering is found in other species of green algae. A 
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bioinformatics approach will be employed to address this question taking 

advantage of the algal genome sequencing projects that have been carried out 

over the past few years.  Using annotated genome information, the position of 

AOX genes relative to known NAR genes will be used to determine the extent of 

clustering.    

(2) Characterize the consequences of knocking down AOX expression on 

overall cell growth and physiology.  

It is hypothesized that knocking down AOX expression will have little effect on 

cell growth and physiology when cells are grown in ammonium as the sole 

nitrogen source.  Under these conditions the expression of AOX has been shown 

to be very low (Molen et al. 2006). However, it is hypothesized that compared to 

wild-type (WT) cells, AOX knockdown cells will display significant decreases in 

growth, respiration and photosynthesis when cultured in the presence of nitrate.  

Such findings would indicate a critical role played by AOX in the ability of 

Chlamydomonas to assimilate nitrate.  

(3) Compared to wild-type cells, how are AOX knockdown cells 

metabolically distinct? 

Previous studies in Arabidopsis showed that plants lacking AOX displayed 

altered carbon/nitrogen balance and decreased photosynthetic efficiency (Giraud 

et al., 2008; Yoshida et al., 2011) compared to wild-type plants when exposed to 

environmental stresses. It is hypothesized that knocking down AOX in 

Chlamydomonas will result in a remodeling of overall cell metabolism. Compared 

to wild-type cells, it is hypothesized that knockdown cells will display clear 

metabolome differences when grown in either ammonium or nitrate. Changes in 

the metabolites associated with photosynthesis, carbon metabolism and nitrogen 

metabolism will be assessed using whole cell metabolomics analysis using gas-

chromatography mass spectrometry (GC-MS). 
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Chapter 2  

2 Nitrate assimilation related (NAR) gene cluster 
distribution and organization in green algal species 

2.1 Introduction 

The location of genes in a genome is no longer considered to be random. In 

prokaryotes, the genes that participate in many metabolic pathways are 

physically linked and organized in a specific manner termed an operon (Jacob 

and Monod 1961, Rocha 2008). The widely studied lac operon contains 

regulator as well as structural genes that are coordinately regulated; genes of 

the operon are repressed by glucose and induced by lactose under carbon 

starvation (Jacob and Monod 1961). A single promoter activates the 

transcription of the operon genes, which are expressed as a polycistronic 

mRNA allowing for the tight coupling of transcription and translation. Many 

operons in bacteria have been shown to be involved in nutrient (carbon and 

nitrogen source) utilization (Luque-Almagro et al., 2011) and secondary 

metabolite synthesis (Garcia et al., 2009) 

Compared to bacteria, gene clusters are not a common feature of eukaryotes, 

but they have been found in organisms as diverse as fungi and mammals.  

Some of the most well studied examples of gene clusters in eukaryotes 

include the homeobox (HOX) gene cluster for embryonic patterning and the 

beta-globin gene loci for hemoglobin synthesis in animals, and in plants the 

leucine-rich repeat genes associated with disease resistance (For review see 

Hurst et al., 2004).  

A common feature of some gene clusters is that member genes are 

evolutionarily related, having arisen by gene duplication followed by structural 

and functional divergence (Chu et al., 2011). Unlike genes that share a 

common ancestor, functionally related non-homologous genes are usually 

dispersed randomly throughout the genome with coordination of expression 
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being exercised by a transcription factor. However, with the increasing 

availability of large amount of genome data, functional clusters containing 

non-homologous genes in eukaryotic genomes have been identified and are 

beginning to be well characterized (Hoffmeister and Keller 2007, Chu et al., 

2011). Evidence to date indicates that genes in these clusters most often 

participate in a single metabolic pathway and do not share sequence 

similarity (they are non-homologous genes). These gene clusters in 

eukaryotes are considered equivalent to bacterial operons except that each 

gene in the cluster is regulated by its own promoter and produces a 

monocistronic transcript. 

Evidence suggests that the clustering of genes in eukaryotes seems to have 

evolved related to specific challenges: to support organism growth and 

survival under changing environmental conditions (Reviewed in Chu et al., 

2010), exploitation of new environment (Wong and Wolfe 2004), or for the 

management of interactions with other organisms (Horton et al., 2004).  

Common examples that support this claim include the DAL gene cluster of 

yeast, which is involved in allantoin utilization (Wong and Wolfe 2004) and the 

GAL gene cluster of yeasts and fungi, which is critical for galactose 

assimilation (Slot and Rokas, 2010).  

The DAL gene cluster, which contains six genes, is found in Saccharomyces 

cerevisiae and its close relatives including S. castellii.  Collectively, the six 

genes are involved in the import and catabolism of the nitrogen source 

allantoin, a product of purine degradation. Interestingly, there is no DAL 

cluster in any of the more distantly related hemi-ascomycete yeast species, 

yet homologs of each of the six DAL genes are found scattered throughout 

their genomes. Research has shown that the clustering of DAL genes 

occurred on a single branch of the yeast phylogenetic tree and coincided with 

a biochemical reorganization of the purine degradation pathway (Wong and 

Wolfe 2004).  Species lacking the DAL cluster rely on the classical purine 

degradation pathway including the products of two genes, urate permease 
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(UAP) and urate oxidase (UOX) that are involved in the transport and 

oxidation of urea.   

The development of the DAL cluster seems to have been adaptive, driven by 

selection for the ability to grow in low oxygen environments (Wonga and 

Wolfe 2004). Species with the DAL cluster lack urate oxidase, which requires 

molecular oxygen as a substrate. Development of the DAL cluster, and other 

adaptations, including the loss of other oxygen-requiring enzymes, led S. 

cerevisiae and related species the ability to grow vigorously under anaerobic 

conditions by fermentation (Wonga and Wolfe, 2004). 

Other adaptive gene clusters include major histocompatibility (MHC) complex 

loci of animals (Horton et al., 2004) required for innate and adaptive immunity 

and secondary metabolite gene clusters in filamentous fungi (Hoffmeister and 

Keller 2007). Various secondary metabolite clusters identified in fungi have 

antibiotic properties to suppress the growth of competing organisms in the 

environment and some clusters of fungi synthesize toxins for the colonization 

of plant and animal hosts (eg., Aflatoxin gene cluster in Aspergillus flavus) 

(Turgeon and Bushley 2010). Very recently, several secondary metabolite 

gene clusters were identified in plants involved in the synthesis of chemical 

defense compounds (Nützmann and Osbourn 2014).  

So why are genes for certain metabolic pathways clustered whereas genes 

for other pathways remain unclustered?  According to the co-regulation 

model, first proposed by Jacob and colleagues (Jacob et al., 1960), it would 

be easier to regulate all genes of a pathway if they were proximate to each 

other. An often-cited condition under which coregulation would be particularly 

important occurs when metabolic intermediates are potentially deleterious 

(Hurst et al., 2004). Under such conditions it would be critical to regulate the 

expression of all enzymes in a pathway so that toxic intermediates do not 

accumulate.  
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The major benefit associated with proximal arrangement of genes in the 

cluster may be related to coordinate regulation (Sproul et al., (2005), Chu et 

al., (2011), Takos and Rook 2012). Locating genes adjacent to each other 

allows the genome to have an additional tier of regulatory control. For 

example, a long distance cis element can be placed near the gene cluster or 

a chromatin level modification can be added specific to the cluster (Sproul et 

al., 2005, Nutzmann and Osbourn 2014, Nutzmann and Osbourn 2015).  A 

report on operon-like secondary metabolite gene clusters in plants illustrated 

the significance of forming gene clusters especially in sub-telomeric region of 

chromosomes (Field et al., 2011) where there is less heterochromatin 

formation. These regions tend to be particularly active in chromosomal 

rearrangement, which would facilitate gene clustering. 

In contrast to the co-regulation model, an alternative hypothesis referred to as 

the selfish cluster model (referred to as the selfish operon model in bacteria) 

posits that clustering was originally only beneficial to the member genes 

themselves and not the host organism (Lawrence and Roth, 1996).  The 

advantage to the member genes of being organized into a cluster is that they 

can be readily propagated and spread by horizontal as well as vertical 

transmission. Unlike vertical transmission, there are clearly delineated 

constraints that limit the size of DNA that can be moved by horizontal gene 

transfer processes (Walton 2000). The selfish cluster model thus suggests 

that the gene cluster is a promiscuous package of DNA that is essential for 

related genes (members of a single pathway) to be propagated by horizontal 

transfer mechanisms. If the formation and maintenance of a particular gene 

set is expected to be beneficial, then this may lead natural selection to favor 

decreased recombination to reduce the distance between the pathway genes 

(Nei 1967). For example, if the metabolic genes involved in a pathway are 

located at random in the genome, chances of becoming functionally weak due 

to mutation pressure or getting deleted by genetic drift in the absence of 

selection is possible (Lawrence and Roth 1996).  Additionally, Slot and Rokas 

(2010) reported that the GAL gene cluster of fungi contains features of both 
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coregulation and selfish cluster (operon) model. Under this hybrid model, the 

GAL gene cluster, once formed in the fungi by positive selection for 

coordinate regulation, was more likely to be propagated to other lineages by 

horizontal gene transfer. 

In the green alga Chlamydomonas, nitrate assimilation related (NAR) genes 

are found in two clusters of the nuclear genome (Quesada et al., 1998). One 

of these clusters designated NAR Cluster I (Figure 2.1A) spans 37.5 kbp of 

genomic DNA and encodes the following seven genes: NADH dependent 

nitrate reductase (NIA1); ferredoxin-dependent nitrite reductase (NII1); high 

affinity nitrate transporters (NRT2.1) and (NRT2.2); formate/nitrite transporter 

(NAR1.1); nitrate high affinity transporter accessory protein (NAR2) and a 

chloroplastic malate dehydrogenase (MDH5). 

NAR Cluster II is about 10 kbp in size and codes for a high affinity nitrate 

transporter (NRT2.3) and the mitochondrial alternative oxidase (AOX1) 

(Figure 2.1B) (Quesada et al., 1998). These two genes are found to be 

positioned in opposite orientation to each other while being separated by a 

1.4 kbp intergenic region. 

A common characteristic of all NAR genes in both clusters is that they are 

strongly induced by nitrate and repressed by ammonium (Quesada et al., 

1998).  The protein NIT2 is considered as a central regulatory component 

essential for nitrate signaling in Chlamydomonas. It activates the transcription 

of all NAR genes and requires the presence of nitrate for its function 

(Camargo et al., 2007). The predicted NIT2 protein sequence contains 

domains typically found in the transcriptional activators and coactivators of 

major signaling pathways (Camargo et al., 2007). 

While the genes involved in nitrate assimilation are clustered in 

Chlamydomonas, interestingly this seems not to be the case in plants. For 

example, in Arabidopsis genes required for nitrate transport and assimilation 

are distributed randomly throughout the genome (Orsel et al., 2002). This 
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then leads to the obvious question:  how widespread is the NAR gene 

cluster?  Is it found only in Chlamydomonas or do other algal species possess 

the cluster as well?  Furthermore, if some species have the cluster and others 

don't, can this be explained by differences in the nitrogen sources common in 

the habitat occupied by specific species? The goal of this chapter is to 

address these questions by taking advantage of the wealth of genome 

sequence information that has become available over the past few years.   

 

Figure 2.1 Nitrate assimilation related (NAR) Cluster I (A) and Cluster II (B). 

A. NAR Cluster I: NIA1- Nitrate reductase, NII1- ferredoxin dependent Nitrite 

reductase, NRT2.1&2.2 – high affinity nitrate/nitrite transporter, NAR2- nitrate 

transporter accessory protein, NAR1- Nitrite transporter, MDH5 – Chloroplastic 

Malate dehydrogenase.  B. NAR Cluster II: NRT2.3 high affinity nitrate 

transporter, AOX1- mitochondrial alternative oxidase. The organization of Cluster 

I and II shown here is originally reported by Quesada et al., (1998). 
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2.2 Material and Methods 

2.2.1 Algal NAR Cluster I and II identification 

The distribution of NAR Cluster I and II in different green algal genomes was 

determined by searching the NCBI (www.ncbi.nlm.nih.gov/genome) and 

Phytozome (www.phytozome.org) genome databases. Using the 

Chlamydomonas NAR protein sequences as query, synteny searches were 

performed by utilizing the NCBI protein blast program to retrieve the 

homologous NAR gene clusters in the ten-available green algal genomes 

(Figure 2. 3). Specifically, to identify the NAR Cluster in different algal 

species, Chlamydomonas nitrate reductase gene was used as a query to 

obtain the list of other algal species that contains nitrate reductase.  Then 

each blast hit of corresponding algal species obtained as HTML link was 

chosen and followed. The link has provided the chromosomal map (graphical) 

of the nitrate reductase gene in the corresponding algal species. Then in the 

map, manual search was done to locate the other NAR genes present in the 

upstream or downstream region of the nitrate reductase gene.  Likewise, the 

presence of AOX1 and NRT2.3 physical association in the genomes of other 

algal species was also searched and identified.  

2.2.2 Phylogenetic analysis 

To construct a phylogenetic tree of NAR genes (NIA1, NII1, NRT2, NAR1.1), 

protein sequences of the respective genes from different organisms were 

retrieved from NCBI. The algorithm MEGA 6.0 platform (Tamura et al., 2013) 

was used to generate the phylogenetic trees of NAR protein sequences. The 

downloaded protein sequences from NCBI databases were aligned with the 

MUSCLE program in MEGA 6.0 and the aligned sequences were later used 

to construct the phylogenetic tree using the maximum-likelihood method. The 

stability of internal nodes was assessed by bootstrap analysis with 100 

replicates. The protein blast hits retrieved with the expected threshold value 

higher than e-70 were selected and used for sequence alignment. The 

http://www.ncbi.nlm.nih.gov/
http://www.phytozome.org/
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bacterial close relatives of NAR genes were obtained by blasting the 

Chlamydomonas NAR genes (as query) selectively against all bacterial 

genomes in the NCBI genome database.  

2.2.3 RNA isolation, semi-quantitative polymerase chain reaction 
and gel blot analysis 

For RNA isolation, 40 mL of cells harvested by centrifugation in 50 ml 

disposable centrifuge tubes was immediately frozen in liquid nitrogen and 

stored at -80ºC. RNA was extracted using a modified hot phenol method 

described by Molen et al., 2006. 

One mL of a hot (80°C) phenol/extraction buffer (P/EB) solution was added to 

the 40 mL of frozen pellet collected by centrifugation. The P/EB extraction 

reagent consisted of one-part buffered phenol (pH 6.8) and one-part 

extraction buffer (1 M LiCl, 10 methylenediaminetetraacetic acid (EDTA), 1% 

SDS, 0.1 M Tris pH 8.0). Before vortexing the cells with the extraction 

reagent, (v/v) betamercaptoethanol and 4% (w/v) polyvinylpyrolidone was 

added to the mixture. Then 0.5 mL of 24:1 (v/v) chloroform: isoamyl alcohol 

was added and vortexed for one minute. Immediately after, mixture was 

transferred to a microfuge and centrifuged at 16 000 g for 10 min at room 

temperature to collect the supernatant. The aqueous phase collected was 

used to selectively precipitate RNA by the addition of 1 vol. of 4 M LiCl. Then 

the whole mixture was stored at −20°C for at least 2 h, RNA was pelleted at 

16 000 g for 10 min at room temperature. For final purification, the RNA pellet 

was dissolved in 400 μl of diethyl pyrocarbonate (DEPC)-treated water and 

precipitated using standard ethanol precipitation. The precipitated RNA was 

centrifuged to remove the supernatant and air dried to quantify using 

spectrometry. 

For semi-quantitative PCR, 1 µg RNA was treated with DNase 

(dexoxyribonuclease, Promega) to remove contaminating genomic DNA. To 

prepare cDNA from 1 µg of RNA, 1 µl Oligo (dT) (500 µg/ml) and 1 µL 10 mM 
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dNTP mix was added. Then the mixture was heated at 65ºC for 5 min and 

snap cooled on ice followed by short spin. To the cooled mixture, 4 µL 5X first 

strand buffer, 2 µL 0.1 M DTT and 1 µL RNAse-OUT (Recombinant 

ribonuclease inhibitor (40 units/ µL) was added and incubated at 42ºC for 2 

min. One µL of Superscript II Reverse transcriptase was added and the 

incubation was continued at 42ºC for 50 mins. Finally, the mixture is 

incubated at 70ºC for 15 mins. PCR reaction of 35 cycles was performed with 

the following reaction conditions: 5 µL 10x PCR buffer (200 mM Tris-HCl (pH 

8.4) 500 mM KCl), 1 µL 50 mM MgCl2, 1 µL 10 mM dNTP mix, 1 µL gene 

specific forward primer (10 µM), 1 µL gene specific reverse primer (10 µM), 

0.4 µL Taq DNA polymerase (5 U/ µL) (Invitrogen), 2 µL cDNA.  

For gel blot analysis, samples of total RNA (25 µg) were separated on agarose 

gels and transferred to Hybond-N membrane (GE Healthcare). Northern 

hybridization was performed at 65ºC in Church buffer using the gene specific 

probes (Molen et al., 2006). Using the High Prime Kit (Roche Applied Science) 

probes were labelled with dCT32P. After hybridization, blots were washed at high 

stringency solution (0.1% SDS/0.1 X SSC, 65ºC) and exposed to X-ray film. 

Using cDNA as the template, the gene specific probes for AOX1 and NRT2.3 are 

generated with the following forward and reverse primers: AOX1-Forward Primer-

CCTAGGCACGGCAGTATGAC, AOX1-Reverse Primer- 

CATTACACTTTTCTCCAGACA, NRT2.3 –Forward Primer- GAATGTCTA 

CAGGCGTCGACTACTTG, NRT2.3-Reverse Primer- CTGGTAGATGAGC 

GGCATGATGAAGT. 

2.2.4 Isolation and cloning of 1.4 kbp intergenic fragment of AOX1 
and NRT2.3 gene 

Using the bacterial artificial chromosome (BAC) clone 10N7 as template DNA 

(Molen et al., 2006), a 1402 bp fragment extending between the start codons of 

AOX1 and NRT2.3 was amplified using Pfu Turbo DNA polymerase (Stratagene, 

CA). The primers (forward primer-GGTACCTCTTGCGCGTCTCGCTACAAG, 

reverse primer-GGTACCGTAACGTTGAGTTCTTGGGTAAGTG) designed with 
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the KPN1 restriction enzyme site was used to amplify the intergenic DNA 

fragment. Initially, the fragment was cloned into pGEM-T (Promega) and 

sequenced for verification. Then the fragment was sub cloned into the plasmid 

pJD54 (Davies et al., 1992) which contains the coding region of the aryl sulfatase 

(ARS2) reporter gene. A unique KPN1 restriction site present upstream of the 

reporter gene was used to insert the 1.4 kbp fragment in the pJD vector. The 

resulting plasmids contained the intergenic DNA fragment in either orientation 

upstream of the ARS2 gene. 

