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ABSTRACT 

DUMS, JACOB T. Nitrogen Transport and Utilization of Marine Algae for Bioenergy 

Production. (Under the direction of Dr. Heike Inge Sederoff.) 

 

In bioenergy production systems, nitrogen is a critical macronutrient for algal growth 

and is mostly supplied as inorganic nitrogen molecules derived from the Haber-Bosch 

process.  The Haber-Bosch process creates ammonia (NH3) from N2 and H2 under high 

temperature and pressure, and with high CO2 emissions, making it a costly although 

necessary process for algae bioenergy production.  Unfortunately, current algae production 

systems do not recycle nutrients like nitrogen and phosphorus efficiently.  These nutrients are 

lost externally as waste biomass although attempts have been made to internally recycle 

nutrients back into the algae production system using methods like hydrothermal liquefaction 

and anaerobic digestion.  The ability of many algae to survive on the generated organic and 

inorganic nitrogen sources are unknown, so two marine microalgae, Dunaliella viridis and 

Nannochloropsis oceanica, were tested for utilization of organic nitrogen sources. 

D. viridis and N. oceanica are promising bioenergy sources with robust growth and 

high starch and lipid accumulation.  However, little was known about nitrogen source usage 

of D. viridis and N. oceanica, especially amino acids, which are the major nitrogen-

containing molecules in organisms.  Mining of D. viridis and N. oceanica transcriptomes and 

genomes revealed intact inorganic nitrogen assimilation pathways and 10 and 27 putative 

amino acid transporters, respectively, for D. viridis and N. oceanica.  However, growth tests 

showed that only D. viridis could uptake and utilize a single amino acid, histidine.  Both 

algae showed growth on glutamine, tryptophan, and cysteine, but these amino acids naturally 

degrade into carbon skeleton and ammonia, a viable nitrogen source.  Since amino acids were 

poor nitrogen sources for both algae two different research paths were pursued. 
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Ammonia is toxic to D. viridis even at low concentration (>1 mM) but can be 

provided slowly by degradation of glutamine.  This was a convenient system to explore the 

differences in metabolism and gene transcription in D. viridis temporally using metabolic 

assays and RNA Sequencing.  Cells grown on glutamine (ammonia) adopted a partial 

nitrogen starvation metabolic phenotype but maintained the same cell density as cells grown 

on nitrate.  Analysis of the transcriptome revealed that rather than entering a different 

metabolic state due to ammonia, the cells were nitrogen starved as the metabolic data had 

suggested.  The degradation of glutamine was too slow and thus the cells become starved. 

Although nitrogen can be provided by degrading amino acids, genetic engineering 

with characterized amino acid transporters could allow for utilization of all amino acids.  

Since N. oceanica cannot utilize any amino acids, it was an ideal candidate for genetic 

modification.  Eight amino acid transporter genes from yeast, Arabidopsis, and D. viridis 

were selected as candidates for expression in N. oceanica. Uncharacterized transporters were 

first screened for amino acid uptake in a mutant yeast strain with deficient amino acid 

transport.  No transport was seen in the yeast lines with the D. viridis transporters, while the 

osmophilic yeast transporter INDA1 showed uptake of 13 amino acids.  Two yeast 

transporters and the Arabidopsis transporter were transformed into N. oceanica.  When 

grown on amino acids as a sole nitrogen source, increased growth was not demonstrated in 

the transgenic lines.  This suggests that either the transporters were insufficient to allow 

growth on amino acids, or perhaps that the transgenes localized to a membrane other than the 

plasma membrane. 

This work reveals a common transcriptional response to nitrogen starvation in D. 

viridis and hints at novel alkali-tolerant responses.  It broadened the knowledge of the 
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capability of algae to utilize nitrogen derived from exogenously supplied amino acids.  

Although modifying membrane transport is a complex process in algae, characterization of 

these transporters will lead to a deeper understanding of how algae interact with the 

environment.
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CHAPTER 1 Nitrogen Recovery Mechanisms for Algae Production Systems 

1.1 Abstract 

Nitrogen fertilizer is one of the most expensive and critical inputs for agriculture and 

algae production.  In the United States, most nitrogen fertilizer is created by the energy 

intensive Haber-Bosch process, which fixes N2 using high temperature, high pressure, and 

high CO2 output.  Most agricultural fertilizer volatizes or is lost in runoff where it becomes a 

pollutant.  Nitrogen loss necessitates putting more fertilizer into the system to maintain 

production.  In a contained photobioreactor, nitrogen is lost when algal biomass is disposed 

of outside of the production system.  Rather than lose the nitrogen recent work has focused 

on the recycling of nutrients back into the production system.  This literature review 

addresses issues surrounding nitrogen fertilizer and the methods of nitrogen recovery being 

utilized in algae biofuel production systems.  The known biological mechanisms of nitrogen 

scavenging utilized by algae are also discussed. 