2.2.5 Transformation of Chlamydomonas cells 

The Chlamydomonas reinhardtii strain, CC 4351 (cw15, arg-, mt+) is a cell 

wall less and an auxotroph of the amino acid arginine. This strain is co 

transformed with pARG7.8 (contains arginosuccinate lyase gene, ARG7) and 

the plasmid containing the ARS reporter gene driven by the 1.4 kbp upstream 

sequences of AOX1 or the plasmid containing the ARS reporter gene driven 

by 1.4 kbp upstream sequences of NRT2.3 using the glass bead method 

described by Kindle (1990). The transformation was performed in a 15mL 

polypropylene tube containing 0.6 ml of cells, 0.2 ml of 20% (w/v) 

polyethylene glycol 8000, 0.6 g of acid-washed 0.5 mm glass beads, 6 µg 

pAOX1.4 or pNRT1.4 and 3 µg pARG7.8. The mixture was vortexed twice for 

15 s followed by 15 s stop. Then the entire cell suspension was immediately 

spread onto TAP-nitrate plates containing the arylsulfatase substrate 5-

bromo-4-chloro-indolylsulfate (X-SO4). After 15 days, colonies that appeared 

blue were selected as positive transformants.    

2.2.6 ARS reporter gene assay  

For the ARS assay, 1 mL of cells were collected and immediately stored at -

20ºC.  Thawed samples were centrifuged at 16000 rpm for 5 mins and the 

supernatant was used to measure the ARS activity according to Ohresser et 

al., (1997). The reaction mixture of 500 µL contained 400 µL supernatant, 0.4 

M glycine-NaOH, pH 9.0, 10 mM imidazole and 0.8 mM α-naphthylsulfate was 
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incubated at 37ºC for 1 h. After incubation, the reaction was stopped by 

adding 500 µL of 4% SDS in 0.2 M sodium acetate buffer (pH 4.8) and 100 µl 

of 10 mg/mL tetrazotized-o-dianisidine (fast Blue, Sigma). ARS activity was 

measured immediately at 540 nm and calculated by dividing the A540 value 

by the culture turbidity at 750 nm (Kucho et al., 2003).  
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2.3 Results 

2.3.1 Distribution of NAR Cluster I in Algae 

 As shown in Figure 2.2, in Chlamydomonas the seven genes that are found 

in NAR Cluster I exhibit coordinate regulation: they are all repressed by 

ammonium displaying undetectable levels of transcript abundance and are 

rapidly induced within thirty minutes after a shift to a medium containing 

nitrate.  The exception to this trend is MDH5, which codes for the enzyme 

malate dehydrogenase.  It shows constitutive expression regardless of the 

nitrogen source (Figure 2.2).  

For this project, a complete NAR Cluster I was defined as one containing the 

following five genes involved in nitrate transport or assimilation: nitrate 

reductase (NIA1), ferredoxin-dependent nitrite reductase (NII1), the nitrate 

transporter accessory protein (NAR2), nitrite transporter (NAR1.1), and at 

least one copy of the nitrate transporter (NRT2). To determine the presence 

or absence of these five genes and whether or not they are clustered, all algal 

genome databases (including those deposited at NCBI, JGI and Phytozome) 

were searched using the Chlamydomonas NAR gene sequences as search 

queries.  As shown in Figure 2.3, a complete cluster was found in nine 

species of green algae distributed among three phylogenetic classes 

(Chlorophyceae, Trebouxiophyceae, and Mamiellophyceae). Complete NAR 

gene clustering was however not found when non-green algal genomes were 

searched, including Porphyridium purpureum (red algae), Galderia 

sulphuraria (red algae), Guillardia theta (red algae), Thalassisiora 

pseudonana (diatoms), Phaeodactylum tricornatum (diatoms). It is important 

to note that although clustering of NAR genes was determined not to occur in 

these species, the individual genes were clearly identified and shown to be 

scattered throughout the genome (data not shown). Interestingly, in one of the 

red algal species, Cyanidioschyzon merolae, a partial cluster consisting of 

three genes (NIA1, NII1, and NRT2) was identified (Figure 2.3). 
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Figure 2.2 Representative semi-quantitative RT-PCR analysis of NAR genes 

transcript abundance in Chlamydomonas. Cells grown in a medium with 

ammonium as the sole nitrogen source were shifted at time 0 hr to a medium 

containing nitrate as the sole source of nitrogen.  
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As shown in Figure 2.3 the Chlorophyte species Gonium and Volvox have an 

identical complement of genes within the NAR Cluster I as Chlamydomonas, 

including the presence of an additional copy of the nitrate transporter gene 

NRT2 and MDH5. One conspicuous difference among the genes is that 

MDH5 and NAR1 have swapped positions at the cluster ends in Gonium and 

Volvox as compared to Chlamydomonas. By comparison, the six species 

belonging to the class Mamiellophyceae display much more variability in 

terms of the specific member genes found within the cluster as well as the 

ordering and orientation of those genes.    

Among the eleven green algal species shown in Figure 2.3, Chlorella variablis 

NC164A and Coccomyxa subellipsoidea C169 are the two species that lack a 

complete NAR Cluster I. The Chlorella cluster retains all genes except the 

NAR1.1 (nitrite transporter), while in Coccomyxa; the cluster has only the 

genes that code for nitrate reductase and nitrite reductase (NIA1 and NII1).  

While clusters of NAR genes are also found in both bacteria and fungi, a gene 

common to all green algal NAR clusters that is absent from the genomes of 

other algae as well as their fungal and bacterial counterparts is NAR2 (Figure 

2.4). This gene has been shown to code for a membrane accessory protein 

that associates with the NRT2 transporter and seems to be essential for its 

function (Fernandez and Galvan 2007). Interestingly, a NAR2-like protein is 

also present in plants. Detailed work in Arabidopsis indicates that the NAR2 

protein serves a crucial role in ferrying nitrate transporters to the plasma 

membrane and that it also aids in the uptake of nitrate under varied 

concentration in the environment (Feng et al., 2011).  
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Figure 2.3 NAR Cluster I distribution in species of four classes of algae. 

NIA1- Nitrate reductase, NII1-  ferredoxin dependent Nitrite reductase, NRT2 – 

high affinity nitrate/nitrite transporter, NAR2- nitrate transporter accessory 

protein, NAR1- Nitrite transporter, MDH5 – Chloroplastic Malate dehydrogenase, 

MOT1- Molybdate transporter, CNX2/CNX5- Molybdenum Cofactor (MoCo) 

biosynthesis protein, CYTB5R- cytochrome b5 reductase, NIT2- transcription 

factor to activate NAR genes 
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Figure 2.4 Phylogenetic tree of the distribution of NAR2 among various 

lineages. The tree was constructed using the ribosomal RNA gene sequence of 

the small subunit.  The tree was constructed using maximum-likelihood method 

in MEGA 6.0 software program. Branches shaded red represents the species 

containing NAR2.  

2.3.2 Other metabolic genes are recruited into NAR cluster I. 

Like bacterial and fungal metabolic gene clusters (Luque-Almagro et al., 

2011; Slot et al., 2010), the NAR Cluster I of green algae contain one or more 

additional genes that are not directly involved in nitrate transport or 

assimilation but do have a related function. For example, the gene encoding 

chloroplastic malate dehydrogenase (MDH5) present in NAR Cluster I of 

Chlamydomonas, Gonium and Volvox plays an important role in the ferrying 

of reducing power between cellular compartments (cytosol, chloroplast, 

mitochondria).  Thus, its inclusion in the cluster likely reflects the high 

energetic demands of nitrate assimilation and the need for the rapid 

movement of reducing power into the chloroplast.     
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The NAR clusters of the class Mamiellophyceae have genes involved in 

molybdenum metabolism. For example, the NAR Cluster I of Ostreococcus 

contains the gene MOT1 that codes for a molybdate transporter.  As well, 

many members of this class contain the genes CNX2 and CNX5, which are 

involved in molybdenum cofactor biosynthesis.  The presence of a 

molybdenum cofactor is essential for the catalytic activity of nitrate reductase 

(Li et al., 2009). 

2.3.3 Lack of a complete NAR Cluster I is linked to alternative 
nitrogen acquisition strategies 

Recall that both Coccomyxa and Chlorella possess an incomplete NAR 

Cluster I (Figure 2.3).  A closer examination of the genes surrounding the 

Coccomyxa cluster revealed that the NAR Cluster I genes NAR2 and MDH 

found in the Chlorophyceae, were located approximately 125 and 80 kbp 

upstream, respectively (Figure 2.5). Both the Coccomyxa and Chlorella 

clusters lack NAR1.1.  In both species this gene was not present on the same 

chromosome as the NAR cluster.  

That both Coccomyxa and Chlorella lack a complete NAR Cluster I suggests 

that formation of a complete NAR cluster or its maintenance may not be 

advantageous in these species.  This may be a consequence of 

compensatory changes that result in the dominance of other nitrogen 

acquisition systems. Specifically, the absence or loss of the complete NAR 

Cluster I may reflect a shift in nitrogen uptake strategies away from nitrate 

and towards the import of ammonium or organic nitrogen sources (e.g. amino 

acids). To test this hypothesis, the genomes of both Coccomyxa and 

Chlorella were searched for genes involved in ammonium and amino acid 

transport. Both species were found to contain a similar number of ammonium 

transporters to species, like Chlamydomonas, that possess a complete NAR 

Cluster I. However, a surprising finding was that both Coccomyxa and 

Chlorella had between three and four times the number of amino acid 

transport-related proteins (both amino acid permeases and transporters) than 
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Chlamydomonas.  As shown in Table I, there are 42 proteins annotated as 

amino acid transporters in Chlorella and 36 in Coccomyxa whereas the other 

algal species examined in this study contain only between 12 and 14 amino 

acid transporters (Table 2.1).  

 

 

Figure 2.5 Diagram illustrating the position of NAR2, MDH, NIA1 and NII1 

Coccomyxa (top) in relation to the NAR Cluster I organization of 

Chlamydomonas (bottom). The NAR cluster of Chlamydomonas is not scaled. 

The numbers in kbp indicate the chromosomal position of the gene. 
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Table 2.1 Predicted number of amino acid transporters and ammonium 

transporter proteins in various green and red algal genomes. Data compiled 

using annotated genome information found in NCBI and other published reports.  

 

Organism Amino acid 

Transporters 

Ammonium 
Transporters  

Chlamydomonas 12 10 

Volvox 12 10 

Chlorella 42 6 

Coccomyxa 37 4 

Ostreococcus 5-7  3-4 

Micromonas 8-11 4-6 

Bathycoccus 9 6 

Cyanidioschyzon 4 2 

    

2.3.4 Ferredoxin-dependent Nitrite reductase of Mamiellophyceae 
contains three additional protein domains 

In addition to looking at NAR cluster organization, this investigation afforded 

an opportunity to examine in closer detail the diversity of domain structure of 

specific proteins.  While most of the NAR cluster genes displayed very similar 

predicted protein structure, distinct differences were found in the domain 

structure for NII1, the gene that codes for the enzyme nitrite reductase.  This 

enzyme catalyzes the reduction of nitrite to ammonium using electron 

donation from ferredoxin.  As shown in Figure 2.6, all nitrite reductase 

proteins possess two conserved nitrite/sulfite ferredoxin domains and two 

nitrite/sulfite reductase 4 iron-4 sulphur (4Fe-4S) domains.  However, in the 
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class Mamiellophyceae, the predicted nitrate reductase contains three 

additional domains, a rubredoxin domain, an oxidoreductase FAD-binding 

domain and an oxidoreductase NAD-binding domain all located at the C-

terminal end (Figure 2.6). The three conserved domains share similarity with 

cytochrome b5 reductase and the ferredoxin: NADP (H) oxidoreductase 

(FNR) family of enzymes (Ghoshroy and Robertson 2014). These additional 

domains may provide a unique flexibility by allowing for the non-

photosynthetic reduction of nitrite in the chloroplast (Hanke et al., 2005).  The 

NAD and FAD binding domains may allow the transfer of electrons from 

NADPH/NADH and FADH to support nitrite reduction especially under low 

light and dark environment (Hanke et al., 2005; Kamp et al., 2011). 

 

 

Figure 2.6 Representative protein domains of ferredoxin-dependent nitrite 

reductase from (A) Chlamydomonas reinhardtii (B) Micromonas pusilla. 

Numbers in the scale indicate amino acid position. Abbreviations: NIR_SIR 

ferredoxin- Nitrite/sulfite reductase ferredoxin binding domain, NIR_SIR 

superfamily- Nitrite/Sulfite reductase 4Fe-4S domain; R- Rubredoxin, FAD- 

Oxidoreductase FAD binding domain, NAD- Oxidoreductase NAD binding 

domain  
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2.3.5 Ferredoxin-dependent Nitrite reductase (NII) has a probable 
cyanobacterial origin 

As discussed briefly in the introduction, nitrate transport and assimilation are 

carried out by a range of organisms including non-photosynthetic bacteria as 

well as fungi, which are heterotrophic.  Of the five genes that we have defined 

as constituting a complete NAR Cluster I, most are homologous to genes 

found in non-photosynthetic species (both bacteria and fungi).  As an 

example, molecular phylogenetic analysis using the maximum likelihood 

algorithm, illustrates that the plasma membrane-localized nitrate transporter, 

encoded by the gene NRT2, is evolutionarily related to genes found in non-

photosynthetic bacteria (Figure 2.7A). From this, one can conclude that NRT2 

is ancient, having arisen in prokaryotic cells prior to the development of the 

eukaryotic cell by endosymbiosis.  

Unlike NRT2 and most other NAR genes, molecular phylogenetic analysis of 

the nitrite reductase (NII1) gene provides evidence of a different evolutionary 

history (Figure 2.7B). Within the phylogenetic domain of bacteria, genes with 

high sequence similarity for Chlamydomonas NII1 are not found in 

heterotrophic bacteria but are only found in cyanobacteria.  According to the 

theory of endosymbiosis as initially proposed by Margulis (1970), the present-

day chloroplast of plants and algae is the descendant of free living 

cyanobacteria.  This explains the chloroplast localization of nitrite reductase.  

Incorporation of NII1 into the nuclear genome of Chlamydomonas and other 

photosynthetic eukaryotes is through the process of horizontal gene transfer, 

where DNA was relocated from proto-chloroplast (the engulfed 

cyanobacterium) to the nucleus very early in the development of the 

photosynthetic eukaryotic cell (Rockwell et al., 2014).  
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Figure 2.7 Distribution of the nitrite transporter (NRT2) protein (A) and 

ferredoxin-dependent nitrite reductase (NII1) protein (B) among various 

taxa. The size of the shaded triangles indicates the number of species within that 

taxon that contain a protein sequence homologous to the respective proteins in 

Chlamydomonas. The tree was made using the maximum-likelihood method in 

MEGA 6.0 software program of aligned protein sequences. Numbers in the node 

indicates the bootstrap values. 
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2.3.6 NAR Cluster II distribution and its regulation by nitrate 

NAR Cluster II in Chlamydomonas consists of only two genes: the nitrate 

transporter gene, NRT2.3, and the mitochondrial alternative oxidase gene, 

AOX1. As shown in Figure 2.8, this cluster is found in Chlamydomonas, 

Volvox and Gonium, where the two genes are organized in opposite 

orientation to each other. A search of all other available algae genomes (a 

total of 22 genomes) failed to identify the presence of this cluster.   

 

Figure 2.8 The NAR Cluster II genes in three species of Chlorophyceae: 

Chlamydomonas compared with Volvox and Gonium. IGR-intergenic region.  

 

The structure of NAR cluster II suggests the presence of a bidirectional 

promoter (Wang et al., 2009).  That is, the two genes are transcribed on 

different strands of DNA and are separated by approximately 1,400 bp of 

DNA. In a recent genome-wide study of Arabidopsis, 2,471 bidirectional gene 

pairs were identified (Wang et al., 2009).  While in humans, about 10% of 

about 23,000 genes were identified as being arranged bidirectionally 

(Trinklein et al, 2004). Bidirectional gene pairs tend to share common cis-

regulatory elements within the intergenic region and the fact that they tend to 
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be conserved among species of a particular lineage suggests that it serves an 

important function, mostly likely related to coordinate regulation. 

It has previously been shown that both NRT2.3 and AOX1 are induced by 

nitrate (Quesada et al., 1998). To investigate the expression of these two 

genes in more detail, the kinetics of the change in transcript abundance for 

each gene was determined using RNA blot analysis for cells grown in 

ammonium and shifted to nitrate.  As shown in Figure 2.9, AOX1 shows 

higher basal expression compared to NRT2.3, both are rapidly induced within 

30 minutes, but the expression of NRT2.3 is far more transient than that of 

AOX1, returning to ammonium control levels after about 4 hours in nitrate.  

 

 

Figure 2.9 Northern blot analysis of NRT2.3 and AOX1 transcript 

abundance in Chlamydomonas cells shifted to the medium containing as 

nitrate the sole nitrogen source. Cells were grown in media containing HS-

ammonium and total RNA was isolated as a function of time following transfer to 

nitrate containing HS medium. RNA was gel electrophoresed and transferred to 

nylon membrane to probe against AOX1 and NRT2.3 genes. A major ribosomal 

RNA separated in electrophoresis gel and stained by ethidium bromide was used 

as control for equal loading of 25 µg of RNA.  
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To look into the bidirectional nature of the transcriptional regulation of NAR 

Cluster II, the 1.4kbp intergenic region was fused to the arylsulfatase (ARS) 

reporter gene in both orientations (Figure 2.10A).  Each construct was then 

transformed into wild-type Chlamydomonas and ARS enzyme activity was 

measured (Ohresser et al., 1997) in cells grown in ammonium and shifted to 

nitrate. As shown in Figure 2.10B, ARS expression was far stronger in the 

orientation that drives the expression of AOX1 than NRT2.3.  While both 

NRT2.3 and AOX1 have both previously been shown to be regulated by the 

transcription factor NIT2 (Quesada et al., 1998), these data suggest that there 

are additional levels of regulation that differentiate the two genes.  It may be 

that NIT2 interacts more strongly with 5' region of the AOX1 coding strand 

than the region upstream of the start site of NRT2.3. Alternatively, there may 

be additional co-transcription factors that have binding sites only to the 

promoter region of AOX1 that accounts for its heightened rate of transcription. 

More detailed analysis of the intergenic region is required to determine the 

biochemical basis for the large difference in transcription found between the 

two genes.  
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Figure 2.10 Measuring transcription of the NRT2.3:AOX1 intergenic region. 

A.  Two constructs were made with the arylsulfatase (ARS) coding sequence 

under control of the NRT2.3:AOX1 intergenic region.  B.  ARS expression was 

measured in cells transformed with either the FORWARD or REVERSE construct 

by assaying ARS enzyme activity.  Data was standardized to the number of cells 

calculated by dividing the absorbance at 540nm by the culture turbidity at 750nm. 

Cells were initially grown under ammonium and shifted to nitrate contacting 

growth medium for 8 hrs before the ARS assay is performed. Data represent the 

mean of three independent experiments +/- SE. 
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2.4 Discussion 

The genome of Chlamydomonas contains two nitrate assimilation gene (NAR) 

clusters: one that contains seven genes that encode proteins primarily 

involved in nitrate transport and assimilation (NAR Cluster I) and a second 

one that contains a gene for a nitrate transporter and the gene encoding the 

mitochondrial alternative oxidase (NAR Cluster II).  NAR genes have been 

shown to be clustered in many lineages of fungi and bacteria.  Following 

those findings, the purpose of the current study was to determine how widely 

NAR genes are found clustered within algal lineages.     