1.2 Nitrogen Dependence and Impact 

Life depends on the macronutrient nitrogen which is contained in all amino acids and 

nucleobases.  Nitrogen in these molecules is derived from gaseous N2, which composes 78% 

of the atmosphere (Erisman et al., 2008).  As part of the nitrogen cycle, gaseous N2 is fixed 

into inorganic forms of nitrogen such as nitrate and ammonium by nitrogen-fixing bacteria 

and archaea with a small contribution by lightning.  It is then incorporated into organic 

nitrogen through the nitrogen assimilation pathway.  Organic nitrogen can be recycled by 

decomposition of biomass and reincorporation of the organic nitrogen.  It can also return to 

gaseous N2 through denitrifying bacteria, which convert ammonium to N2 (Galloway et al., 

2004).  Ancient agriculture relied upon biological nitrogen fixation and recycling of organic 
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waste to supply nitrogen as fertilizer.  It is calculated that 141 Tg of nitrogen was globally 

available for all terrestrial growth in 1860, which includes farming, forests, plains, etc. 

(Galloway et al., 2004).  However, in 2005 agriculture utilized 100 Tg of nitrogen fertilizer 

(Erisman et al., 2008), and the Food and Agriculture Organization of the United Nation 

predicts that by 2020 119 Tg of nitrogen will be in demand (FAO, 2017).  With the addition 

of biofuels, by 2100, approximately 200 Tg nitrogen may be required (Erisman et al., 2008). 

This massive utilization of nitrogen fertilizer and the demand surrounding it was enabled by 

the development of synthetic nitrogen fixation via the Haber-Bosch process (Sutton et al., 

2011a).   

To fulfill the demand for ammonia, the Haber-Bosch Process was developed by Fritz 

Haber in Germany in 1908 and was scaled up to industrial levels by Carl Bosch.  They both 

received Nobel Prizes for this work.  The process creates ammonia (NH3) from N2 and H2 

using an iron catalyst, high pressure (25-30 MPa), and high temperature (500 °C) (Amar et 

al., 2011).  For every 1 kg of ammonia produced, 57 MJ of energy (usually derived from 

fossil fuels) is required. The current rate of synthetic nitrogen fertilizer usage in agriculture 

requires approximately 2.5% of the worldôs energy supply yearly (Y. Huo et al., 2012).  

Although the process is energy-intensive, it was less expensive than previous processes.  The 

development of the Haber-Bosch process resulted in a revolution in agriculture and war, and 

the impacts are still intricately tied to our lives today.  It is estimated that the existence of 

nearly half the worldôs population is dependent on nitrogen garnered from synthetic fertilizer.  

It is the greatest contributor to the population boom of the 1900s and still supports it today.   

Unfortunately, there are many negative impacts of synthetic nitrogen fertilizers.  

About 50% of nitrogen fertilizer utilized exits the system it was intended to enhance.  It 
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washes into waterways where it induces algal blooms, which strip oxygen out of the 

environment and kill other organisms (Howarth, 2008).  It is wasted by denitrification back 

into N2 or conversion into volatile nitrogen oxide compounds.  Nitrogen oxide gases are 

greenhouse gases that contribute to climate change.  They are also highly reactive and can 

create particulate matter, which adversely affects human health.  The accumulation of 

nitrogen in systems can also lead to decreased biodiversity as lower nutrient areas are more 

easily invaded by more cosmopolitan species (Galloway et al., 2004; Erisman et al., 2008; 

Sutton et al., 2011a).  One group placed a price tag of ú70 to ú320 billion per year in costs to 

the European Union because of overabundance of nitrogen and urged the adoption of a 

unified effort in the reduction of nitrogen pollution (Sutton et al., 2011b). 

One piece of wisdom from modern and ancient agriculture that we can take in the 

context of algae production is the use of waste as fertilizer (Sutton et al., 2011b).  Most algae 

production systems use synthetically derived nitrogen.  However, after bio-product extraction 

the remaining biomass enters a waste stream that is often used as a protein-rich food source 

for animal production.  This waste stream then contributes to agricultural runoff, 

denitrification, and loss of nitrogen from the production system.  Instead, it would be 

advantageous to rescue the nitrogen from the algae biomass and recycle it back into the 

system (Figure 1.1) (Erisman et al., 2010; Y. Huo et al., 2012; Murphree et al., 2017).  This 

would decrease synthetic nitrogen input, which would decrease costs and environmental 

harm from nitrogen pollution. 
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Figure 1.1 Carbon and nitrogen cycles in biofuel production 

(a) Traditional biofuel production from plant or algal feedstocks closes the carbon cycle but 

imbalances global nitrogen flux. Nitrogen is fixed through the Haber-Bosch process to 

synthesize fertilizer at high energetic cost and carbon emissions (Slack, 1977), which is 

assimilated to proteins and other compounds in biomass.  The nitrogen-rich residual is 

commonly sold as animal feed by-product and leads to nitrogen oxides emissions from 

animal wastes. (b) Utilization of nitrogen-rich biomass for fuel production can close both the 

carbon and nitrogen cycles. Nitrogen-containing compounds can be used directly by the plant 

or algae, or compounds can be converted to simpler nitrogen compounds (amino acids) or 

inorganic forms of nitrogen (NH4
+).  If the biomass conversion process is biological 

(anaerobic digestion), the biomass can be used as a nitrogen and carbon source for these 

organisms.  Figure and legend modified from (Y. Huo et al., 2012). 

 

 

 

1.3 Algal Biofuels 

Algae are an ancient and ubiquitous form of life with oxygenic cyanobacteria 

emerging approximately 2.4 billion years ago (Shih, 2015) and chloroplast bearing 

eukaryotes emerging more than 1.2 billion years ago (Facchinelli and Weber, 2011).  

Cyanobacteria are the source of the chloroplast organelle of eukaryotic algae and land plants.  

Although all eukaryotic algae arose from a single endosymbiotic event, three branches: the 

glaucophytes, the red algae, and the green algae are recognized today (Keeling, 2010; 

Facchinelli and Weber, 2011).  Glaucophytes are a small algal branch with the defining 

characteristic of having a residual peptidoglycan wall between the two chloroplast 

membranes, which is a predicted remnant from cyanobacteria.  Red algae are defined by the 
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presence of phycobilisomes and include many lines derived from secondary or tertiary 

endosymbiosis.  The green algae are perhaps the most recognizable as land plants evolved 

from this branch (Figure 1.2) (Keeling, 2010). 

Algae are mostly associated with fresh- or salt water; however, they can be found in 

almost every ecological niche including extreme environments such as the Dead Sea 

(Dunaliella spp.), acidic hot springs (Galdieria sulphuraria), snow (Chlamydomonas 

nivalis), and desert crusts (Scenedesmus rotundus) (Gorton and Vogelmann, 2003; Cardon et 

al., 2008; Schonknecht et al., 2013; Oren, 2014).  The success of these photoautotrophic 

individuals in highly variable conditions points to the adoption of a wide variety of coping 

mechanisms that can be exploited for novel enzymes, metabolites, or use in production 

systems (Hannon et al., 2010; Molnar et al., 2012; Murray et al., 2013; Bellou et al., 2014; 

Das, 2015; L. Liu et al., 2016; Parte et al., 2017). 

Biofuel production is an emerging agricultural field and thus is a competitor for many 

agricultural inputs such as arable land, water, and nutrients.  Biofuels derived from marine 

algae do not compete for freshwater resources or arable land, but still compete for nutrient 

fertilizers.  However, currently-studied algae species hold a greater potential for fuel 

production than land plants (Sheehan et al., 1998; Hannon et al., 2010). 

One of the advantages of photoautotrophic algal production is the ability to be grown 

in a tightly controlled environment (Hannon et al., 2010).  While many algae are also 

heterotrophic, and can survive on fixed carbon sources, it is not a requirement as it is for 

bacterial, yeast, or animal cell production systems (Schonknecht et al., 2013; Tuse et al., 

2014; Juergens et al., 2016).  Photoautotrophy decreases the carbon input required in other 

production systems since gaseous CO2 is the only required carbon input.  Land plants also 
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carry this advantage, which is why they are the base of many ecological food webs.  

However, land plants are usually cultivated in soil or a soil substrate and require plentiful 

physical space for their growth and development (Fargione et al., 2008; Georgianna and 

Mayfield, 2012).  This limitation is not extended to microalgae which can be grown in almost 

any location in photobioreactors of variable shape and size (Olivieri et al., 2014).  The ability 

to cultivate microalgae in separation from the environment allows for the theoretical 

utilization of non-arable land such as deserts, the polar ice caps, and the sides of buildings 

(Franz et al., 2012; Moody et al., 2014; Pagliolico et al., 2017). 

Biofuels come from the conversion of stored hydrocarbons such as glycogen/starch 

and lipids into combustible molecules, mostly ethanol and diesel.  Many microalgae have fast 

growth rates, up to multiple divisions per day, and are capable of accumulating copious 

amounts of hydrocarbons (Sheehan et al., 1998; Hannon et al., 2010; Slocombe et al., 2015).  