Using whole genome data, the NAR Cluster I was identified in all three 

classes of the green algae (division Chlorophyta):  clustering was found in two 

additional members of the Chlorophyceae, besides Chlamydomonas; two 

species within the Trebouxiophyceae and six members of the 

Mamiellophyceae. This analysis led to three major findings regarding NAR 

Cluster I.  First, the basic cluster can be defined as having five genes: nitrate 

reductase (NIA1), ferredoxin-dependent nitrite reductase (NII1), nitrate 

transporter accessory protein (NAR2) and nitrite transporter (NAR1.1) and 

one copy of the gene that codes for nitrate transporter (NRT2).  Second, the 

organization of these five core genes within a cluster is not conserved. Both 

the ordering of the genes as well as their orientation to each other is highly 

variable. Third, the NAR Cluster I from almost all species examined contained 

additional genes that were not directly involved in either nitrate transport or 

assimilation.   

The variability in the number of nitrate assimilation genes above the core five 

can be explained by gene duplication. Gene duplication is considered as one 

of the mechanisms that contribute significantly to the formation and 

augmentation of the metabolic gene clusters in fungi and plants (Proctor et 

al., 2009, Chu et al., 2011)  
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Among the 11 different NAR clusters of green algal species analyzed in this 

study, most of the clusters contain genes that arose from duplication. For 

example, in the Chlorophyceae (Chlamydomonas, Gonium, and Volvox) and 

Trebouxiophyceae (Chlorella) the NAR clusters were found to contain an 

additional nitrate transporter gene (NRT2.1 and NRT2.2). Sequence 

conservation between the genes clearly indicates that they share an 

evolutionary history that was the result of a gene duplication event early in an 

ancestral species that propagated across lineages. Interestingly in 

Chlorophyceae members, a copy of NRT2 gene was relocated after 

duplication to form part of the NAR Cluster II along with AOX1. This is similar 

to what is reported in tricothecene (TRI) gene cluster of Fusarium (Proctor et 

al., 2009). From the primary TRI gene cluster, two of the genes TRI1 and 

TRI101 are duplicated and relocated separately to other loci of the genome 

and form a small cluster with other genes (Proctor et al., 2009).  

Unlike these two groups of green algae, NAR clusters of Mamiellophyceae 

showed a lesser degree of gene duplication. NAR2 is duplicated only in 

Micromonas pusilla RCC299 and then gene CNX is duplicated only in 

Ostreococcus. The importance of this gene duplication in Mamiellophyceae 

NAR Cluster I is not very clear yet and it needs a detailed analysis.  

The differences found in the order and orientation of NAR Cluster I members 

among the different lineages may be biologically relevant and thus deserves 

further investigation.  It is intriguing to note that in all Saccharomyces species, 

but not Naumovia castellii, gene order within the DAL cluster is conserved 

(Naseeb and Delneri 2012). Compared to Saccharomyces cerevisiae, 

Naumovia castellii was found to grow much slower in the presence of 

allantoin.  Interestingly, this slow growth phenotype could be mimicked in S. 

cerevisiae, by recreating the gene inversions found in N. castellii.   Such 

experiments could easily be carried out in Chlamydomonas to determine the 

fitness implications of altering the gene order and orientation of the members 

of NAR Cluster I. 
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The major driving force that influences the formation and maintenance of 

eukaryotic gene clusters is selective pressure from the environment (Chu et 

al., 2011). In yeast for example, urate oxidase was selected against and 

eliminated from the DAL gene cluster when the yeast adapted to a low 

oxygen environment (Wonga and Wolfe 2004). Likewise, the GAL gene 

cluster seems only to be maintained when the habitat is rich in galactose. 

Otherwise, the cluster is dissociated and the genes in the cluster are 

relocated elsewhere in the genome (Slot and Rokas 2010). 

The research from yeast and fungi discussed above clearly illustrates that 

cluster maintenance as well as gene order and orientation are targets for 

selection, as changes in these can alter organism fitness. Support for this 

from the current work comes from an examination of the NAR Cluster I in 

Coccomyxa subellipsoidea (which lacks three of the five core genes) and 

Chlorella variabilis (which lacks one of the five core genes).  In both cases, 

the loss of the core complement of genes is correlated with an improved 

ability to preferentially import organic forms of nitrogen instead of nitrate. In 

both species, the absence of a complete NAR Cluster I is correlated with an 

unusually high number of amino acid transport related proteins.  

Chlorella variabilis is a facultative photosynthetic symbiont of Paramecium 

and thus relies heavily on its host for nitrogen. Paramecium obtains nutrition 

by feeding on bacteria, algae and other microorganisms and generates free 

amino acids by protein catabolism (Johnson 2011, Karakashian 1963).  

Adaptation of C. variabilis to such an ecological niche would thus favour an 

increased number of amino acid transporters.  A corollary to this would be 

that maintenance of the NAR Cluster I would not be selected for and thus its 

retention would not confer an advantage when organic nitrogen is the 

dominant form of nitrogen taken up from the environment. The cluster would 

break apart most likely as a result of genetic recombination during mitosis and 

may account for the loss of nitrite transporter gene NAR1 from the cluster.   
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Unlike Chlorella variabilis NC64A, Coccomyxa subellipsoidea C169 is a free 

living obligate photoautotroph, but the loss of a complete NAR Cluster I in this 

species can also be attributed to the organism occupying an uncommon 

ecological niche.  The strain Coccomyxa used for genome sequencing was 

isolated from Antarctica in a dry environment characterized by being 

particularly rich in organic matter (Blanc et al., 2012). This then could explain 

the preponderance of amino acid transporters in the Coccomyxa genome.  

Another interesting finding from in silico genome analysis is that the NAR 

Cluster I contains additional genes besides those directly required for nitrate 

transport and assimilation. For example, Chlamydomonas, Gonium and 

Volvox, all contain MDH, a gene that encodes malate dehydrogenase. While 

members of the Mamiellophyceae examined contain genes involved in 

molybdenum metabolism (MOT/CNX).  While these genes are not directly 

involved in nitrate transport or assimilation, they are associated with the 

process.  For example, malate dehydrogenase is part of the metabolic shuttle 

(Scheibe 2004) that is involved in the transfer of reducing power between 

cellular compartments to support the high energy requiring nitrate reduction 

reactions.  Likewise, molybdenum metabolism is crucial to nitrate assimilation 

as molybdenum is a key component of the cofactor required for nitrate 

reductase activity (Li et al., 2009).  

The presence of non-core genes is a characteristic of clusters in other 

organisms. Cooption of other genes is also reported in various bacterial NAR 

clusters and it is common in different kinds of fungal metabolic gene clusters 

(Luque-Almagro et al., 2011, Hoffmeister and Keller 2007). For example, 

kinase gene is present in the GAL gene cluster of yeasts and fungi (Slot and 

Rokas 2010). In each case, including the ones described in this research for 

NAR Cluster I, the non-core genes do encode components that are clearly 

related to the function of the core genes.  
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Unlike the NAR clusters found in bacteria and yeast, this study provides 

evidence that in green algae the formation of NAR Cluster I involved a distinct 

evolutionary path that included gene transfer and rearrangement events 

involving more than one prokaryotic genome.  Based on a wealth of 

phylogenetic analysis, it is now well established that modern green algae 

arose by an endosymbiotic event whereby a cyanobacterium was engulfed by 

a heterotrophic eukaryote cell that already possessed a proto-mitochondrion 

(Falkowski et al., 2005, Keeling 2010). During early eukaryote evolution there 

was extensive genome reorganization that included not only the loss of 

redundant genes but also the transfer of genes from the engulfed 

cyanobacterium (destined to become the chloroplast) to the host nuclear 

genome.  For example, most photosynthetic genes were transferred to the 

nucleus, with only a small number of genes being retained by the chloroplast 

genome (De Clerck et al., 2012).  

Based upon the molecular phylogenetic analysis presented here, one can 

speculate a putative series of events, which would result in the unique 

features of the NAR cluster I organization seen in green algae. The basic 

cluster already existed in bacteria and thus was present in the nucleus of the 

earliest eukaryotic cells.  It is likely that there was no transfer of NAR genes 

from the proto-mitochondrion to the early nucleus, instead redundant genes 

were deleted. However, the analysis presented here clearly shows evidence 

that there was a transfer of NII1, encoding nitrite reductase, from the genome 

of the engulfed cyanobacterium to the nucleus.  Interestingly, it is likely that 

the NAR cluster within the nucleus already contained a gene that would 

encode nitrite reductase, but that gene was replaced by the one from the 

cyanobacterium. Why would this swap take place?  It is important to realize 

that the two nitrite reductase genes are not equivalent.  The bacterial enzyme 

is NADH-dependent, while the cyanobacterial is a ferredoxin-dependent form 

of the enzyme.  This distinction is critical because only the later would be able 

to interact with ferredoxin, a key component of photosynthetic electron 
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transport allowing for nitrite reduction to occur within the chloroplast of the 

early photosynthetic cell.  

So, what can explain the clustering of NAR genes in Chlamydomonas?  The 

data presented in this chapter provides evidence of a hybrid model: there are 

data that support the coregulation model as well as data that supports the 

selfish cluster model.  

Based on the phylogenetic analysis, it is clear that four of the member genes 

of the cluster (nitrate reductase, nitrite reductase, nitrate transporter and 

nitrite transporter) were present in bacteria and their close association led to 

widespread propagation throughout bacterial and eventually eukaryotic 

lineages.  This supports the selfish cluster model, that having genes tightly 

associated with each other facilitates their rapid horizontal transfer across 

species. During the genome reshuffling process, nitrite reductase from the 

host (non-photosynthetic parent) NAR cluster was replaced by the nitrite 

reductase of cyanobacterium NAR cluster. Once moved into the cluster for 

coregulation, nitrite reductase from cyanobacteria was retained and co-

inherited along with the host NAR cluster.  

Support for the coregulation comes from the finding that all genes in the 

cluster show a remarkable degree of coordinate activation in the presence of 

nitrate and strong repression under ammonium. This is consistent with 

previous findings and is associated with the involvement of the transcription 

factor NIT2 that regulates the expression of NAR genes (Camargo et al., 

2009). Recall from the introduction that support for the coregulation 

hypothesis comes from the notion that metabolic intermediates of some 

pathways are toxic and thus expression of all enzymes of a pathway 

concurrently would avoid accumulation of any toxic metabolites. This could be 

considered as a reason for the clustering of NAR genes in Chlamydomonas. 

A major by-product of nitrate reduction as catalyzed by nitrate reductase in 

the cytosol is nitric oxide, which is generated by a reaction with nitrite 
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(Sakihama et al., 2002). Formation of nitric oxide, which is a reactive nitrogen 

species and potentially harmful can be mitigated by rapidly transporting nitrite 

into the chloroplast to be reduced to ammonium.  To allow uninterrupted 

transfer of nitrite molecules for enzymic reduction in the chloroplast, it would 

be critical to keep NAR1.1 and NII1 in a cluster for coordinate regulation.  

Within the chloroplast, high activity of nitrite reductase would also be 

important as nitrite itself is known to be a reactive nitrogen species causing 

nitration of proteins and lipids. 

Unlike the distribution of NAR Cluster I observed among different green algal 

species, NAR Cluster II formation is restricted only to the three members of 

Chlorophyceae group and no other taxonomic group of algae seems to 

possess this NAR cluster. Since the NRT2.3 located next to AOX1 is a 

duplicated copy of the high affinity nitrate transporter gene present in the NAR 

cluster I, the biological significance of this association is not known yet.  That 

AOX1 would become closely associated with a NAR gene and a component 

of NAR Cluster II suggests that coordinate expression of its transcription 

(induced by nitrate and repressed by ammonium) is important for nitrate 

assimilation.  This is explored in chapters 3 and 4 of this thesis.  
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Chapter 3  

3 Generation and Molecular Characterization of 
Chlamydomonas strain with reduced AOX1 gene 
expression 

3.1 Introduction 

In all species in which it has been examined, the alternative pathway (AP) of 

mitochondrial respiration is comprised of a single protein, alternative oxidase 

(AOX) (Vanlerberghe and McIntosh 1997). In Chlamydomonas, AOX is coded by 

two nuclear genes, AOX1 and AOX2 and share 57.6% similarity in predicted 

protein sequence (Dinant et al., 2001). Out of these two homologs, only AOX1 

has been found to be transcriptionally active under both optimal growth 

conditions and stress (Molen et al., 2006). In most plant species examined AOX 

functions as a dimer that can be activated by various metabolites (Elthon et al., 

1989; Vanlerberghe et al., 1992; Vanlerberghe 2013).  In contrast, in 

Chlamydomonas,AOX1 is predicted to function as a monomer (Molen et al., 

2006, Baurain et al., 2003).  

In Chlamydomonas, AOX1 is influenced by nitrogen (Quesada et al., 1998). It 

has been shown that AOX1 gene expression, AOX protein abundance and the 

corresponding AP capacity are upregulated when nitrate is used as the sole 

nitrogen source (Baurain et al., 2003, Molen et al., 2006). This specific induction 

of AOX by nitrate is not seen in plants or in other species that contain this protein 

(Reviewed in Vanlerberghe et al., 2016).  

The current knowledge of the functional importance of AP respiration to 

respiratory metabolism in plants has been gained mainly from studies conducted 

in transgenic lines of tobacco and Arabidopsis plants with altered levels of AOX. 

(Umbach et al., 2005; Vishwakarma et al., 2015). It is well known that when 

induced, AP respiration competes with the energy conserving cytochrome 

pathway (CP) respiration for reductants at the ubiquinone level.  As a result, this 
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pathway bypasses two of the three proton translocating sites that contribute to 

the transmembrane pH gradient and thus compromise ATP synthesis.  

In transgenic tobacco cells, Maxwell et al., (1999) examined the role of AP 

respiration in lowering reactive oxygen species (ROS) formation and reported 

that cells lacking AOX have higher ROS compared with the cell of wild type. The 

general belief is that AOX provides a second outlet for reduced ubiquinone to be 

oxidized. In the absence of AOX, high levels of reduced ubiquinone have been 

shown in a range of systems to be a major source of ROS within the 

mitochondrion (Reviewed in Vanlerberghe et al., 2016). It is generally accepted, 

that H2O2 is the specific kind of ROS generated by the reduction of superoxide 

generated in the mitochondria. In tobacco cells, restricting CP respiration with the 

addition of the inhibitor antimycin A causes massive increase in ROS and AOX 

protein abundance (Vanlerberghe and McIntosh 1992). Further work in 

Arabidopsis showed that an antisense line of AOX1 showed greater oxidative 

damage when the CP respiration was chemically inhibited (Umbach et al., 2005). 

A similar result was also obtained in a study conducted in tobacco plants with the 

reduced levels of AOX (Amirsadeghi et al., 2006). 

It has been more recently shown that altering AOX abundance within the 

mitochondria can impact photosynthesis in the chloroplast (Reviewed in 

Vanlerberghe et al., 2016). In plants exposed to high irradiance, a role for AP 

respiration in optimizing photosynthesis was shown in AOX1 knockdown plants 

of Arabidopsis and tobacco (Giraud et al., 2008, Yoshida et al., (2008, 2011), 

Vishwakarma et al., 2015, Vanlerberghe et al., 2016). It was found that AOX1 

knockdown plants cultivated at higher irradiance levels had lower electron 

transport through photosystem II (PSII) and enhanced electron transport activity 

around photosystem I (PSI) (Yoshida et al., 2011).  

In Chlamydomonas, experiments designed to understand the regulation of AOX1 

gene expression have revealed some features that are distinct from the research 

conducted on plants. A study by Molen et al., (2006) identified that two distinct 
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pathways that induce AOX in Chlamydomonas:  First – a pathway mediated by 

cold, antimycin A and H2O2 which explains the role of AP respiration in 

preventing ROS formation and second, a pathway in response to metabolic 

alterations triggered by a shift in nitrogen source from ammonium to nitrate in the 

growth medium. The physiological importance of the induction of AOX and 

increased AP respiratory capacity by nitrate remains elusive. A number of 

hypotheses have been proposed to explain this phenomenon: (i) induction of 

AOX during nitrate assimilation is in response to higher level of 

photosynthetically derived ATP than that generated during ammonium 

assimilation (Quesada et al., 2000); (ii) it is a response to the accumulation of 

nitric oxide that may be generated by the action of nitrate reductase on nitrite, 

which has been shown previously by Sakihama et al., (2002); (iii) activation of 

AOX1 expression by nitrate is simply due to the gene’s close proximity to a 

nitrate transporter gene, NRT2.3 in the nuclear genome (Baurain et al., 2003). 

One way to investigate the physiological role of AP respiration during nitrate 

assimilation in Chlamydomonas is to develop and characterize transgenic lines 

with silenced AOX1 gene expression. To achieve this, reverse genetics tools 

developed for Chlamydomonas based on RNA interference principle can be 

employed (Molnar et al., 2009, Zhao et al., 2009).  In the past decade, RNA 

interference (RNAi) has emerged as an efficient tool to study gene function in 

Chlamydomonas (Cerutti et al., 2011). The amiRNA (artificial microRNA) 

technology developed by Molnar et al., (2009) and Zhao et al., (2009) has proven 

successful in silencing several genes of Chlamydomonas. Hence to elucidate the 

function of AOX induced during nitrate assimilation, artificial miRNA targets 

specific to AOX1 were designed according to Molnar et al., (2009) to develop cell 

lines silenced with AOX1 gene expression.  

 In this chapter I report 1) the development of a Chlamydomonas strain lacking 

AOX1 gene expression and 2) the effect of AOX1 silencing on growth, 

photosynthesis and respiration.  
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3.2 Material and Methods 

3.2.1 Strain and growth conditions 

Chlamydomonas reinhardtii strain CC-4351(cw15, arg7-8, mt+) used in this study 

was obtained from the Chlamydomonas resource center, University of 

Minnesota, St. Paul, MN 55108. This strain lacks cell wall and an auxotroph of 

amino acid arginine. To maintain the stock, cells were grown in TAP (Tris-acetate 

phosphate) liquid medium containing arginine under constant light (50 µmol m-2 s-

1) and temperature (28  1.0C) (Harris 2009). The strain obtained from the 

resource center lacks arginosuccinate lyase (ARG7) gene involved in the 

synthesis of the amino acid, arginine. So before using the strain in actual 

experiments, it was transformed with the plasmid pARG7.8 containing the ARG7 

(arginosuccinate lyase) gene for complementation to avoid using arginine every 

time in the growth medium. For transformation, cells maintained in small 

Erlenmeyer flasks were used as inoculum for larger flasks containing 500 mL 

TAP liquid medium and transformed using the glass bead method described by 

Kindle (1990). One of the transformed colonies found positive for ARG7 was 

selected and used in all the experiments conducted in this study. The selected 

line will be referred as wild type (WT) in our studies for convenience. 