Some algae, such as Dunaliella tertiolecta CCAP 19/22, can accumulate 63.2% of their dry 

biomass in starch, while others preferentially store lipids like Nannochloropsis oceanica 

CCAP 849/10 which can accumulate 53.2% of its biomass as lipids (Slocombe et al., 2015).  

Carbon storage, growth, and low land area requirements make microalgae a superior 

potential biofuel source above land plants such as soybean, sugar cane, and corn (Fargione et 

al., 2008; Georgianna and Mayfield, 2012). 
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Figure 1.2 Schematic view of plastid evolution in the history of eukaryotes. 

The various endosymbiotic events that gave rise to the current diversity and distribution of 

plastids involve divergences and reticulations whose complexity has come to resemble an 

electronic circuit diagram. Endosymbiosis events are boxed, and the lines are colored to 

distinguish lineages with no plastid (grey), plastids from the green algal lineage (green) or 

the red algal lineage (red). At the bottom is the single primary endosymbiosis leading to three 

lineages (glaucophytes, red algae and green algae). On the lower right, a discrete secondary 

endosymbiotic event within the euglenids led to their plastid. On the lower left, a red alga 

was taken up in the ancestor of chromalveolates. From this ancestor, haptophytes and 

cryptomonads (as well as their non-photosynthetic relatives like katablepharids and 

telonemids) first diverged. After the divergence of the rhizarian lineage, the plastid appears 

to have been lost, but in two subgroups of Rhizaria, photosynthesis was regained: in the 

chlorarachniophytes by secondary endosymbiosis with a green alga, and in Paulinella by 

taking up a cyanobacterium (many other rhizarian lineages remain non-photosynthetic). At 

the top left, the stramenopiles diverged from alveolates, where plastids were lost in ciliates 

and predominantly became nonphotosynthetic in the apicomplexan lineage. At the top right, 

four different events of plastid replacement are shown in dinoflagellates, involving a diatom, 

haptophyte, cryptomonad (three cases of tertiary endosymbiosis) and green alga (a serial 

secondary endosymbiosis). Most of the lineages shown have many members or relatives that 

are non-photosynthetic, but these have not all been shown for the sake of clarity.  Figure 

taken from (Keeling, 2010). 
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1.4 Nitrogen Starvation Induced Oil Production in Algae 

Saturated triacylglycerols (TAG) and free fatty acids are often viewed as preferred 

fuel precursors to polar lipids due to lack of other attached molecules such as sugars, 

proteins, and other compounds containing phosphorus, nitrogen, and sulfur.  These molecules 

can poison downstream catalysts used for conversion, or the polar lipids can function as 

emulsifiers during lipid extraction and decrease extraction efficiency (T. Dong et al., 2016).  

TAGs are long-term storage compounds often produced under cell division limiting stress.  

Nitrogen, phosphate, silicon, and sulfur starvation as well as high light, continuous light, and 

osmotic stress are known to induce carbon storage in different algae (Takagi et al., 2006; 

Khozin-Goldberg and Cohen, 2006; Vieler, Wu et al., 2012; Srirangan et al., 2015; Shin et 

al., 2015; Yang et al., 2015; Smith et al., 2016).  Nitrogen starvation is the most well-studied 

inducer of TAG accumulation especially in the model green alga Chlamydomonas reinhardtii 

(Merchant et al., 2012).  Control of TAG induction is a critical step in creating high lipid 

accumulating strains of algae (Georgianna and Mayfield, 2012; Goncalves, Wilkie et al., 

2016).   

The accumulation of carbon storage under nutrient starvation is often explained by 

the ñoverflow hypothesisò wherein the alga accumulates carbon storage products as a 

consequence of protecting itself against photochemical damage, when it cannot grow and 

divide due to lack of the nutrient (Juergens et al., 2016).  In the case of nitrogen starvation, 

cells are unable to synthesize additional amino acids and nucleic acids needed for cell 

division and create TAG or starch to prevent photosynthetic damage (Q. Hu et al., 2008; Du 

and Benning, 2016).  However, a recent study suggests that this explanation is overly 

simplistic for Chlamydomonas reinhardtii.  They instead provide evidence that 
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Chlamydomonas stores carbon to prepare for recovery from nutrient starvation more so than 

as a photoprotective mechanism (Juergens et al., 2016). 

Chlamydomonas cells under nitrogen starvation accumulate TAGs by de novo 

synthesis of fatty acids and recycling of membrane lipids.  Starved cells show significant 

upregulation of genes for the tricarboxylic acid cycle (TCA), starch synthesis, and lipid 

synthesis.  As nitrogen starvation continues, starch synthesis is downregulated, and starch 

degradation is upregulated, which is associated with the point where TAG accumulation 

begins (Park et al., 2015).  Chlamydomonas accumulates TAG in lipid droplets located in the 

cytosol and often closely associated with the chloroplast membrane (Moriyama et al., 2017).  

The size of lipid droplets is controlled by production of a major lipid droplet protein 

(MLDP), which is functionally similar to plant oleosins (Moellering and Benning, 2010).  

While TAG is derived from de novo fatty acid synthesis from CO2 fixation or acetate 

incorporation, significant amounts of fatty acids from membrane lipids especially chloroplast 

membranes are also recycled into TAG (X. Li et al., 2012; Legeret et al., 2015).  As 

photosynthesis is downregulated under nitrogen starvation, thylakoid membranes are 

degraded, and the fatty acids are stored as TAG (Preininger et al., 2015).  TAG accumulation 

is a complex process (Merchant et al., 2012; Goncalves, Wilkie et al., 2016), but only a few 

nitrogen specific transcription factors, NRR1 and ROC40 (Boyle et al., 2012; Goncalves, 

Koh et al., 2016), and a kinase TAR1 (Kajikawa et al., 2015), have been isolated that regulate 

TAG accumulation. 

While pieces of this network are the same in other algae, some show different 

regulatory mechanisms or metabolic responses to nitrogen starvation (Q. Hu et al., 2008; 

Goncalves, Wilkie et al., 2016).  Similar to Chlamydomonas, D. tertiolecta synthesizes starch 
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immediately when nitrogen starved, but it takes longer for D. tertiolecta to switch to TAG 

synthesis.  D. tertiolecta also appears to utilize less membrane recycling of lipids into TAG 

than Chlamydomonas (X. Li et al., 2012; Pick and Avidan, 2017).  The heterokont algae 

Nannochloropsis spp. have also been explored for oil production and accumulate lipids under 

nitrogen starvation.  They utilize little carbohydrate storage and instead store carbon as TAG 

in lipid droplets like green algae (Vieler, Brubaker et al., 2012; Recht et al., 2012).  

Additionally, a bZIP transcription factor from Nannochloropsis salina was shown to be 

upregulated under nitrogen starvation and when overexpressed led to increased TAG 

accumulation (Kwon et al., 2018).  bZIP transcription factors are found widely in algae, so it 

is possible that functional homologs exist in other algae (J. Hu et al., 2014; Thiriet-Rupert et 

al., 2016).  Diatoms will accumulate TAG under nitrogen starvation but show a greater 

accumulation response to silicon starvation, which is not unexpected as silicon is critical to 

diatom cell wall formation (dôIppolito et al., 2015; Smith et al., 2016).  Cyanobacteria 

generally store carbon as glycogen in nitrogen starvation (Monshupanee and Incharoensakdi, 

2014) and do not produce TAGs although lipid droplets containing TAG have been reported 

in Nostoc punctiforme (Peramuna and Summers, 2014).  While not all algae remodel carbon 

storage in the same fashion upon nitrogen starvation, they all downregulate photosynthesis 

and utilize nitrogen scavenging techniques (Schmollinger et al., 2014; Park et al., 2015; 

Goncalves, Wilkie et al., 2016). 

While one can find an alga for every niche, most isolated algae strains undergo 

genetic modification to improve or expand the capabilities of the alga.  Unfortunately, few 

algae have good genetic engineering tools and also accumulate lipids that are optimal for fuel 
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usage (Qin et al., 2012; Scaife and Smith, 2016; Goncalves, Wilkie et al., 2016).  My work 

focused on two algae Dunaliella viridis and Nannochloropsis oceanica. 

1.5 Algae: Dunaliella viridis and Nannochloropsis oceanica 

Dunaliella viridis is a halophytic green microalga found in high salt and alkaline 

conditions such as the Great Salt Lake, solar salterns, and the Dead Sea (Ben-Amotz et al., 

2009; Oren, 2014).  It belongs to a genus of other halophytic alkali-tolerant extremophiles 

except D. acidophila which, as the name suggests, is an acidophile and heavy metal tolerant 

(Puente-Sanchez et al., 2016).  The genus has been explored physiologically for its extreme 

salt tolerance and the ability of some members to accumulate up to 14% of their biomass as 

ɓ-carotene (Hosseini Tafreshi and Shariati, 2009).  Members of the genus contain a 

subcellular starch-sheathed compartment in the chloroplast called the pyrenoid (Ben-Amotz 

et al., 2009).  The pyrenoid is used to concentrate CO2 around RuBisCO to decrease 

oxygenase activity and subsequent photorespiration (Mackinder et al., 2017).  The genus has 

been shown to accumulate 5.2-31.9% of dry weight in total fatty acids or 18.5-63.2% in 

starch (Slocombe et al., 2015) making it an attractive biofuel feedstock.  Additionally, the 

lack of cell wall in Dunaliella spp. increases ease of lipid extraction, and halophytic 

organisms do not impinge on freshwater resources (Davis et al., 2015; T. Dong et al., 2016).  