In all other growth and characterization experiments, cells were grown 

photoautotrophically in high salt (HS) medium containing either 4.0 mM NH4Cl or 

4 mM KNO3 (Sager and Granick 1953, Harris 2009) in 200 mL glass tubes 

suspended in temperature controlled aquaria (28  1.0C). Cultures were 

continuously aerated by air that was passed through a sterile cotton plug before 

being delivered to the bottom of the tube via a thin glass pipe.  Cells were 

maintained under constant irradiance (150 µmol m-2 s-1) which was supplied by 

fluorescent tubes fixed along one side of the aquaria. Irradiance was measured 

using a light meter (model LI-I89, LI-COR, Lincoln, NE). 
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Contamination of cultures was identified by routinely plating a small aliquot of 

culture onto a Luria Broth containing agar plate and incubating overnight at 37C.  

Contaminated cultures were discarded.   

3.2.2 Generation of knock down cell lines of AOX1 

Different artificial miRNA targets specific for AOX1 gene were designed, 

synthesized as oligonucleotides and cloned into pChlamiRNA3int vector 

according to the protocol detailed by Molnar et al., (2009). The miRNA targets 

specific to the 5’UTR region, middle region and 3’UTR region of the AOX1 gene 

coding sequence were identified using the web designer tool, WMD2 developed 

by Dr. Weigel’s Lab (wmd2.weigelworld.org). Two miRNA targets specific to each 

region of the gene were synthesized with miRNA backbone nucleotide sequence 

and later cloned into the plasmid vector for transformation as explained by 

Molnar et al., (2009). The transformation experiment was performed by vortexing 

the Chlamydomonas cells and plasmid with the glass beads (Kindle 1990). The 

plasmid vector pClamiRNA3int contains a phosphotransferase (APHVIII) gene, 

which confers resistance against the antibiotic paramomycin. To transform the 

plasmid pChlamiRNA3int, CC4351 (cw15, mt+) strain already transformed with 

the plasmid pARG7.8 was employed. To screen colonies silenced with the AOX1 

gene, individual colonies were collected and transferred into the TAP agar plate 

containing antimycin A (10 µM), a potent inhibitor of CP respiration. This 

screening procedure is based on an assumption that colonies that failed to 

express AOX1 and establish AP respiration, would be severely inhibited in their 

growth compared to WT cells.  

3.2.3 Isolation of membrane fraction for Immunoblotting 

Crude membranes were isolated by sonication and differential centrifugation 

following the protocol described in Pakkiriswami et al., (2009). Cells were 

pelleted and resuspended in 10 mL of isolation buffer (280 mM mannitol, 100 µM 

EDTA, 100 mM MOPS-KOH, pH 7.4, 0.1% (w/v) BSA).  Then cells were 

disrupted by three short sonications of 20 s using the ultrasonic cell disrupter 
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(VirSonic 100, SP Industries Inc.) Then the whole suspension was centrifuged for 

4 min at 3000 g. The supernatant which is expected to contain the mitochondrial 

membranes was decanted into new tubes and subsequently centrifuged at 27000 

g for 15 min. The obtained pellet was resuspended in wash buffer (280 mM 

mannitol, 100 µM EDTA, 100mM MOPS-KOH, pH 7.4) and again centrifuged at 

27000g for 15 min. The final crude membrane pellet was collected and proteins 

present in the pellet were solubilized in 4% (w/v) SDS and routinely stored at -

20C. The protein content was determined using the BCATM Protein Assay Kit 

(Pierce Biotechnology, Thermo Fisher Scientific Corporation). 

3.2.4 SDS-polyacrylamide gel electrophoresis and Immunoblotting  

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was carried out using 

standard protocols using a Bio-rad Mini-Protean II apparatus.  Gels were cast 

using a 12% resolving and 4% stacking gel and each lane was loaded with 25 g 

total protein which was suspended in 2X sample buffer (100 mM Tris pH 6.8, 4% 

(w/v) SDS, 40% Glycerol, 0.01% (w/v) Bromophenol blue). Total protein content 

was determined using the BCA Protein Assay Kit (Pierce Biotechnology, 

Rockford, IL), using the provided bovine serum albumin as a protein standard. 

Samples in the gel were run at room temperature for approximately 3 hr at a 

constant voltage of 90v once it reaches the resolving gel. For stacking gel, the 

voltage was set at 70 for 20-30 min. Gels were routinely run in duplicate with one 

gel being stained with coomassie blue and the other gel being used for 

immunoblotting. 

For immunoblotting, membrane polypeptides separated by SDS-PAGE were 

transferred to nitrocellulose membranes (HyBond ECL Nitrocellolose membrane, 

Amersham Biosciences) using a SDS gel transfer apparatus. Then membranes 

were blocked with a Tris-buffered saline (TBS) (20mM Tris, 135mM NaCl, pH 7.6 

)  containing 5%(w/v) skim milk powder and 0.1% (w/v) Tween 20 and the 

immunoblotting was performed as explained in Molen et al., (2006).  Membranes 

were probed with the respective primary antibodies raised against the various 
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proteins (AOX, COX3, D1, PsaA/B, OEC23, CYTB6F, Lhcb1, Lhcb2, FDX1, 

RBCL) analyzed in this study. All primary antibodies were obtained from Agrisera 

AB, Vannas, Sweden and diluted at the recommended rate before usage. After 

incubation with secondary antibody (1:20000 dilution) conjugated with horse 

radish peroxidase (Catalog NO: A6154, Anti-Rabbit IgG, Sigma-Aldrich), the 

antibody- protein complexes were detected by incubation of the blots in ECL 

Chemiluminescent detection kit (GE healthcare).  

3.2.5 Determination of Growth Rate 

To measure the growth rate of WT and K26, exponentially grown cultures were 

inoculated separately into Pyrex glass tubes containing HS-ammonium (HS-A) 

and HS-nitrate (HS-N) medium. Cultures were collected every 12 hrs and growth 

was measured spectrometrically as an increase in absorbance at 750 nm (Cary 

50 Bio UV-Visible Spectrophotometer, Varian Inc.). The doubling time or 

generation time was calculated using the formula t gen = .693/µ (µ-represents the 

specific rate constant). The value of the slope of the curve was substituted for 

specific rate constant to find the generation time. 

3.2.6 Measurement of Photosynthetic O2 Evolution 

Photosynthetic oxygen evolution was measured using a thermostated, aqueous 

phase Clark-type oxygen electrode (Hansatech Ltd, King’s Lynn, UK). 

Measurements were carried out using a 1.5 mL aliquot of cells transferred into a 

closed chamber which was agitated with a magnetic stirrer at 28° C.  Before each 

measurement, 6 µl of sodium bicarbonate (NaHCO3 1M) was added to ensure 

saturating CO2 concentration (4mM) inside the chamber. Light response curves 

were made by exposing the cells to different photon flux densities from 10-1500 

µmol m-2 s-1. The level of irradiance and exposure time was automated using the 

oxygraph software associated with the electrode. Photosynthetic rates were 

calculated as µmol oxygen evolution [mg (Chl) -1 h-1]. 
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3.2.7 Measurement of Respiration 

Respiratory rates were measured as oxygen uptake in the dark at 28° C using 

the same Clark-type oxygen electrode used for measuring photosynthetic O2 

evolution. The total capacity of electron flow through CP and AP can be 

determined by the sequential addition of two inhibitors:  potassium cyanide 

(KCN), which inhibits the CP and salicylhydroxamic acid (SHAM) which inhibits 

the AP. CP capacity was taken to be that portion of the oxygen consumption that 

could be inhibited by 1 mM KCN in the presence of 2 mM SHAM (Peltier and 

Thibault 1985).  The capacity of AP was taken to be that portion of oxygen 

consumption inhibited by 2 mM SHAM in the presence of 1mM KCN. Residual 

respiration after the addition of both inhibitors was subtracted from all measures 

of total respiration. Stock solution of KCN (1 M) was prepared by dissolving it in 

sterile water and SHAM (0.45 M) was made by dissolving in ethanol. 

3.2.8 Chlorophyll Determination 

Aliquots (2 mL) of culture were collected in micro centrifuge tubes and pelleted 

by centrifugation at 5000 g for 5 min. After the media was aspirated, each cell 

pellet was resuspended in 1.5 ml of 90% (v/v) acetone and vortexed vigorously 

for 2 min. Cellular debris was pelleted by centrifugation at 12000 g for 5 min.  

Total concentration of chlorophyll a and chlorophyll b were determined 

spectrophotometrically using the supernatant according to the method of Jeffrey 

and Humphrey (1975). 

3.2.9 Low temperature (77K) Fluorescence Measurements 

Low temperature (77K) fluorescence emission spectra of Chlamydomonas cells 

were measured using a PTI QM-7/2006 spectrofluorometer (Photon Technology 

International, South Brunswick, NJ, USA) equipped with a double 

monochromator, R928P red-sensitive photomultiplier tube (Hamamatsu 

Photonics, Shizuoka-ken, Japan) and a liquid nitrogen device as described 

previously (Morgan-Kiss et al., 2008). Cell cultures with chlorophyll concentration 

of 5 g/mL were dark adapted at room temperature for 30 min and quickly frozen 
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in liquid nitrogen in the presence of 30% glycerol before the measurements. 

Corrected fluorescence emission spectra were excited at 436 nm and recorded 

from 650 nm to 800 nm using slit width of 2.5 nm for both excitation and 

emission. All fluorescence spectra were normalized to the PSII emission peak at 

695 nm. Deconvolution analysis of the spectra in terms of Gaussian bands was 

carried out by a non-linear least squares algorithm that minimizes the chi-square 

function (Morgan-Kiss et al., 2008) using a Microcal™ Origin™ Version 7.0 

software package (Microcal Software Inc., Northampton, MA, USA). The fitting 

parameters for the five Gaussian components, that is, position, area and full 

width at the half maximum were free-running parameters. 

3.2.10 Measurement of P700 Photooxidation 

Far-red light induced photooxidation of P700 in Chlamydomonas strains was 

estimated as a change in absorbance around 820 nm (ΔA820-860) using a PAM-

101 chlorophyll fluorescence measuring system equipped with a dual wavelength 

emitter-detector ED-P700DW and PAM-102 units (Heinz Walz GmbH, Effeltrich, 

Germany) as described in detail earlier (Klughammer and Schreiber, 1994; 

Ivanov et al., 2012). Samples were prepared as described by Herbert et al. 

(1995). The relative redox state of P700 was determined in vivo under ambient 

CO2 conditions at room temperature. Far-red light (FR; max =715 nm, 10 W m-2, 

Schott filter RG 715) was provided by a FL-101 light source. After reaching a 

steady state level of P700+ in the presence of FR background, single turn over 

(half peak width 14 µs) and multiple turn over (50 ms) pulses of actinic light were 

applied with a XMT-103 and XST-103 power/control units, respectively, via a 

multi branched fibre optic system connected to the emitter-detector unit and the 

cuvette. The spectral data were analyzed in terms of Gaussian bands by a 

nonlinear least-squares algorithm using a MicrocalTM OriginTM Version 7.0 

software package (Microcal Software Inc., Northampton, MA, USA). 
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3.2.11 Measurement of ROS 

Intracellular generation of ROS in WT and AOX1 knock down cells were 

measured using 2’,7’-dichlorofluorescein diacetate (H2DCF-DA) (Maxwell et al., 

1999). This nonpolar compound is converted to the membrane-impermeant polar 

derivative H2-DCF, which is non-fluorescent but is immediately oxidized by 

intracellular H2O2 and other peroxides to fluorescent DCF (Zhu et al., 1994). 

Dichlorofluorescein fluorescence was determined using a microplate 

spectrofluorometer (Molecular Devices Spectra Max Gemini). Before loading the 

microplate into the fluorometer, excitation and emission wavelengths were set at 

488 nm and 520 nm for the measurement. Cells were grown in HS-A and HS-N 

and treated with H2DCF-DA. After 15 min exposure, cells were pelleted and 

resuspended with fresh growth medium treated with antimycin A, 10 µM. For the 

measurement, samples were transferred to the 96-well microplate and placed in 

the spectrofluorometer for the fluorescence reading. Three biological replicates 

for each treatment or condition were used for the analyses. 

3.2.12 RNA extraction and Quantitative Polymerase Chain Reaction 
(qPCR)    

For RNA isolation, 40 mL of cells harvested by centrifugation in 50 ml 

disposable centrifuge tubes was immediately frozen in liquid nitrogen and 

stored at -80ºC. RNA was extracted using a modified hot phenol method 

described by Molen et al., 2006. 

One mL of a hot (80°C) phenol/extraction buffer (P/EB) solution was added to 

the 40 mL of frozen pellet collected by centrifugation. The P/EB extraction 

reagent consisted of one-part buffered phenol (pH 6.8) and one-part 

extraction buffer (1 M LiCl, 10 methylenediaminetetraacetic acid (EDTA), 1% 

SDS, 0.1 M Tris pH 8.0). Before vortexing the cells with the extraction 

reagent, (v/v) betamercaptoethanol and 4% (w/v) polyvinylpyrolidone was 

added to the mixture. Then 0.5 mL of 24:1 (v/v) chloroform: isoamyl alcohol 

was added and vortexed for one minute. Immediately after, mixture was 
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transferred to a microfuge and centrifuged at 16 000 g for 10 min at room 

temperature to collect the supernatant. The aqueous phase collected was 

used to selectively precipitate RNA by the addition of 1 vol. of 4 M LiCl. Then 

the whole mixture was stored at −20°C for at least 2 h, RNA was pelleted at 

16 000 g for 10 min at room temperature. For final purification, the RNA pellet 

was dissolved in 400 μl of diethyl pyrocarbonate (DEPC)-treated water and 

precipitated using standard ethanol precipitation. The precipitated RNA was 

centrifuged to remove the supernatant and air dried to quantify using 

spectrometry. 

Complementary DNA (cDNA), primed by oligo dT was prepared with the action of 

Superscript II Reverse Transcriptase (SS II RT) as described in Chapter 2, 

Material and Methods section 2.2.3 and used in the quantitative PCR. The 

amplification was performed in CFX96TM touch system (Bio-Rad laboratories) 

with qPCR reagents of iTaq Universal SYBR@ Green Super mix qPCR kit (Bio-

Rad Laboratories). All reactions contained the vendor’s super mix, 200nm of 

each gene specific primer, and cDNA from WT or AOX1 knock down cells grown 

in HS-A or HS-N growth medium. The primers are designed as per the guidelines 

suggested by Bio-Rad Laboratories. The primers designed using PRIMER3 

algorithm are listed in Appendix S2. The reaction was performed as per the 

manufacturer’s protocol: 95ºC for 5min, followed by 95ºC for 15s, 65ºC for 30s, 

72ºC for 30s up to a total of 40 cycles. The 2-∆∆CT method was used to analyze 

the data (Livak and Schmittgen, 2001). The product was analyzed later by gel 

electrophoresis to verify that it represented the gene of interest based on its size. 

The final data are presented as fold change in mRNA abundance, normalized to 

an endogenous reference gene, ubiquitin ligase (UBL) (Montaigu et al., 2010). 

The accumulation of endogenous gene mRNA did not vary between the WT and 

AOX1 knock down cells. 
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3.3 Results 

3.3.1 Isolation of AOX1 knockdown cell lines 

A strain of Chlamydomonas lacking AOX1 gene expression (often referred to as 

a "knockdown") was generated using the RNA interference (RNAi) method 

described by Molnar et al., (2009).  Briefly, cells were transformed with a DNA 

construct that generates microRNAs, which would bind to the native AOX1 

transcript causing its degradation. This results in very low or undetectable levels 

of AOX protein being produced through translation.    

The RNAi constructs containing the AOX1 artificial miRNA targets were produced 

by cloning gene specific DNA fragments into the plasmid vector pChlamiRNA3int. 

This plasmid contains a novel phosphotransferase (APHVIII) gene, which confers 

resistance to the antibiotic paramomycin on cells that take up the construct 

(Molnar et al., 2009). The transformation of cloned pChlamiRNA3int vector with 

amiRNA targets was carried out in the strain CC4351 (cw15, mt+) using the glass 

bead method and plated on growth medium containing the selectable marker, 

paramomycin.  After about one week, cells successfully transformed with 

pChlamiRNA3int could be visualized as individual colonies.   

To identify AOX1 silenced strains, individual colonies were picked and 

transferred to fresh TAP agar plates containing antimycin A (10 µm), a potent 

inhibitor of CP respiration. This screening protocol is based on the understanding 

that strains unable to express AOX1 and thus unable to synthesize AOX and 

establish AP respiration, would be severely inhibited in their growth compared to 

WT cells on plates containing antimycin A. 

After allowing colonies to grow up for two weeks, three clear phenotypes became 

apparent:  colonies that could grow as well as WT cells in the presence of 

antimycin A, a second that showed clear inhibition of growth and a third 

phenotype where growth was almost completely arrested (Figure 3.1A).  It was 

assumed that strains that showed the strongest inhibition of growth on AA lacked 

AP respiration due to the strong silencing of AOX1 gene expression.  This 



 

71 

assumption was tested by growing up a number of these strains in liquid HS or 

TAP medium containing nitrate as the sole nitrogen source.  Using cell extracts, 

the abundance of AOX was determined through western blotting using a 

polyclonal antibody raised specifically against the Chlamydomonas AOX protein.  

As shown in Figure 3.1C, the expression of AOX varied widely among the 

different lines, which reflected the variability in gene silencing. The difference in 

the strength of silencing observed among the transgenic lines could be attributed 

to the positional effect of the genomic region, where the plasmid vector is 

integrated.    

For every two hundred original transformants screened there were at least ten 

colonies showing partial suppression of AOX protein accumulation, as 

determined through western blot analysis (data not shown). However, strains in 

which AOX was close to undetected using western blotting were very rare.  

Figure 3.1A shows an example of transformed cells re-plated onto agar 

containing antimycin A.   While many lines grew equally well as WT, a small 

number showed clear growth restriction (Figure 3.1A).  Immunoblot analysis on 

cell extracts of these different strains indicated that the lines that grew most 

poorly in the presence of AA had very low levels of AOX expression (Figure 

3.1C). It was interesting to observe that cells in which AOX1 was not strongly 

knocked down and thus showed strong AOX abundance were able to grow in the 

presence of antimycin A which is a strong inhibitor of the CP pathway (Figure 

3.1A).  

One of the colonies numbered 26, which showed strong inhibition of growth and 

reduced AOX abundance was selected (Figure 3.1C). In a separate growth 

experiment, growth of K26 was monitored spectrometrically as a change in the 

absorbance at 750 nm along with WT and a partially silenced line of  
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Figure 3.1 Growth characterization and immunoblot analysis of AOX and 

COX in WT and K26 cells. A) Spotted cell suspensions of individual transformed 

colonies. The colonies numbered are transformed with pChlamiRNA3int plasmid 

vector with the AOX1 target sequence. The agar contained nitrate (4 mM) and 

antimycin A (10 µm). B) Growth of WT, K26, K121 in TAP liquid medium 

containing nitrate (WT-N, K26-N) in the presence of antimycin A (10 µM). C) 

Immunoblot analysis of AOX protein showing the variation in AOX abundance in 

various transformed cell lines. D) Immunoblot analysis of AOX and COX protein 

in WT and K26 (K-knock down) strains grown in ammonium (A) and nitrate (N). 