The ability of the genus to utilize organic nitrogen resources is relatively unknown although 

urea, histidine, hypoxanthine, and allantoate have been shown to support growth (Fabregas et 

al., 1989; Oliveira and Huynh, 1989; Hellio and Le Gal, 1998; Murphree et al., 2017).  

Genetic engineering of Dunaliella spp. has been reported (Sun et al., 2005; Feng et al., 2009; 

Hosseini Tafreshi and Shariati, 2009; Anila et al., 2011), but D. viridis strain dumsii proved 

to be genetically intractable (Srirangan, 2015). 
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Nannochloropsis oceanica is a heterokont (non-plant) alga evolutionarily derived 

from a secondary endosymbiotic event of a red alga (Keeling, 2010; Facchinelli and Weber, 

2011; Dorrell and Bowler, 2017).  It is very distantly related to Dunaliella viridis, but it has a 

well-established genetic toolkit as well as a fully sequenced genome (Kilian et al., 2011; 

Vieler, Wu et al., 2012; Moog et al., 2015; Poliner et al., 2017).  N. oceanica is oleaginous 

and under nitrogen starvation accumulates TAG to a greater extent than Dunaliella viridis 

(Slocombe et al., 2015; Srirangan et al., 2015).  This is predicted to be a function of the many 

diacylglycerol-acyltransferases (DGTT) it carries as well as the lack of a starch-sheathed 

pyrenoid (J. Li et al., 2014; Banerjee et al., 2017; Zienkiewicz et al., 2017).  While N. 

oceanica is not a halophyte, it is a marine alga and thus requires little to no freshwater for 

cultivation.  The ability of the genus to utilize organic nitrogen resources is unexplored with 

only ammonium, nitrate, and urea shown as viable nitrogen sources (Vieler, Wu et al., 2012; 

Campos et al., 2014).  Although there are distinct differences between both algae, they both 

are promising bioenergy feedstocks. 

Both Dunaliella viridis and Nannochloropsis oceanica are unicellular 

photoautotrophic algae that can survive in axenic photobioreactors.  Nitrogen recycling is a 

key component of creating a viable sustainable closed loop system that has not been explored 

for either of these algae.  Other algae have been shown to utilize recycled nitrogen by pre-

processing biomass or allowing the algae to process the biomass.  These currently utilized 

nitrogen recovery methods as well as the genetic basis of nitrogen scavenging and utilization 

by algae is explored in the next sections. 
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1.6 Nitrogen Recovery Methods 

Current nitrogen recovery mechanisms in algae hydrocarbon production consist of 

outsourcing the nitrogen-containing biomass as a feedstock for another organism.  This 

causes the nitrogen to leave the algae production system and enter a different system such as 

aquaculture or human nutraceuticals (Erisman et al., 2010; Y. Huo et al., 2012; Bleakley and 

Hayes, 2017).  While this is a viable way to recycle nitrogen, the following methods will 

address ways to recycle nitrogen back into the algae production system (Figure 1.1).  The 

methods being explored can be broadly split into mechanisms that require no conversion, 

abiotic conversion (thermochemical), and biological conversion (biochemical) of biomass. 

1.6.1 No Conversion of Biomass 

Direct usage of biomass or nutrient source without any conversion is the simplest way 

to recover nitrogen, but also requires the most metabolic flexibility from the production 

algae.  These scenarios usually occur when algal cells are grown directly on waste streams 

commonly derived from agriculture production, industrial wastewater, and human/municipal 

wastewater (Pittman et al., 2011; Rawat et al., 2016; Cho and Park, 2018). 

Animal-derived waste contains organic nitrogen, ammonia, phosphorus, and carbon 

(Cai, Park and Li, 2013).  Swine and winery wastewaters were found to be a viable growth 

substrate for Chlorella (Kuo et al., 2015; Ganeshkumar et al., 2018), and a mixed culture of 

Chlorella vulgaris and Scenedesmus sp. were able to recover nitrogen from dairy, pork, and 

poultry production (Hulsen et al., 2018).  Industrial wastewaters usually contain less nitrogen 

varying from 532 mg/L of total nitrogen in olive mill effluent to approximately 6 mg/L of 

total nitrogen from paper mill effluent (Cai, Park and Li, 2013) and also usually contain 

numerous chemical pollutants that can impact algal growth (Deblonde et al., 2011).  
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However, a Nannochloropsis sp. was shown to be capable of clearing 90% the nitrogen from 

palm oil mill effluent while being embedded in alginate beads (Cheirsilp et al., 2017).  