Each lane of SDS-PAGE gel contains 25 µg of protein. 

AOX1(K121). Cells were cultured in the liquid growth medium containing nitrate 

in the presence of antimycin A. As shown in Figure 3.1B, compared to WT, the 

growth of K121 was restricted moderately; it was completely arrested in K26. 

This result confirms the previous work in tobacco cells showing the importance of 
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AP in maintaining respiration rate to support growth in the absence of CP 

respiration (Vanlerberghe et al., 1997). Figure 3.1D shows the accumulation of 

AOX in nitrate and ammonium grown cells of WT and the AOX1 knock down line, 

K26. Compared to WT cells, AOX1 knock down cells showed no accumulation of 

AOX indicating successful silencing of AOX1 gene expression in K26 strain 

grown in ammonium and nitrate. 

3.3.2 Growth, Photosynthetic Oxygen Evolution and Respiration 
Characteristics of WT and K26  

To determine the effects of decreased AP capacity on cell growth, 

photosynthesis and respiration, cells were grown under photoautotrophic 

condition in HS media containing either ammonium or nitrate as the nitrogen 

source.  Unlike the more commonly used TAP medium, which contains a 

reduced carbon source (acetate), HS is a minimal medium that, while resulting in 

slower growth, it more accurately reflects growth conditions in the natural 

environment.   

Log transformation of OD data was used to determine the exponential portion of 

the growth curve.  During the exponential growth phase, it was found that WT 

cells grown in either ammonium or nitrate had almost identical generation time of 

around 8.0 h. Compared to WT, the doubling time of K26 cells in ammonium and 

nitrate-containing media was reduced by 17% (9.5 h) and 19% (9.6 h), 

respectively (Figure 3.2).  

To further assess the impact of AOX1 silencing in Chlamydomonas, whole cell 

respiration was measured using a Clark-type oxygen electrode. The capacity of 

the AP to support electron flow was determined under conditions where the CP 

pathway was blocked using KCN.  Alternatively, the capacity of the CP pathway 

that contributes for electron flow was determined by blocking AP pathway using 

SHAM. In WT cells, AP capacity accounts for at least 20% of total respiration in 

ammonium, while in nitrate it contributes nearly 70%. As expected, there was a 

complete absence of AP respiration in K26 cells grown in either ammonium or 
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nitrate (Figure 3.3). However, the total respiratory rate of K26 cells, measured in 

the absence of inhibitors remained similar to the rate observed in WT cells. This 

data indicates that CP respiration is the only pathway that is functional in the K26 

strain.  Interestingly, while AP pathway is totally inhibited in the K26 strain, this 

did not result in an increase of COX 3 abundance, a protein component of 

cytochrome c oxidase (Figure 3.1D). 

  

Figure 3.2 Growth of WT (solid line) and K26 (dashed line) strains grown in 

high salt-ammonium (HS-A) and high salt-nitrate (HS-N) nutrient medium. 

Growth was measured as an absorbance at 750 nm. Prior to measurements, 

cells are acclimated to the growth medium. Generation times (t gen) represent the 

mean of three independent growth curves. Mean ± SE values are calculated for 

each curve. Doubling time calculated during log phase cells are significantly 

different between WT and K26 identified by two-way ANOVA (Post-hoc Tukey 

test, P<0.05). 
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Figure 3.3 Respiration profile of WT and K26 strains. Total respiration, 

cytochrome pathway (CP) capacity and alternative pathway (AP) capacity in 

intact WT and K26 cells grown in HS medium containing ammonium (A) or 

nitrate (N). Data represent the mean ± SE of four separate experiments. Values 

identified with different alphabets are significantly different as determined by two-

way ANOVA, Post-hoc Tukey test (P<0.05). 

 

To determine whether AOX1 gene silencing has any differential effects on 

photosynthesis, light response curves for oxygen evolution were determined over 

a range of irradiances up to 1500 µmol.m-2 s-1 (Figure 3.4). Light response 

curves were generated for WT and K26 cells grown in HS-A and HS-N. From 

these curves, photosynthetic efficiency (apparent quantum yield of oxygen 

evolution) measured as the initial slope and the maximum rate of photosynthetic 

oxygen evolution (Pmax) were calculated according to Falkowski and Raven 

(2004). The results from three independent experiments revealed that 

photosynthetic efficiency of K26 measured at lower light intensities is not very 

different from WT cells (WT-A - 0.55±0.04; WT-N – 0.62±0.06; K26-A – 
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0.53±0.07; K26-N – 0.56±0.04) while the maximum rate of photosynthesis 

(Pmax) is reduced approximately by 15% and 23% in ammonium and nitrate 

grown cells respectively (WT-A - 195±4.5; WT-N – 205±5; K26-A – 162±3.5; K26-

N – 145±5 µmol O2 (mg Chl)-1 h-1 , Figure 3.4).

 

Figure 3.4 Measurement of photosynthetic oxygen evolution in WT and 

K26. Oxygen evolution measured as a function of irradiance for WT and K26 

cells. Strains were cultured in high salt-ammonium (HS-A) and high salt-nitrate 

(HS-N) and mid-log phase cells were used at a chlorophyll concentration of 3-5 

µg. mL-1. The data presented is calculated from the means of three independent 

replicates. Pmax (the maximum rate of photosynthetic oxygen evolution) values 

of WT and K26 curves are statistically significant between WT and K26 strains 

(two-way ANOVA, Post-hoc Tukey test P<0.05). Inset graph shows the oxygen 

evolution of the cell samples at lower light intensities 10, 20, 40, 60, 80 and 

100µmol m-2 s-1. 
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3.3.3 Absence of AOX increased ROS abundance 

An increase in intracellular ROS production has been shown to be one 

consequence of reducing the levels of AOX within mitochondria of tobacco cells 

(Maxwell et al., 1999). To see if this also occurs in Chlamydomonas, changes in 

intracellular ROS formation in WT and K26 strains was investigated with and 

without the treatment of antimycin A. Antimycin A has been shown in many 

systems to cause an increase in ROS formation (Maxwell et al., 2002, 

Vanlerberghe and McIntosh 1997).  It is assumed that this occurs from over 

reduction of ubiquinone and its reaction with superoxide, which forms H2O2.   

Using the ROS-sensitive probe dichlorofluorescein acetate (DCF-DA), we found 

that irrespective of nitrogen form used in the growth medium, knocking down 

AOX1 in Chlamydomonas caused a substantial increase in intracellular ROS 

abundance (Figure 3.5). In addition, another interesting observation was made 

between the antimycin A treated WT cells and non-treated K26 cells. The level of 

increase in ROS generation in WT cells after adding antimycin A is almost equal 

to the ROS formation detected in the absence of antimycin A in K26 strain. This 

indicates that the endogenous ROS forming capacity of K26 cells is higher due to 

the absence of AP respiration in the mitochondria. 
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Figure 3.5 Changes in intracellular reactive oxygen species (ROS) 

abundance in WT and K26 cells. Cells were grown in high salt-ammonium (HS-

A) and high salt-nitrate (HS-N) and loaded with 10 µM dichlorofluorescein 

diacetate (H2DCF-DA). After a 15-min incubation, cells were pelleted and 

resuspended in the respective medium treated with antimycin 10 µM. Data 

represent the mean ± SE of three or four separate experiments. Values 

significantly different between WT and K26 are denoted by different alphabets 

(two-way ANOVA, Post-hoc Tukey test, P<0.05). 

 

3.3.4 Nitrate and AOX1 silencing activates Photosynthetic Cyclic 
Electron Flow 

Previous studies in Arabidopsis showed that in response to high light, the lack of 

AOX within the mitochondria affected photosynthetic function in the chloroplast 

(Yoshida et al., 2011). Although transcript levels of several genes related to 

antioxidant synthesis, malate-oxaloacetate shuttle, photo respiratory enzymes 

were increased to maintain redox homeostasis and minimize ROS production, 
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plants deficient in AOX1a could not sustain photosynthesis compared to WT 

plants (Yoshida et al., 2011; Dinakar et al., 2010; Vishwakarma et al., 2014). 

To determine the effect of reduced AOX abundance on photosynthesis in 

Chlamydomonas, western blotting was performed to monitor the abundance of 

common proteins of the photosynthetic apparatus of WT and K26 cells (Figure 

3.6). Western blot analysis was carried out using the polyclonal antibody specific 

for the major proteins of PSI (PsaA/B) and PSII (D1) as well as CYTB6F 

(cytochrome B6f complex, intersystem electron carrier), and PETF/FDX1 

(ferredoxin), light harvesting proteins (Lhcb1, Lhcb2) with RBCL (large subunit of 

RUBISCO) as internal control. 

For most of the proteins, their abundance did not change in K26 cells, as 

compared to WT, or in response to a change in nitrogen source.  Two exceptions 

to this were found for PsaA, a component of the reaction center of PSI and 

CYTB6F, a component of the intersystem CYTB6F complex.  The abundance of 

PsaA was lower in knockdown line irrespective of the nitrogen source (Figure 

3.6), while the abundance of CYTB6F was lower only in K26 cells grown in 

ammonium.   

The changes to PsaA and CYTB6F abundance seen in response to a change in 

nitrogen source and/or the knockdown of AOX1 expression suggested that a 

major site of altered function was associated with PSI.  This line of inquiry was 

explored further by assessing the abundance of ferredoxin (FDX), a protein that 

acts as an intermediary between electron flow from PSI and a range of 

downstream electron acceptors including NADPH reductase. Chlamydomonas 

has six plant type (Fe2S2)  
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Figure 3.6 Representative Immunoblots showing the abundance of various 

photosynthesis-related proteins in WT and K26 strains grown in 

ammonium (A) or nitrate (N) containing media. D1, a protein component of 

PSII; PsaA/B, a protein component of PSI; CYTB6F, intersystem electron carrier; 

OEC23, oxygen evolving complex; Lhcb1&Lhcb2, light harvesting complex 

proteins; FDX1, ferredoxin; RBCL, large subunit of RUBISCO protein. Each lane 

of SDS-PAGE gel contains 25 µg of protein. 
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ferredoxins each being differentially regulated at the gene level by changes in 

nutrient supply (Terauchi et al., 2009). FDX1, the most common ferredoxin, does 

not change in cells lacking AOX, or in response to a change in nitrogen source 

(Figure 3.6). It has been shown that FDX2, a member of ferredoxin protein family 

was strongly induced by nitrate (Terauchi et al., 2009). This previous finding is in 

agreement with the data presented in Figure 3.7. The transcript level of FDX2 

was largely increased in response to nitrate in both WT and K26 strains. 

Terauchi et al., (2009) suggested that FDX2 may play the specific role of 

transferring electrons from PSI to nitrite reductase, supporting the reduction of 

nitrite to ammonium.  

The expression of two additional genes:  NDA2 (NADPH dehydrogenase) and 

PGRL (Proton Gradient Related) were also examined as they play a role in 

electron transport pathways around PSI (Petroutsos et al., 2009, Jans et al., 

2008).  As shown in Figure 3.8, in WT cells, the expression of both genes was 

induced by nitrate.  In addition, these two genes were also strongly upregulated 

in the K26 knockdown line, regardless of the nitrogen source. This result 

suggests that electron flow around PSI was altered not only by nitrate but also by 

the decreased capacity of AP respiration. 
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Figure 3.7 Quantitative PCR (qPCR) analysis of the abundance of FDX2 

transcripts in WT and K26 cells grown in ammonium (A) and nitrate (N) 

containing medium. Values are expression of FDX2 normalized to the internal 

reference gene ubiquitin ligase (UBL) and represent the mean ± SE of at least 

three biological replicates. Values significantly different are denoted by different 

alphabets as determined by two-way ANOVA, Post-hoc Tukey test, (P< 0.05). 
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Figure 3.8 Quantitative PCR (qPCR) analysis of the transcript level of NDA2 

and PGRL in WT and K26 strains grown in ammonium (A) and nitrate (N) 

containing medium. Values are expression relative to an internal reference 

ubiquitin ligase (UBL) and represent the mean ± SE of at least three biological 

replicates. Expression levels which are significantly different (two-way ANOVA, 

Post-hoc Tukey test, P< 0.05) are denoted by different alphabets. 
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To directly investigate the functional changes of PSI in response to a change in 

nitrogen source or AOX abundance, 77K chlorophyll fluorescence spectroscopy 

was used to assess potential differences in the energy distribution between PSII 

and PSI (Weis 1985). At low temperatures (e.g. 77K), characteristic emission 

spectra of PSI, PSII, and their respective light harvesting complexes (LHCs) can 

be distinguished. Changes in these spectra have been shown to reflect 

acclimation to changing conditions such as low temperature (Ivanov et al., 2008) 

and nutrient availability (Morales et al., 1994; Ivanov et al., 2000 & 2006; Msilini 

et al., 2013). As shown in Figure 3.9, the 77K fluorescence emission spectrum is 

dominated by two peaks at 685 nm and 711 nm, which are attributed to emission 

from PSII and PSI respectively. In WT cells a shift from ammonium to nitrate 

resulted in a strong increase in PSI emission (711 nm) relative to PSII, resulting 

in a decrease in the PSII/PSI emission ratio (WT-A – 1.05, WT-N - 0.77; Figure 

3.9, Appendix S1). Interestingly in the K26 strain, there was strong PSI emission, 

regardless of the nitrogen source (K26-A – 0.58, K26-N – 0.53; Figure 3.9, lower 

panels). The Gaussian parameters for the sub-band decomposition of low 

temperature (77K) chlorophyll fluorescence emission spectra of wild type WT and 

K26 strains are presented in Appendix S1. 
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Figure 3.9 Energy distribution between PSII and PSI in WT and K26.77k 

emission spectra of WT and K26 strains grown in HS medium containing 

ammonium (A) or nitrate (N) at 28ºC. The samples were excited at 436nm and 

the emission was recorded from 650 nm to 850 nm. Three to four independent 

readings collected were averaged and used to construct the curve by non-linear 

least squares algorithm. Chlorophyll concentrations of cell samples were 

maintained at 5µg/mL for all the measurements. 
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To measure cyclic electron flow, the rate of reduction of PSI reaction center 

(chlorophyll P700) was measured spectrophotometrically (see Materials and 

Methods for details).  An example of this measurement is shown in Figure 3.10, 

which displays typical traces illustrating the oxidation and reduction of P700 in 

WT cells grown under ammonium (A) and nitrate (B). Illumination of the WT cells 

with far red light (FR), which preferentially excites PSI, after a short dark 

exposure results in a change A820 (A820/A820) reflecting the oxidation of P700 to 

P700+ (Schreiber et al., 1988). When the FR light is turned off, the kinetics of 

subsequent P700+ reduction in the dark can be used as measure of the rate of 

cyclic electron transport.  

Table 3.1 shows the halftime (t1/2) of the reduction of P700+ to P700 in the dark 

for WT and K26 cells grown in ammonium and nitrate.  The values represent the 

rate of electron flow around PSI in milliseconds (ms).  In WT cells, the decrease 

in the t1/2 from 2.59 in ammonium to 1.29 in nitrate is consistent with the notion 

that growth in nitrate increased the rate of cyclic electron transport by one-fold. In 

K26 cells grown in ammonium, the rate of cyclic electron flow was determined to 

be approximately 40% greater than WT cells grown in ammonium. Compared to 

WT cells grown in nitrate the rate of cyclic electron flow in K26 cells in nitrate was 

found to be 18% greater.   
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Figure 3.10 Representative traces of the spectrophotometric measurement 

of the redox state of P700 in WT cells grown in ammonium and nitrate. After 

reaching a steady state level of P700+ in the presence of far-red light (FR ON), 

single-turnover (ST) and multiple-turnover (MT) flashes were applied that caused 

the transient reduction of P700. Switching the far-red light off (FR OFF) causes 

the reduction of P700+. The traces were derived from three to four independent 

experiments.   

Table 3.1 Rate of dark reduction (t1/2) of P700+ in the dark for WT and K26 

cells grown in ammonium and nitrate. Data represent the mean ± SE of four 

separate experiments. Values identified with different alphabets are significantly 

different (two-way ANOVA, Post-hoc Tukey test, P<0.05).  

 

Strain P700+, t1/2 (ms) 

WT-A 2.59 ± 0.61(a) 

WT-N 1.29 ± 0.09(b) 

K26-A             1.47 ± 0.60(a) 

K26-N 1.09 ± 0.09(d) 
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3.4 Discussion 

Using the technique of RNA interference, the expression of AOX1 was 

successfully silenced in the Chlamydomonas strain CC4351. The genome of 

Chlamydomonas encodes two alternative oxidase genes, AOX1 and AOX2. The 

nucleotide sequences of these two genes share 50.17 % similarity and there is 

57.6% identity at the protein level. Hence artificial microRNA targets designed 

and selected for AOX1 could potentially target AOX2 if the selected target 

sequence matched with the gene sequence of AOX2. However, the web based 

artificial microRNA designing platform took care of this issue by scanning the 

whole genome to identify the potential so-called "off targets", that would include 

AOX2 and provided only the target sequences specific for AOX1. So, the 

selected amiRNA targets, which are cloned and expressed in Chlamydomonas 

cells, were expected to be very specific and bind only the mRNA of AOX1.  

The role of AOX2 in Chlamydomonas remains unknown as it has been shown to 

exhibit very low expression that seems to lack inducibility (Molen et al., 2006). In 

this study, where AOX1 is knocked out there is no evidence that this is 

compensated by expression of AOX2. In the K26 knocked down line immunoblot 

analysis using a polyclonal antibody against AOX showed barely detectable 

protein accumulation. As well, the K26 line showed a complete loss of AP 

pathway capacity. These data suggest that perhaps AOX2 is a pseudogene 

(Long and Langley 1993), and thus lacks any real function.  

Respiration measurements in WT and K26 cells revealed certain features that 

seem unique to Chlamydomonas as they are not seen in other systems (Baurain 

et al., 2003, Pakkiriswami et al., 2009, Maxwell et al., 2002, Vanlerberghe and 

McIntosh 1997). The present study supports previous work (Pakkiriswami et al., 

2009) showing that in response to nitrate, there is a large increase in AP capacity 

accompanied by a substantial decrease in CP capacity. Interestingly, the 

response of respiration to nitrate observed in Chlamydomonas is different from 

other biotic and abiotic stress factors known to stimulate AP capacity. 

Specifically, since AP respiration is not coupled to ATP synthesis, high AP 
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capacity is usually associated with a substantial increase in the overall 

respiration rate as determined by oxygen consumption (Reviewed in 

Vanlerberghe et al., 2013). However, in Chlamydomonas, the total respiration 

rate remained relatively constant under nitrate. These data support a previous 

suggestion that induction of AOX and AP respiration in response to a shift from 

ammonium to nitrate is a response that is distinct from the typical stress 

responses known to induce AOX (cold, H2O2, antimycin A) (Molen et al., 2006).   

 A major difference seen in respiration between WT and K26 cells is that in the 

AOX knockdown strain CP capacity is higher than in WT cells and is insensitive 

to a change in nitrogen source. This finding is not seen in WT cells, where CP 

capacity drops substantially when cells are shifted into nitrate containing media. 

The increase in the CP capacity of nitrate grown K26 cells indicates that cellular 

respiration in the K26 strain is maintained primarily by the CP respiration to 

sustain growth and development. Such an increase in the capacity of CP in K26 

also suggests that knocking down AOX1 resulted in the modification of 

metabolome that perhaps removed the partial inhibition of CP capacity observed 

in WT cells. It has previously been shown in tobacco that the metabolite cysteine 

is a powerful inhibitor of the CP pathway and acts as a signal to induce increased 

AOX capacity (Vanlerberghe et al., 2002).  

A key limitation of the measurements of AP and CP electron transport performed 

in this study is this approach measures only the capacity of each pathway and 

not the actual rate of electron transport that occurs in a specific condition. The 

capacity of each pathway is determined by blocking the other pathway and then 

measuring the rate of O2 consumption. The technique of O2 isotopic 

discrimination would need to be used to measure the actual rate of electron 

transport along either of these pathways under any specific conditions (Guy et 

al., 1989).  

Under optimal growth conditions (150 µmol m-2 s-1, 28ºC), the lack of AP 

respiration resulted in a small but significant decrease in growth rate of K26 
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strain irrespective of the nitrogen source. Compared to Chlamydomonas, the 

knockdown of AOX in different plants had no effect on growth rate when they 

were grown under near optimal conditions (Vanlerberghe et al., 1997, Yoshida et 

al., 2011; Vanlerberghe et al., 2016). A decrease in growth rate in AOX 

knockdown lines was only observed when plants were subjected to stresses 

such as high light or drought (Yoshida et al., 2011, Vanlerberghe et al., 2016). 

That AOX deficiency results in a change in growth rate under optimal conditions 

in Chlamydomonas but not plants (Yoshida et al., 2011; Vanlerberghe et al., 

2016) may indicate that in the green alga AOX is more closely tied to the 

metabolism of the entire organism, or rather, there are fewer compensatory 

changes that can be used in Chlamydomonas to counter the knockdown of AOX. 

Evidence for this comes from the fact that it is only in Chlamydomonas that AOX 

is strongly induced by a shift in nitrogen source from ammonium to nitrate, which 

as discussed in detail in Chapter 4 results in a total re-sculpting of metabolism. In 

addition, the decreased growth rate in Chlamydomonas in response to AOX1 

silencing could be a consequence of the increased ROS formation shown in K26 

cells as compared to WT. While increased ROS formation has also been shown 

in plants where AOX is knocked down (Umbach et al., 2005, Amirsadeghi et al., 

2006), it may be the case that Chlamydomonas cells are more susceptible to the 

harmful effects of ROS (e.g. protein denaturation, lipid peroxidation) compared to 

plants.  

The present data provide evidence to support that (i) a shift in nitrogen source 

from ammonium to nitrate in WT cells or (ii) silencing of AOX expression results 

in an increase in rate of electron donation to the PQ pool of photosynthetic 

electron transport through non-photochemical processes (Figure 3.10, Table 

3.1). There are two distinct pieces of data that suggest this: First, a shift to nitrate 

in WT cells or AOX knockdown, results in increase NDA2 transcript abundance. 

The NDA2 protein is located on the stromal side of the thylakoid membrane and 

has been implicated in donating electrons from various molecules directly to the 

PQ pool (Jans et al., 2008). It is unfortunate that in the current study we did not 

have a NDA2 antibody to measure its abundance directly.  Second, based on 
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previous research (Jans et al., 2008), increased NDA2 activity should result in 

increased electron flow to PSI, independently of PSII activity. Evidence for 

increased activity around PSI includes; increased PSI fluorescence emission 

peak (Figure 3.9), decrease in half-time of re-reduction of P700 (Table 3.1) and 

increased transcript abundance of PGRL (Figure 3.8), a component of cyclic 

electron transfer. 

The increased PSI fluorescence emission or the shift in energy distribution 

between PSII and PSI seen under certain conditions as presented in Figure 3.9 

is likely caused by a state I to state II transition (Allen 1992).  Usually the light 

harvesting antenna surrounding PSII is larger than that surrounding PSI (State I), 

but under conditions where more light energy can be utilized by PSI, light 

harvesting pigment-protein complexes can migrate through the thylakoid and 

become more closely associated with PSI (State II).  Such a shift would be 

reflected in an altered fluorescence emission as shown in Figure 3.9, where the 

PSI peak would be higher and thus the PSII to PSI emission ratio is reduced.  

Changes to energy distribution between the photosystems triggered by a state 

transition often reflect a change to electron transport (Ivanov et al., 2000).  

Photosynthetic electron transport can exist in two distinct modes:  in linear 

electron transport, PS II and PSI operate in series to generate both NAD(P)H and 

ATP.  In cyclic electron transport, electrons are not donated to NADP+ but 

instead are cycled back to reduce the intersystem cytochrome b6f complex 

(CYTB6F). The effect of this electron flow around PSI is generation of additional 

ATP at the cost of NADPH.   

Increased cyclic electron flow is associated with increased fluorescence emission 

from PSI.  As shown in Figure 3.9, the strong PSI emission peak displayed for 

WT cells grown in nitrate and K26 cells grown in both ammonium and nitrate 

suggests conditions that promote increased cyclic electron transport.  Besides 

the fluorescence data, additional data in support of increased cyclic electron flow 

in WT-N and K26 cells is increased expression of NDA2. This protein has been 
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shown to donate electrons to the PQ, resulting in its reduction by means other 

than electron donation from PSII (non-photochemical reduction).  It is the over 

reduction of the PQ pool that has been shown to be a major sensing mechanism 

triggering a State I to State II transition.   

A model is presented in Figure 3.11 to understand the significance of increased 

expression of NDA2. Besides donating electrons to the PQ pool, NDA2 has been 

implicated as supplying electrons for nitrite reduction through a unique ferredoxin 

isoform FDX2 (Terauchi et al., 2009). The proof for this possibility is shown as 

increased transcript accumulation of the specific ferredoxin FDX2, under nitrate 

in Figure 3.7. FDX2 has greater affinity for nitrite reductase enzyme and is 

implicated in supplying the reducing power for nitrite conversion to ammonium 

(Terauchi et al., 2009). 

While we suggest that both WT cells shifted to nitrate and K26 knockdown cells 

may result in changes that trigger increased NDA2 mediated electron flow to PQ, 

it is our contention that this is for distinctly different reasons. In WT cells, the shift 

to nitrate puts increased demand on the chloroplast to generate reductant for 

nitrate reduction, which occurs within the chloroplast.  Increased reductant 

generation could be achieved by oxidizing various substrates through NDA2, 

which would result in increased synthesis of NADPH and/or reduced ferredoxin. 

Testing this hypothesis is the focus of Chapter 4. In contrast, in K26 knock down 

cells, we speculate that increased NDA2 activity in the chloroplast is not the 

result of increased reductant generation by this organelle. Rather, it is the result 

of an increase in the reductant export from mitochondria as intermediates of the 

citric acid cycle, most notably oxaloacetate. It is important to realize that the pool 

of reductant in the stroma of the chloroplast is not independent of the pools of 

related molecules that exist in the cytosol and mitochondrial matrix. Through 

transporters including the oxaloacetate-malate shuttle, the reducing power can 

be distributed among chloroplast, mitochondria and the cytoplasm. It is because 

of this interconnectivity among the three compartments that a change in 
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respiratory metabolism (loss of AP pathway) could influence processes within the 

chloroplast.  

 

 

 

Figure 3.11 Model showing the non-photochemical reduction of PQ pool by 

the enzymic action of NDA2 complex.  

Increased electron donation through NDA2 complex could either be used to 

increase the cyclic electron flow around PSI or reduce the ferredoxins. PSII-

Photosystem II; PSI-Photosystem I; NDA2-NADPH dehydrogenase complex; 

PGRL-Proton Gradient Related protein; Fd-Ferredoxin; PQ-Plastoquinone 

(oxidized); PQH2-Plastoquinone (reduced); PC-Plastocyanin: ATPase- ATP 

synthase complex.  
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Chapter 4  

4 Role of oxidative pentose phosphate pathway in the 
nitrate dependent induction of AOX 

4.1 Introduction 

One of the major findings presented in Chapter 3 was that a shift from 

ammonium to nitrate triggered an increase in cyclic electron flow around 

photosystem I. Together with the increased expression of NDA2, these data 

suggest that nitrate may trigger an increase in NADPH generation through 

pathways besides the light reactions of photosynthesis. It has previously been 

shown in Chlamydomonas and Selenastrum that nitrate stimulates the oxidative 

portion of the pentose phosphate pathway (oxPPP) (Huppe et al., 1992), which 

results in increased NADPH generation. It was found that this pathway is 

activated immediately at the onset of photosynthetic nitrate assimilation, whereas 

ammonium addition had a suppressive effect on its activity (Huppe et al., 1992).  

Within the chloroplast the PPP is directly connected to the Calvin cycle, with the 

reductive phase serving to generate various carbon intermediates, which act as 

precursors for anabolic reactions.  By contrast, the oxPPP converts glucose-6-

phosphate to ribulose-5-phosphate with the production of two molecules of 

NADPH (Hopkins and Huner 2008). In the context of nitrate assimilation, this 

increased production of reducing power could be (i) transferred to the cytoplasm 

via metabolic shuttles to fulfill the high reductant demand for nitrate conversion to 

nitrite (Scheibe 2004) or (ii) used to reduce plastoquinone (Jans et al., 2008) of 

photosynthetic electron transport and thus contribute to increased ATP synthesis 

to meet the high energy cost of nitrate reduction within the chloroplast. 

In plants, the oxPPP has been shown to supply necessary reducing power to 

support nitrate assimilation in non-photosynthetic tissues, including roots 

(Redinbaugh and Campbell 1998). In Arabidopsis, the requirement of plastidial 

oxPPP for nitrate assimilation was studied using the knockout mutant of the 
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oxPPP enzyme phosphogluconolactonase dehydrogenase (PGL3-1), which 

converts 6-phosphoglucolactone to ribulose-5-phosphate (Bussell et al., 2013). 

Based on that study it was concluded that oxPPP metabolites could act as signal 

molecules that can influence the expression of nitrate assimilation related (NAR) 

genes in the root cells. In addition, the specific inhibition of the oxPPP by glycerol 

or 6-aminonicotanamide was shown to modulate nitrate transporter gene 

expression in Arabidopsis roots (Lejay et al., 2008). From these findings, one can 

infer that in photosynthetic eukaryotes, oxPPP activity and NAR genes 

expression are tightly coupled to facilitate efficient nitrate assimilation. 

The previous finding that the oxPPP is upregulated by nitrate in Chlamydomonas 

(Huppe et al., 1992) and that metabolites of the oxPPP can regulate NAR gene 

expression (Bussell et al., 2013; Lejay, et al., 2008), suggest that the oxPPP and 

NAR genes expression are tightly linked. This can be extended to include AOX1 

(which is a NAR gene), which could be regulated by metabolite signals from the 

chloroplast or through changes in mitochondrial function in response to metabolic 

alterations in the chloroplast.   

That the metabolism of the chloroplast and the mitochondrion are linked has 

been shown recently by the work of Dang et al. (2014).  Plants deficient in 

PGRL1 a protein that mediates cyclic electron flow in the chloroplast were found 

to have a low growth phenotype only when respiratory electron transport was 

inhibited by antimycin A (Dang et al. 2014). Further support for tight metabolic 

linkage between these energy-transducing organelles comes from the analysis of 

mutants defective in CP respiration (Cardol et al., 2003). The reduction in 

mitochondrial ATP generation was found to be countered by a compensatory 

increase in the rate of photosynthetic electron transport.  A common feature of 

these mutants is a stimulation of cyclic electron flow in the chloroplast, resulting 

in increased ATP generation (Cardol et al., 2003).  

In the current study, the induction of AP respiration in response to a shift from 

ammonium to nitrate may be a result of increased activation of the oxPPP and 
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photosynthesis within the chloroplast.  Specifically, nitrate may trigger an 

increase in ATP generation in the chloroplast by redirecting more reductants into 

photosynthetic electron transport obtained from the stimulation of oxPPP which 

would be compensated by the induction of AOX and concomitant decrease in 

ATP production within the mitochondria.  This possibility was explored by taking 

a global metabolomics approach. By analyzing the changes to the major 

metabolites in both WT and K26 knockdown cells grown in ammonium and 

nitrate it should be possible to determine the overall metabolic rearrangement 

that has occurred in K26 cells including the metabolites specific to oxPPP. 
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4.2 Material and Methods 

4.2.1  Analysis of cell metabolome by GC-MS method 

Three biological replicates of WT and K26 cells grown in HS-ammonium and HS-

nitrate growth medium were collected in the logarithmic growth stage and sent to 

West Coast Metabolomics Center (UC Davis Genome Center, Davis, CA 95616) 

for metabolite analysis based on GC-MS method (Lee and Fiehn, 2008). A total 

of 412 unique metabolic signatures were detected, 167 of which identified were 

used for data analysis. Multivariate statistics analysis of mass spectral data was 

performed using the Metaboanalyst 3.0, a software platform dedicated for 

metabolite analysis (Xia and Wishart (2016); www.metaboanalyst.ca).  

Multivariate statistical method, principal component analysis (PCA) and partial 

least square discriminant analysis (PLS-DA) were used to project the variation in 

the abundance of various metabolites in WT and K26 cells resulted due to the 

change in nitrogen source and AOX absence (Erikkson et al., 2006). The scores 

and loading plot of PCA were obtained and used to present the overall pattern of 

accumulation of metabolites between the treatments. Variable importance in 

projection (VIP) scores determined through partial least square discriminant 

analysis method were used to identify the specific metabolites that contribute to 

the variation between the groups. Metabolites with the VIP score of more than 

1.0 are considered for the analysis (Erikkson et al., 2006). Two-way ANOVA 

statistical technique was performed using Sigma Plot 14.0 to identify the data 

significance. 

4.2.2 RNA extraction and Quantitative Polymerase Chain Reaction 

For RNA isolation, 40 mL of cells harvested by centrifugation in 50 ml 

disposable centrifuge tubes was immediately frozen in liquid nitrogen and 

stored at -80ºC. RNA was extracted using a modified hot phenol method 

described by Molen et al., 2006. 

One mL of a hot (80°C) phenol/extraction buffer (P/EB) solution was added to 

the 40 mL of frozen pellet collected by centrifugation. The P/EB extraction 
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reagent consisted of one-part buffered phenol (pH 6.8) and one-part 

extraction buffer (1 M LiCl, 10 methylenediaminetetraacetic acid (EDTA), 1% 

SDS, 0.1 M Tris pH 8.0). Before vortexing the cells with the extraction 

reagent, (v/v) betamercaptoethanol and 4% (w/v) polyvinylpyrolidone was 

added to the mixture. Then 0.5 mL of 24:1 (v/v) chloroform: isoamyl alcohol 

was added and vortexed for one minute. Immediately after, mixture was 

transferred to a microfuge and centrifuged at 16 000 g for 10 min at room 

temperature to collect the supernatant. The aqueous phase collected was 

used to selectively precipitate RNA by the addition of 1 vol. of 4 M LiCl. Then 

the whole mixture was stored at −20°C for at least 2 h, RNA was pelleted at 

16 000 g for 10 min at room temperature. For final purification, the RNA pellet 

was dissolved in 400 μl of diethyl pyrocarbonate (DEPC)-treated water and 

precipitated using standard ethanol precipitation. The precipitated RNA was 

centrifuged to remove the supernatant and air dried to quantify using 

spectrometry.  

Complementary DNA (cDNA), primed by oligo dT was prepared with the 

action of Superscript II Reverse Transcriptase (SS II RT) as described in 

Chapter 2, Material and Methods section 2.2.3 and used in the quantitative 

PCR. The amplification was performed in CFX96TM touch system (Bio-Rad 

laboratories) with qPCR reagents of iTaq Universal SYBR@ Green Super mix 

qPCR kit (Bio-Rad Laboratories). All reactions contained the vendor’s super 

mix, 200nm of each gene specific primer, and cDNA from WT or AOX1 knock 

down cells grown in HS-A or HS-N growth medium. The primers are designed 

as per the guidelines suggested by Bio-Rad Laboratories. The gene specific 

primers used for qPCR analysis of GLD1 and PGL are listed in the Appendix 

S2. The reaction was performed as per the manufacturer’s protocol: 95ºC for 

5min, followed by 95ºC for 15s, 65ºC for 30s, 72ºC for 30s up to a total of 40 

cycles. The 2-∆∆CT method was used to analyze the data (Livak and 

Schmittgen, 2001). The product was analyzed later by gel electrophoresis to 

verify that it represented the gene of interest based on its size. The final data 

are presented as fold change in mRNA abundance, normalized to an 
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endogenous reference gene, ubiquitin ligase (UBL) (Montaigu et al., 2010). 

The accumulation of endogenous gene mRNA did not vary between the WT 

and AOX1 knock down cells. 

4.2.3 Glycerol treatment and protein blot analysis of AOX and 
COX 

For glycerol treatment, WT and K26 cells were cultured to a logarithmic growth 

phase and shifted to fresh growth medium before adding glycerol (30 mM). Cell 

samples were collected after 8h of glycerol treatment and the abundance of AOX 

and COX protein was monitored using the western blot analysis as described in 

the Material and Methods section 3.2.3 and 3.2.4 of Chapter 3. Glycerol is used 

to inhibit the function of the enzyme, hexose phosphate isomerase which is 

involved in the formation of glucose-6-phosphate (Le Jay et al., 2008) 
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4.3 Results 

4.3.1 AOX1 silencing alters the effect of nitrate on the cell 
metabolome  

There is a large body of literature from both plants and algae detailing the 

metabolic alterations that occur in response to a change in nitrogen source from 

ammonium to nitrate (Geiger et al., 1999, Masakapalli et al., 2013).  The goal of 

the current experiment was to assess the extent to which these changes in 

metabolites are solely dependent upon nitrate or influenced by the cell's ability to 

upregulate AOX and AP respiration.   

Metabolite analysis was performed using whole cell extracts of WT and K26 cells 

grown in either ammonium or nitrate. To determine the effect of a change in 

nitrogen source and knocking down AOX on the accumulation of specific 

metabolites, pairwise comparisons of the following metabolomes was conducted: 

(i) WT-A was compared with WT-N to elucidate the metabolite changes in 

response to a change in nitrogen source; (ii) WT-N was compared to K26-N to 

identify the metabolite changes between the two genotypes. Evaluation of the 

metabolite differences between these two groups (WT-A/WT-N and WT-N/K26-

N), allows one to determine those metabolites that are altered by nitrate as 

distinct from AOX knockdown. The metabolites that showed significant changes 

in abundance between the metabolomes were identified using variable 

importance projection (VIP) scores calculated by the multivariate statistics 

method partial least square-discriminant analysis (Erikkson et al., (2006) Xia and 

Wishart 2016).  