Human or municipal waste tends to be nitrogen rich like animal waste, and can be provided 

directly to algae in many forms such as sewage, sludge, or landfill leachate (Kong et al., 

2009; Cai, Park and Li, 2013; Rawat et al., 2016).  The high amount of ammonia exuded by 

these wastes can become inhibitory for algal growth; however, Chlorella spp. and 

Scenedesmus spp. have been shown to be effective at surviving high ammonia levels and the 

pollutants from the waste environment (Pittman et al., 2011; Pereira et al., 2016). 

In many cases nutrient recovery by algae is incomplete or poor when there is no 

conversion of the biomass or waste stream.  Many of the nitrogen-containing molecules are 

physically difficult to access as is the case in sludge.  Still others are contained in large 

macromolecules or compounds that the algae cannot transport or process.  Conversion of the 

biomass helps mobilize the nitrogen from these large molecules and allows for increased 

utilization of the nitrogen content of the waste biomass. 

1.6.2 Abiotic Conversion of Biomass 

Abiotic or thermochemical conversion of biomass consists of chemical, temperature, 

pressure, and light treatments used to reduce biomass to smaller components.  Some methods 

like hydrothermal liquefaction are also used for product extraction as well as nutrient 

recovery.  Many combustion-based methods such as pyrolysis, gasification, and incineration 

are inefficient at recovering nitrogen because nitrogen is volatized and lost as various 

nitrogen oxides (Mehta et al., 2015).  Instead methods that use and retain water throughout 

processing have proven to be effective at extracting and converting nitrogen into usable 

forms for algal growth (Rawat et al., 2016; Cho and Park, 2018). 
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1.6.2.1 Photodegradation 

Photodegradation of biomass is a slow form of abiotic conversion and has not been 

actively used for nitrogen recovery.  However, it has been reported that photodegradation of 

glutamine, cysteine, and tryptophan was capable of supporting the growth of Dunaliella 

viridis and Nannochloropsis oceanica (Murphree et al., 2017) (CHAPTER 4).  While 

degradation rates are slow for these amino acids, the release of NH4
+ into the media can 

support limited growth.  Other nitrogen-containing molecules such as adenine are also 

sensitive to photodegradation (Uehara et al., 1964).  Additionally, the degradation of these 

compounds can release free radicals and other reactive molecules which can contribute to the 

degradation of surrounding molecules including non-photosensitive molecules (Pattison et 

al., 2012).  While slow and passive, photodegradation can be used to recover soluble nitrogen 

from biomass. 

1.6.2.2 Hydrothermal Liquefaction 

Hydrothermal liquefaction (HTL) is one of the most explored techniques for recovery 

of nutrients in algae production (Cho and Park, 2018).  HTL employs medium temperatures 

(250 to 374 °C) and high pressure (4 to 22 MPa) to hydrolyze biomass into small soluble 

compounds (Gollakota et al., 2018).  It is commonly used to extract oil from biomass, 

requires less dewatering, and produces less gaseous byproducts than combustion methods 

like pyrolysis or gasification (Canabarro et al., 2013; Gollakota et al., 2018).  It also creates a 

nutrient rich aqueous stream that contains mostly organic nitrogen compounds that can be 

used as fertilizer (G. Yu et al., 2011; Cho and Park, 2018; Gollakota et al., 2018).  

Optimization of temperature and retention time with Chlorella pyrenoidosa biomass 

demonstrated that 75% of the nitrogen of biomass could be recovered in the aqueous phase 
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for reuse (G. Yu et al., 2011).  A proof-of-concept experiment with Desmodesmus sp. 

showed that 5 reciprocal cycles of growth with only the recovered nutrients of the HTL 

aqueous phase from the proceeding algal generation were successful.  While Desmodesmus 

sp. showed growth, cells also showed shifting morphology that was attributed to the buildup 

of inhibitory compounds and the systematic decrease in micro-nutrients (Garcia Alba et al., 

2013).  HTL is a useful recovery method that integrates into an algal production system as 

long as the production algae is capable of utilizing numerous organic nitrogen sources 

(Garcia Alba et al., 2013; López Barreiro et al., 2013; Cai, Park and Li, 2013; Mu et al., 

2017; L. Chen et al., 2017; Edmundson et al., 2017; Gollakota et al., 2018; Leng et al., 2018). 