The Venn diagram presented in Figure 4.1A compares the metabolites changed 

in response to a shift from ammonium to nitrate in WT cells (WT-A/WT-N) to the 

metabolites changed in response to knocking down AOX1 in nitrate (WT-N/K26-

N).  Of the 30 metabolites that are shared between the groups only two, aspartic 

acid and pentitol seemed to be regulated solely by nitrate (Figure 4.1B). This 

conclusion is based on the finding that, compared to WT-A cells, growth in nitrate 
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resulted in decreased levels of both metabolites, regardless of genotype (WT-N 

or K26-N). The data also indicates that 13 of these 30 metabolites are strongly 

induced in WT cells by a shift into nitrate medium, but these changes seem to be 

dependent upon the ability to upregulate AOX expression (Figure 4.1B).  One 

can infer this because the abundance of these metabolites is not increased in 

K26-N cells.  The other major finding was that 12 metabolites were found to have 

lower levels in WT cells grown in nitrate (WT-N) as compared to ammonium (WT-

A) (Figure 4.1B).  Again, this shift in abundance seems to be dependent upon the 

presence of AOX, as this downregulation was not seen in AOX knockdown cells 

(K26-N).  

To visualize the clustering pattern of all four different metabolomes, Principle 

Component Analysis (PCA), another multivariate statistics method was 

employed. Figure 4.2 is the scores plot created by analyzing the metabolomics 

data obtained from three biological replicates of WT and K26 cells grown in 

ammonium and nitrate.  As shown by the data presented in Figure 4.2, PC1 

clearly delineated the two different genotypes (WT and K26).  Alternatively, PC2 

separated the metabolome of WT cells grown in ammonium from WT cells grown 

in nitrate (Figure 4.2).  Interestingly, PC2 also showed that the two K26 

treatments were not separated but rather formed a distinct cluster.   

 



 

107 

 

Figure 4.1 Venn diagram analysis and Heat map construction for 

metabolites altered in their status in WT and K26 in response to nitrate. (A) 

Two-way Venn diagram showing the number of common and unique metabolites 

that are changed in their abundance (either up or down regulated) in WT and 

K26 cells with respect to nitrate.  (B) Heat map of 30 metabolites identified that 

are found to be modulated in their accumulation in the presence of nitrate in the 

absence of AOX. The average values from the three biological replicates are 

used to develop the heat map.    
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Figure 4.2 PCA scores plot showing the separation of the metabolome of 

WT and K26 cells grown in ammonium and nitrate. Each colored dot in the 

plot represents one replicate of each treatment class. Three biological replicates 

are used for each treatment class. PCA method was performed via 

Metaboanalyst 2.0, a specific statistics platform for metabolite data analysis. 
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To determine the specific metabolites that contributed to the distribution of all 

four classes as shown on the PCA scores plot, the PCA loading plot was 

examined. As shown in Figure 4.3, each dot in the loading plot represents one 

metabolite and the relative position of each metabolite in the plot indicates its 

level of influence on the separation of different groups (Xia and Wishart 2016). 

The metabolites located on the outmost area of the loading plot contribute 

strongly along the direction of separation as identified in the corresponding PCA 

score plot (Figure 4.2). 

The metabolites that contributed most to the variation in PC1 (30%), and thus 

able to separate the two genotypes, were located and identified in the loading 

plot (red ovals). Knocking down AOX in Chlamydomonas increased the 

abundance of dehydroascorbic acid, threnoic acid (a derivative of ascorbic acid), 

galactinol, uric acid, spermidine and citrulline. In addition, metabolism of various 

amino acids (cysteine, glycine threonine, valine, and isoleucine), sugar 

derivatives (levoglucosan, myo-inositol) was altered by knocking down AOX. 

The major metabolites that were found to accumulate specifically in K26 cells 

(dehydroascorbic acid, citrulline, spermidine, threonic acid, uric acid) have all 

been implicated in playing a role in the cell's antioxidant defense. The increased 

accumulation of dehydroascorbic acid most likely reflects stimulation in the 

activity of ascorbate peroxidase, a key hydrogen peroxide scavenging enzyme. 

The role of the other metabolites particularly citrulline, spermidine and uric acid in 

response to oxidative stress is not established yet in Chlamydomonas, although 

there is clear evidence for their potential roles in scavenging reactive oxygen 

species in Arabidopsis and other plants (Akashi et al., 2001, Brychkov et al., 

2008).  
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Figure 4.3 PCA Loading plot showing metabolites that contribute to the 

variation for PC1 and PC2. Each colored dot represents one metabolite. 

Metabolites positioned well away along the direction of separation of different 

groups as identified in the scores plot strongly contribute for the variation. The 

metabolites that contributed the most to the variation between WT and K26 are 

marked by red ovals and metabolites that contributed the most to the variation 

between nitrogen sources in WT cells are demarked by green ovals.   
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The metabolites that distinguished the metabolome of WT cells grown in 

ammonium as compared to nitrate are positioned in the top left and bottom right 

quadrant of the loading plot. These metabolites contribute towards the variation 

in PC2 (18%) and are circled by green ovals for identification. The levels of 

accumulation of these metabolites are either decreased or increased in response 

to the change in nitrogen source in WT cells. It was found that sugar derivatives 

(glucose-6-phosphate, ribulose-5-phosphate, hexose-6-phosphate and 

galactose-6-phosphate) are the metabolites that contribute positively to PC2, 

while fatty acids (myrisitic acid, palmitic acid and linolenic acid) contribute 

negatively for the separation displayed for PC2.   

The abundances of a range of metabolites were found to change in response to 

a shift in nitrogen source in WT cells.  However, significant changes were not 

seen in K26 cells in response to the change in nitrogen source. From the loading 

plot it can be seen that in response to nitrate there is an increase in the 

abundance of core sugar phosphates in WT cells.  Figure 4.4, shows the 

abundance of hexose-6-phosphate, galactose-6-phosphate and glucose-1-

phosphate.  There are three clear trends one can observe in this data (i) except 

for glucose-1-phosphate, the shift to nitrate in WT cells increased the metabolite 

abundance (ii) K26 cells in ammonium had similar levels to WT cells in 

ammonium and (iii) unlike WT cells, in K26 cells, a shift to nitrate did not result in 

increased accumulation of the sugar phosphate.   
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Figure 4.4 Abundance of specific sugar phosphates in WT and K26 grown 

in ammonium and nitrate. Values represent the mean ± SE of three biological 

replicates. Values identified with different alphabets are statistically significant as 

determined by two-way ANOVA, Post-hoc Tukey test, (P< 0.05).  
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4.3.2 Oxidative Pentose Phosphate Pathway (oxPPP) activity is 
differentially modified by nitrate and alternative oxidase 

One goal of this study was to determine how the lack of AOX and thus AP 

respiratory capacity in K26 cells could alter oxPPP activity in response to nitrate. 

This was assessed by measuring the levels of two metabolites of the oxPPP: 

glucose-6-phosphate and ribulose-5-phosphate. As shown in Figure 4.5A, 

compared to WT cells grown in ammonium, the abundance of both glucose-6-

phosphate and ribulose-5- phosphate was doubled when cells were grown in 

nitrate. Interestingly, the levels of both of these metabolites were low in K26 

strain, and insensitive to a change in nitrogen source. These data support the 

hypothesis that the oxPPP is stimulated by nitrate in WT cells, but the pathway is 

suppressed by the knocking down of AOX (Figure 4.5).  

To lend support to the finding that oxPPP may be modulated by both nitrate and 

AOX abundance, transcript abundance of GLD1 and PGL/PGD that encode the 

oxPPP enzymes glucose-6-phosphate dehydrogenase and 

phosphogluconolactonase, respectfully, was measured.  As shown in Figure 4.6, 

there is a strong increase in the accumulation of GLD1 and PGD transcripts in 

response to nitrate in WT cells.  But in the K26 strain, expression of both genes 

was lowered in nitrate grown condition. This agrees with the decreased 

accumulation of glucose-6-phosphate and ribulose-6-phosphate involved in the 

oxPPP. From these results, it can be inferred that in K26 strain, nitrate-

dependent stimulation of oxPPP activity is subdued by the absence of AP 

capacity or restoration of mitochondrial respiration mainly through CP capacity.  
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Figure 4.5 Changes in the abundance of metabolites glucose-6-phosphate 

and ribulose-6-phosphate in WT and K26 strains grown in ammonium (A) or 

nitrate (N). Values represent the mean ± SE of three biological replicates. 

Values identified with different alphabets are statistically significant as 

determined by two-way ANOVA, Post-hoc Tukey test (P< 0.05).  
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Figure 4.6 Quantitative PCR analysis of transcript abundance of GLD1 

(glucose-6-phosphate dehydrogenase) and PGL/PGD 

(phosphogluconolactonase) in WT and K26 strains. Values are expression 

relative to an internal reference gene ubiquitin ligase (UBL) and represent the 

mean ± SE of three biological replicates. Values identified with different 

alphabets are statistically significant as determined by two-way ANOVA, Post-

hoc Tukey test (P< 0.05).  

 

4.3.3 Modification of oxPPP activity by glycerol downregulates 
AOX accumulation in the presence of nitrate 

From the last section we showed that two metabolites of the oxPPP, glucose-6-

phosphate and ribulose-6-phosphate have lower accumulation in response to 

AOX1 knockdown line in nitrate grown cells.  This suggests that the oxPPP 

activity is being modified in the absence of AOX accumulation. To investigate if 

regulation also occurs in the opposite direction, we manipulated the oxPPP to 

see if it would alter AOX abundance. Previous studies in plants have shown that 

exogenous application of glycerol can inhibit the oxPPP by blocking gluocse-6-

phosphate isomerase, thereby inhibiting the conversion of glucose into glucose-

6-phosphate. Because of this, glycerol can act to downregulate the oxPPP (Lejay 
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et al., 2008).  In the current study, it was expected that exposing 

Chlamydomonas WT cells to glycerol in the presence of nitrate would 

downregulate the oxPPP activity by reducing the glucose-6-phosphate 

availability. When the activity of the oxPPP is reduced in the chloroplast by 

glycerol addition, it was predicted that mitochondria would decrease the AOX 

accumulation. As shown in Figure 4.7, the addition of 30 mM of glycerol to WT 

cells grown in nitrate resulted in a strong decrease in AOX protein accumulation. 

The abundance of COX3, a protein of the CP pathway, was unchanged in 

glycerol treated cells indicating the presence of CP respiration and the absence 

of any detrimental effect due to glycerol in general. Based on this result it can be 

suggested that mitochondrial respiration is remodeled by downregulating AOX 

accumulation when the oxPPP is subdued in the chloroplast by glycerol. 

  

Figure 4.7 Representative Immunoblots showing the abundance of AOX 

and COX3 in WT cells grown in the presence of nitrate (N) with and without 

glycerol (30mM). Cells were collected after 8h from glycerol-treated and 

untreated cells and used for western blot analysis. Each lane contains 25 µg of 

protein. 
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4.4 Discussion 

Using whole-cell metabolite analysis it was shown that shifting WT cells from 

ammonium to nitrate results in changes to a wide range of metabolites.  Similarly, 

significant changes were seen in metabolite profiles in response to the knocking 

down of AOX abundance.  

Comparing the metabolomes of WT and K26 cells, it was found that the 

accumulation of over half of the metabolites induced in WT cells by a shift into 

nitrate were dependent upon the ability to upregulate AOX expression.  This 

dependence upon AOX is also shown by the fact that K26 cells shifted into 

nitrate displayed a muted response in its metabolite profile, which resembled an 

ammonium-grown metabolome. This muted response of K26 cells to nitrate 

indicates that the re-sculpting of the Chlamydomonas metabolome in response to 

nitrate requires the induction of AP respiration, which occurs within minutes of 

exposure to nitrate in WT cells (Molen et al., 2006, Pakkiriswami et al., 2009), but 

is prevented from occurring in K26 cells.    

The metabolic alterations that occurred in response to nitrate and AOX deficiency 

were also evident in the clustering pattern of metabolomes obtained through PCA 

analysis. Based on this analysis, it was shown that there is clear separation 

between the metabolomes of WT cells grown in ammonium and cells grown in 

nitrate. That K26 cells did not show a clear separation between ammonium and 

nitrate metabolomes but the component PC2 indicates that the knocking down of 

AOX causes major alterations to metabolism that render any changes brought 

about by a change in nitrogen source largely insignificant. These data are further 

supported by the finding that metabolome of K26 cells grown in nitrate is similar 

to that of ammonium grown cells  

The finding of increased glucose-6-phosphate and ribulose-5-phosphate 

accumulation in nitrate grown WT cell likely reflects the stimulation of the oxPPP.  

Further support for the upregulation of oxPPP comes from data that indicates the 

transcripts of two oxPPP-related enzymes, GLD1 and PGL, also increased in 
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response to nitrate. Induction of the oxPPP is thought to be required for the 

process of nitrate assimilation as it supplies additional reductants (NADH) 

(Huppe et al., 1992, Lejay et al., 2008, Bussell et al., 2013). This extra reductant 

could be channeled either through photosynthesis by NDA2, which donates 

electrons directly to the PQ pool of photosynthetic electron transport or 

alternatively it could be exported as reducing equivalents through metabolic 

shuttles to support nitrate assimilation in the cytosol (Scheibe 2004). The 

increased reductant transfer through NDA2 complex fulfills the demand of 

reducing power for nitrite reduction and in addition, could increase ATP 

generation by activating cyclic electron flow of photosynthesis (See Chapter 3).  

The ATP required for the synthesis of sugar phosphates (e.g. glucose-6-

phosphate and ribulose-5-phosphate) is generated primarily by the light reactions 

of photosynthesis.  The increased sugar phosphate pool in WT cells grown in 

nitrate as compared to ammonium puts a heightened demand on adenine 

diphosphate (ADP) and inorganic phosphate (Pi) availability within the 

chloroplast. The increased accumulation of hexose phosphates (glucose-6-

phosphate, glucose-1-phosphate, and fructose-6-phosphate) observed in 

response to nitrate may occur in response to increased transport of Pi into the 

chloroplast in exchange for sugar phosphates through the plastidic phosphate 

translocator (PPT). It would be expected that such events would deplete the 

cytosolic pool of ADP and Pi molecules. This would restrict their availability for 

oxidative phosphorylation within the mitochondria, which would through 

respiratory control, restricts the rate of CP electron flow. Support for this comes 

from the work in tobacco suspension cells, where phosphate deficiency restricts 

CP capacity and stimulates AP respiration (Rychter et al., 1992, Parsons et al., 

1999, Vanlerberghe 2013).  

This scenario is supported by the fact that cells lacking AOX (K26 line) are 

unable to upregulate the oxPPP and stimulate increased sugar phosphate 

production, as shown by their reduced levels of glucose-6-phosphate, ribulose-6-

phosphate and other hexose phosphates, as compared to WT. In AOX deficient 
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cells there would be an absolute requirement for ADP and Pi levels within the 

mitochondrion to be sufficiently high to support high rates of CP respiration and 

oxidative phosphorylation.  Further support for this link between oxPPP activity in 

the chloroplast and AP respiration in mitochondria is provided by the finding that 

exogenous glycerol, which has been shown previously to inhibit the oxPPP, was 

found to reduce AOX abundance. Inhibition of oxPPP would reduce the formation 

and conversion of hexose phosphates to glucose-6-phosphate and thereby 

reduce the demand of ADP and Pi in the chloroplast. This would, in turn increase 

the available pool of ADP and Pi in the cytosol, which could be transported to the 

mitochondria for ATP synthesis through CP respiration. 

These data also suggest that either glucose-6-phosphate or other metabolites 

produced in the downstream of oxPPP might act as a signal and contribute to the 

regulation of AOX1 gene expression. It has been reported that metabolites of 

oxPPP control the expression of nitrate assimilation genes in Arabidopsis 

(Bussell et al., 2013). Since AOX1 is also a nitrate inducible gene, it is possible 

that sugar phosphates of the oxPPP might change the AOX1 expression level in 

Chlamydomonas like in Arabidopsis.  
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Chapter 5  

5 General Discussion and Future Perspectives 

5.1 Understanding the significance of AOX induction in 
response to nitrate in Chlamydomonas 

Quesada et al (1998) identified AOX1 (originally naming it NAR5) in a study 

looking for additional NAR genes in Chlamydomonas.  They showed that AOX1 

was located near the nitrate transporter NRT2.3 and like other NAR gene, was 

shown to have expression that was strongly repressed by ammonium and 

induced by nitrate. Formal cloning and initial characterization of the nuclear gene 

encoding AOX1 in Chlamydomonas was carried out by Dinant et al., (2001). 

Subsequent work by Baurain et al., (2003) identified regulatory regions in the 

promoter of AOX1 that were required for nitrate-dependent induction of this 

enzyme.  

The induction of AOX1 and in turn heightened AP respiratory capacity in 

response to nitrate is not seen in plants or fungi; it seems to be a restricted to 

green algae, although nitrate-dependent induction of AOX has not been 

confirmed in species other than Chlamydomonas. In plants and fungi research 

suggests that a common feature of most stressors that induce AOX is an 

increase in intracellular reactive oxygen species (ROS) (see Vanlerberghe 2013). 

Research by Molen et al (2006) showed that many of these stressors (e.g. 

treatment with antimycin A, H2O2, cold stress) also induce AOX in 

Chlamydomonas.  As well, they showed that induction of AOX by nitrate is 

distinctly different as it does not result in an increase in intracellular ROS (Molen 

et al. 2006). 

The data provided by this earlier work (Quesada et al., (1998), Baurain et al., 

(2003) and Molen et al., (2006) failed to provide a physiological rationale for why 

growth in the presence of nitrate would induce AOX expression. It has been 

suggested previously that induction of AOX by nitrate was a mechanism of 

adjusting mitochondrial electron transport to the changing demands for reductant 
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and ATP generation within the chloroplast (Quesada et al., 2000). This thesis 

represents the first attempt to directly address this question by employing 

molecular strategies to effectively prevent AOX induction in the presence of 

nitrate.  

Based on the findings presented in Chapters 3 and 4 of this thesis and 

incorporating the research of others (Bussell et al. 2013, Lejay et al., 2008, 

Huppe et al., 1992), a picture has emerged of how the metabolism of 

Chlamydomonas is remodeled when cells are shifted from a medium containing 

ammonium to one containing nitrate and the key role played by AOX in this 

remodeling.  As described in this thesis, this remodeling involves major shifts in 

chloroplast metabolism, illustrating the interconnectivity of energy metabolism 

between the chloroplast and the mitochondrion.  This research supports previous 

work that shows how membrane-bound transport shuttles and transporters move 

reductant, ADP and Pi between organelles and the cytosol supporting the 

integrated metabolism of the cell (Dang et al., 2014; Cardol et al., 2003),  

Ammonium is the fully reduced form of nitrogen that is used for amino acid 

biosynthesis and is fully reduced.  Because of this, growth in the presence of 

ammonium does not introduce additional energy demands on the cell.  The 

reductant (NADPH) and ATP generated by linear photosynthetic electron 

transport is used primarily to support the reduction of CO2 by the Calvin cycle 

(Figure 5.1). Within the mitochondrion, growth in the presence of ammonium is 

supported by high rates of electron flow along the cytochrome pathway 

generating ATP by chemiosmosis coupled to NADH and FADH2 oxidation.  The 

ATP generated in the mitochondria can be used for a range of biosynthetic 

reactions throughout the cell. As illustrated in Figure 5.1, engagement of the 

alternative pathway is very low and thus is not shown.   

The energetics of nitrate assimilation are dramatically different than ammonium 

as both the enzymes nitrate reductase (cytosol) and nitrite reductase 

(chloroplast) require reducing power to convert nitrate into nitrite and nitrite to 



 

124 

ammonium, respectively. As shown in Figure 5.2, a key metabolic change that 

occurs in response to nitrate is the synthesis and activation of the two enzymes 

that constitute the oxidative pentose phosphate pathway (oxPPP).  This 

activation was first reported by Huppe et al (1992), and is supported in this thesis 

by two pieces of data: (i) expression data showed induction of the genes 

encoding both glucose-6-phosphate dehydrogenase and 6-

phosphoglucolactonase, the two enzymes of the oxPPP and (ii) metabolome 

analysis showed increased accumulation of glucose-6-phosphate and ribulose-5-

phosphate, two metabolites of the pathway following a shift to nitrate (see Figure 

5.2).  As shown in Figure 5.2, the role of the oxPPP is to generate additional 

reducing power beyond what is possible through linear photosynthetic electron 

transport. The induction of the oxPPP by nitrate is explained by the additional 

demands put on the cell for reductant required to convert nitrate to ammonium.  

Compared with the cells grown in ammonium, the activation of the oxPPP under 

nitrate was shown to increase the accumulation of hexose phosphates (fructose 

6-phosphate, glucose 6-phosphate, glucose 1-phosphate) that are presumed to 

accumulate within the stroma of the chloroplast.  This additional pool of hexose 

phosphate most likely comes from the diversion of sucrose synthesized from 

G3P of the Calvin cycle. This is supported by the metabolome data from Chapter 

4 showing that levels of sucrose are lower when cells are grown in nitrate as 

compared to ammonium.   

The other major metabolic shift seen in cells grown in nitrate as compared to 

ammonium is an increase in cyclic photosynthetic electron flow, which generates 

ATP but not NADPH (linear electron transport generates both).  As described in 

Chapter 3, increased cyclic electron flow in the presence of nitrate comes from 

direct measurements of the re-reduction rate of P700+ to P700 of PSI.  Evidence 

also comes from transcript analysis showing induction of the gene coding for 

NDA2, a protein that donates electrons from NADPH to the plastoquinone pool 

(See Figure 5.2).  Why would growth in nitrate trigger increased cyclic electron 

flow around photosystem I? With additional sources of NADPH (e.g. oxPPP), to 
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support not only the reduction of nitrate but also for biosynthetic reactions in the 

cytosol, photosynthetic electron transport can shift into a mode that generates 

more ATP.  In the presence of nitrate, the additional ATP would be required to 

maintain high hexose phosphate pools and keep the oxPPP more active. 

Growth under nitrate thus results in a remodeling of chloroplast metabolism that 

requires not only high levels of reductant but also high levels of ADP and 

inorganic phosphate.  One consequence of this would be a reduction in the ADP 

and Pi pools found in other cellular compartments (cytosol and mitochondria). 

This in turn would cause a restriction in the rate of CP respiration, which is 

strongly coupled to the generation of ATP from ADP and Pi in the mitochondrion. 

Respiratory control mechanisms activated by the limited pools of ADP and Pi 

within the mitochondria would restrict the rate of electron transport along the 

cytochrome pathway.  This would in turn trigger the engagement of the 

alternative pathway, which in Chlamydomonas requires transcriptional activation 

of AOX1 as well as synthesis of AOX. Recall from Chapter 1, electron flow along 

the alternative pathway generates a smaller proton gradient than the cytochrome 

pathway, and thus generates less ATP.  Under conditions of low adenylate levels 

within the matrix of the mitochondrion, activation of the alternative pathway is 

essential for the continued operation of the TCA cycle and upstream respiratory 

carbon flow (Parsons et al., 1999).     

The elegant interplay between chloroplast metabolism and AOX expression 

within the mitochondrion seems to be governed by the relative needs of each 

organelle for ATP.  In the presence of nitrate, the induction of AOX is coordinated 

with the activation of the oxPPP within the chloroplast and its heightened 

requirement for ATP. This interplay can be effectively manipulated through the 

addition of glycerol a potent inhibitor of the oxPPP.  As described in detail in 

Chapter 4, when the oxPPP is prevented from operating, and thus the demand of 

the chloroplast for ATP falls, the induction of AOX within the mitochondrion is 

suppressed.  
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So, what is the consequence of genetically manipulating AOX1 in 

Chlamydomonas such that AP respiration is prevented from becoming engaged 

in the presence of nitrate?  As shown by the model presented as Figure 5.3, in 

the K26 knockdown line, maintenance of respiratory electron flow would require 

engagement of the cytochrome pathway, which in turn is dependent upon 

mitochondrial concentrations of both ADP and Pi remaining high.  A 

consequence of this would be a restriction in the levels of these metabolites 

within the chloroplast.  Without sufficient ATP, the chloroplast would not be able 

to maintain the high hexose phosphate pools required to support activation of the 

oxPPP, which is what is reflected in the K26-N metabolite data.  So, in this 

regard even though nitrate is present, carbon metabolism in the chloroplast in the 

knockdown line is more similar to ammonium-grown than nitrate-grown WT cells.  

It is interesting to note as shown in the K26-N model that cyclic electron flow 

occurs to a similar extent measured for WT-N cells.   

In the absence of AP respiration (because of the knockdown of AOX1), high 

rates of cytochrome electron transport is essential to maintain the high rates of 

upstream carbon oxidation (glycolysis, pyruvate oxidation, TCA cycle).  Oxidation 

of reduced carbon is essential not only for the generation of ATP but also 

because they are the carbon skeletons needed to support high rates of amino 

acid biosynthesis as well as being the precursors of a range of other molecules.  

At the beginning of this work it was thought that cells deficient in AOX would not 

be able to grow in nitrate.  The activation of AOX1 and AP respiration in 

response to nitrate was so strong and rapid that it was easy to conclude that the 

AOX induction is highly essential for nitrate assimilation to occur. However, at the 

conclusion of this work it does not come as a surprise that in fact cells deficient in 

AOX can still grow very well in the presence of nitrate.  The difference between 

the growth characteristics in ammonium versus nitrate comes down to one of 

energy — specifically reducing power and ATP.  The fact that WT cells grown in 

ammonium or nitrate have similar growth rates reflects the cells ability to 

upregulate energy production when necessary.  Likewise, when it is unable to 
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upregulate AP respiration the cell elegantly adjusts its overall metabolism in other 

ways to maintain appreciable nitrate reduction.  

 

Figure 5.1 Model showing the metabolic interactions between the 

chloroplast and mitochondria in Chlamydomonas cells grown in 

ammonium. See text for explanation. The model is based on data presented in 

Chapters 3 and 4.  Abbreviations; RuBP-Ribulose bisphosphate, PGA-

Phosphoglyceric acid, G3P-glyceraldehyde-3-phosphate, F-6-P-fructose-6-

phosphate, Ru-5-P- ribulose-5-phopshate, FDX-ferredoxin, PSII-photosystem II, 

PSI-photosystem I, PQ-plastoquinone, COX-cytochrome oxidase, UQ- 

ubiquinone, I - Complex I of mitochondrial electron transport, ADP-adenine 

diphosphate, Pi- Inorganic phosphate 



 

128 

  

Figure 5.2 Model showing the relevant interactions between 

photosynthesis, Calvin cycle, oxPPP and mitochondrial electron transport 

in response to nitrate in WT cells. See text for explanation. Abbreviations: 

oxPPP-oxidative pentose phosphate pathway, RuBP-Ribulose bisphosphate, 

PGA-Phosphoglyceric acid, G3P-glyceraldehyde-3-phosphate, F-6-P-fructose-6-

phosphate, G-6-P-glucose-6-phosphate, Ru-5-P- ribulose-5-phopshate, FDX-

ferredoxin, PSII-photosystem II, PSI-photosystem I, PQ-plastoquinone, COX-

cytochrome oxidase, AOX- alternative oxidase, UQ- ubiquinone, I - Complex I of 

mitochondrial electron transport, ADP-adenine diphosphate, Pi- Inorganic 

phosphate 
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Figure 5.3 Model showing the relevant interactions between 

photosynthesis, Calvin cycle and mitochondrial electron transport in 

response to nitrate in K26 cells. See text for explanation. Abbreviations; 

oxPPP-oxidative pentose phosphate pathway, RuBP-Ribulose bisphosphate, 

PGA-Phosphoglyceric acid, G3P-glyceraldehyde-3-phosphate, F-6-P-fructose-6-

phosphate, G-6-P-glucose-6-phosphate, PGL-phosphogluconolactonate, Ru-5-P- 

ribulose-5-phopshate, FDX-ferredoxin, PSII-photosystem II, PSI-photosystem I, 

PQ-plastoquinone, COX-cytochrome oxidase, AOX- alternative oxidase, UQ- 

ubiquinone, I - Complex I of mitochondrial electron transport, ADP-adenine 

diphosphate, Pi- Inorganic phosphate 
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5.2 Summary of Major Contributions  

The data from Chapter 2 provides in silico evidence for the distribution of NAR 

Cluster I and II in different green algal species by analyzing genomes available in 

the public databases. Based on the analysis, it was found that NAR cluster I is 

present in the Chlorophyceae, Trebouxiophyceae and Mamiellophyceae 

members of green algae available for analysis and NAR cluster II is restricted 

only to the members of Chlorophyceae. Further it was also observed that 

members of Trebouxiophyceae (Coccomyxa and Chlorella) analyzed in this study 

do not have a complete NAR cluster I and have lost one or more essential genes 

from the cluster. The loss of physical clustering in these algal species is 

coincidental with the improvement of other nitrogen acquisition strategies. It was 

noted that in the genomes of two green algal species, a greater number of amino 

acid transporter genes are present possibly reflecting the presence of organic 

nitrogen source in the environment from where they are normally found. From 

this data, this study showed that the form of nitrogen available in the environment 

strongly influence the organization of nitrogen assimilation genes in green algae. 

To my knowledge this is the first research linking NAR gene clustering with 

adaptation to specific nitrogen environments.  

Chapters 3 and 4 were focused on determining the physiological significance of 

AOX induction in the presence of nitrate. By comparing the metabolomes of WT 

and knockdown cells grown in ammonium or nitrate it was discovered that 

induction of AP respiration in the mitochondria correlates activation of the oxPPP 

in the chloroplast. It was also shown for the first time that downregulation of 

AOX1 gene expression in K26 cells, reduced the accumulation of oxPPP 

metabolites in the chloroplast. These two pieces of data can be projected as 

evidence for the interplay between the chloroplast and mitochondrial energy 

metabolism under two different nitrogen environments. 

The induction of AOX by nitrate seen in Chlamydomonas has been known for 

some time yet evidence indicating a clear metabolic rational has been lacking. 

The data from the current study suggest that the stimulation of AP respiration in 
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the mitochondria is more likely to relieve the respiratory electron transport from 

adenylate control and sustain the operation of TCA cycle and NADH oxidation 

when mitochondrial adenylate levels are low. The stimulation of oxPPP in WT 

cells grown in nitrate resulted in the enhancement of cyclic electron transport 

around PSI. It reflects the heightened synthesis of ATP in the chloroplast through 

photosynthesis by increasing the transfer of ADP and Pi from the cytoplasm. This 

would deplete the ADP and Pi pool needed for the operation of the CP 

respiration in the mitochondria. Therefore, to overcome this situation, cell induces 

AP respiration in the mitochondria which generates small proton gradient and 

synthesize lesser ATP with the restricted supply of ADP and Pi from cytosol. 

Such induction of AP respiration would largely help to 1) sustain the operation of 

TCA cycle and NADH oxidation by respiratory electron transport and 2) reduce 

the formation of ROS by preventing the over reduction of ubiquinone pool. 

5.3 Future Directions  

One major conclusion that can be derived from the in-silico identification of NAR 

genes cluster organization in green algae is the physical grouping of NAR genes 

in the genome is advantageous for co-inheritance and co-regulation of the genes 

in the cluster. The loss of NAR gene clustering and the improvement of other 

nitrogen acquisition strategies observed in the genomes of Chlamydomonas and 

Coccomyxa suggest the role of selection pressure from the environment in the 

maintenance and formation of such gene clusters. This interesting coincidence is 

seen only in two of the green algal species and hence analysis of more algal 

genomes should be considered when their genome sequences become available 

in the future. 

The clustering of AOX1 with NRT2.3 is unique and found to be present only in 

the three of the members of Chlorophyceae group. Initially when AOX1 was 

identified in Chlamydomonas, it was considered as one of the NAR genes 

(Quesada et al., 1998). It was predicted earlier that the localization of AOX1 

proximal to NRT2.3 had no significance (Baurain et al., 2003). However, the data 
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presented in the chapter 4 support the notion that AOX1 in Chlamydomonas may 

be regulated like other NAR gene.  

One question that arises from the data presented in Chapter 4 concerns the 

signals that regulate the expression of AOX1. Based on the content discussed in 

Chapter 4, it can be inferred that the metabolites of oxPPP may play a crucial 

role in the stimulation of AOX1 gene expression. Further support for this data 

comes from the study that demonstrated the analogous role played by oxPPP in 

Arabidopsis, wherein it was shown that the stimulated synthesis of oxPPP 

metabolites under nitrate regulates the expression of nitrate assimilation genes 

(Lejay et al., 2008 and Bussell et al., 2013). Hence future studies should be 

focused on assessing the status of expression of AOX1 gene in nitrate signaling 

mutants (Camargo et al., 2007 and de Montaigu et al., 2010) isolated in 

Chlamydomonas. This would be a first step to identify whether the regulatory 

network that regulates the expression of NAR genes could also control the AOX1 

gene transcription. 

In response to nitrate, absence of AOX did not lower the growth to any great 

extent. This is similar to what is reported in Arabidopsis and tobacco where 

altered levels of AOX did not affect the growth under optimal conditions. It 

affected the fitness of the organism only when it is exposed to stress conditions 

such as high light and low temperature (reviewed in Vanlerberghe et al., 2013). 

Hence to further understand the role of AOX induction in response to nitrate in 

Chlamydomonas; it is important to study the consequences of downregulating 

AOX1 gene expression by exposing the cells to various stress conditions like 

nutrient or temperature stress.  
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Appendices 

Appendix S1: Gaussian parameters for the sub-band decomposition of low 

temperature (77K) chlorophyll fluorescence emission spectra of WT and 

K26 cells.  

 

Parameters WT-A K26-A WT-N K26-N 

1λ max 
FWHM 
Area (%) 

681.1±0.1 
    8.3±0.2 
  12.7±0.7 

680.9±0.4 
    8.1±0.3 
    9.4±0.9 

680.3±0.3 
    7.5±0.3 
    9.0±0.6 

681.1±0.2 
     8.3±0.2 
     6.9±0.9 

2 λ max 
FWHM 
Area (%) 

685.9±0.1 
    5.0±0.1 
    8.2±0.5 

685.8±0.1 
    5.3±0.2 
    7.9±0.9 

685.7±0.1 
    5.6±0.1 
  10.3±0.9 

685.9±0.1 
     5.1±0.1 
     9.0±0.2 

3 λ max 
FWHM 
Area (%) 

691.9±0.2 
   12.6±0.3 
   17.9±0.7 

692.5±0.2 
  10.5±0.4 
  10.2±0.5 

692.5±0.2 
  11.0±0.4 
  12.5±0.7 

691.9±0.2 
   12.6±0.3 
     9.2±0.7 

4 λ max 
FWHM 
Area (%) 

710.8±0.1 
   23.8±0.2 
   36.5±0.7 

711.4±0.1 
   24.5±0.2 
   46.9±0.7 

711.5±0.1 
  23.7±0.2 
  40.9±0.7 

710.8±0.1 
   23.8±0.2 
   47.3±0.8 

5 λ max 
FWHM 

Area (%) 

727.3±0.6 
   49.9±0.5 
   24.6±0.6 

726.6±0.6 
  52.2±0.5 
  25.6±0.6 

724.3±0.5 
  49.7±0.5 
  27.3±0.6 

727.3±0.6 
  49.9±0.4 
  27.5±0.7 

PSII/PSI     1.050     0.586      0.777     0.530 

                                   

The percentage areas of the spectral forms have been calculated from the total 

area given by the sum of all bands. The FWHM of each band is the sum of the 

left and right HWHM values (FWHM - full width at half maximum). PSII/PSI 

represents the ratio between the areas of PSII related peaks (1, 2 and 3) and 

the area of PSI peak (4). Data represent the mean ± SE of four separate 

experiments. 
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Appendix S2: List of gene specific primers used in PCR 

Gene Name  Sequence 5”to 3’ 

NIA1 FP-AGAACTTCTACCACTTCATGGACAAC 

RP-GTTGGCGGTTGCTCGTTTTGATGCCA 

NII1 FP-GGAAAGGTACGTAGGAGCCG 

RP-ACAGACAAGCCACCCTAACG 

NAR2 FP-CGCTCTATTTCCGCAACACG 

RP-TCTCGTCTCCCGATGTCCTT 

NRT2.1 FP-ATGGCCACCGTTGAGAAGAA 

RP-AGATGCCATGAAGAGACGC 

NRT2.2 FP-CACTTGTGGGCCTTTAGCTGC 

RP- GTGGAGAAGTCGGTGACCAG 

NAR1.1 FP-TCGGTCTCTAAAACGGTGG 

RP-GAGTCAGGATGGGGTTGGTG 

MDH5 FP-CGTAATGTCTGTGCCCCCAT 

RP-CCCTCACCAACACCCATACC 

GLD1 FP-CGTGCGCCATGTACATCAAC 

RP-GAACTGCACTCGGATCTCGG 

PGL FP-ACTGTTGCACCCATCTCCAC 

RP-CTTCTCTCCCGTCACGTACA 

UBL FP- GTACAGGGCTAGAGGCAC 

RP-AGCGTCAGCGGCGGTTGCA 

NDA2 FP-GTGTTCGACCTGCCCAAGTT  

RP-ACTGGTTGCGGAAGGGAGAAC 

PGRL FP-AGATGTATGCCGATGCCGAG 

RP-GTCGAGTAGTCCACAGCGAA 

FDX2 FP-ATGGACCTGCCCTACTCGT 

RP-GTCGCTGCCTTTAGAGCTTG 
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Appendix S3: Changes in the accumulation of 26 different types of 

metabolites in WT and K26 that are used for heat map analysis.  

In total 30 metabolites are used for heat map construction, four of which are 

presented in 4.3.1 and 4.3.2 sections. Values represent the mean ±SE of three 

biological replicates. Values marked by * are statistically significant as 

determined by ANOVA (P< 0.05). The following two pairs: WT-A and WT-N, WT-

N and K26-N are compared to identify the differential accumulation of a particular 

metabolite. 
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Appendix S4: PLS (DA) algorithm scores plot showing the separation of the 

metabolome of WT and K26 cells grown in ammonium and nitrate.  

Each colored dot in the plot represents one replicate of each treatment class. 

Three biological replicates are used for each treatment class. PLS (DA) method 

was performed via Metaboanalyst 2.0, a specific statistics platform for metabolite 

data analysis. 
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