1.6.2.3 Flash Hydrolysis 

Flash hydrolysis is a derivative of hydrothermal liquefaction that utilizes much 

shorter retention times of seconds rather than minutes.  Although less explored than standard 

hydrothermal liquefaction, flash hydrolysis has proven to be effective at producing small 

organic nitrogen compounds such as peptides, amino acids, and small amounts of ammonia 

from algal biomass (Kumar et al., 2014; Garcia-Moscoso et al., 2015; Bessette et al., 2018). 

Scenedesmus obliquus and Nannochloropsis gaditana were both successfully grown on the 

aqueous phase of flash hydrolysis treated biomass (Barbera et al., 2016; Teymouri et al., 

2017).  S. obliquus preferred growth on hydrolysate while N. gaditana showed decreased 

growth in comparison to the inorganic nitrogen source control (Barbera et al., 2016; 

Teymouri et al., 2017). 

 The abiotic conversion of biomass is highly successful and mostly produces organic 

nitrogen compounds.  Utilization of these compounds by algae has been shown although it is 

also apparent that the algae are usually unable to utilize all the organic nitrogen.  Use of these 
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remaining organic nitrogen sources is needed either by modification of current algae, better 

processing of biomass, or screening of algae strains that are more metabolically diverse. 

1.6.3 Biotic Conversion of Biomass 

1.6.3.1 Enzymatic Digestion 

Use of enzymes to degrade nitrogenous biomass, especially proteins, is a classically 

used process to create media components such as peptone and tryptone for the culture of 

heterotrophic organisms such as E. coli and Saccharomyces cerevisiae.  While there are 

numerous reports of algae grown on these enzymatic digestates, the purpose of the growth 

test was to determine the algaeôs ability to use organic nitrogen, not to assess feasibility for 

algae production (Burrell et al., 1984; Shen et al., 2010; Das, 2015; Kim et al., 2016).  The 

use of enzymatic digestion for large scale algae culture has been proposed (Murphree et al., 

2017), but there are no reports of it being attempted.  The use of exogenously provided 

enzymes allows for specific control over the production system but requires exploration and 

optimization. 

1.6.3.2 Anaerobic Digestion and Fermentation 

Along with hydrothermal liquefaction, anaerobic digestion or fermentation is 

commonly used to recover nitrogen from biomass for algae production (Cho and Park, 2018).  

Anaerobic digestion is a well-studied process as it is used in wastewater treatment, food 

preparation, biologics production, etc. (Cai, Park and Li, 2013; Ward et al., 2014).  It is 

performed by bacteria or fungi which consume carbon in the absence of oxygen to produce 

cellular energy.  Anaerobic digestion mostly produces ammonia-rich biomass, which 

commonly is utilized as fertilizer.  In conjunction with an algae production system, bacteria 

or fungi digest the algal biomass and produce ammonia and CO2. The ammonia and CO2 are 
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then routed back to the algae as fertilizer and carbon source creating a carbon and nitrogen 

loop (Ward et al., 2014; Das, 2015; Y. Chen et al., 2018; Cho and Park, 2018). 

Growth of algae on a wide variety of digestates has been attempted including waste 

activated sludge, food waste, algal biomass, manure, sewage, and wastewater (Cai, Park, 

Racharaks et al., 2013; Pleissner et al., 2013; Cai, Park and Li, 2013; Ayala-Parra et al., 

2017; Y. Chen et al., 2018; Cho and Park, 2018).  Several of these systems also couple 

production of bio-gas (methane mostly) from anaerobic digestion with carbohydrate or lipid 

production of the algae (Y. Chen et al., 2018; González-González et al., 2018).  The dual 

outputs reduce the cost of both production systems while recycling waste (Chowdhury et al., 

2012).  An interesting study utilized whole food waste that was first fermented by the fungi 

Aspergillus awamori and Aspergillus oryzae and then supplied to the algae Schizochytrium 

mangrovei and Chlorella pyrenoidosa (Pleissner et al., 2013).  The fungi were able to 

recover 40% of the nitrogen from the food waste, and subsequently S. mangrovei 

accumulated twice the biomass in comparison to control media whereas C. pyrenoidosa 

accumulated half the biomass.  However, both organisms produced more lipids, 

carbohydrates, and proteins per gram of total biomass (Pleissner et al., 2013).  Another 

system used algae as a protein source for a genetically engineered E. coli strain that could 

deaminate all amino acids and convert the carbon skeletons into alcohols.  The ammonia was 

fed back into the algae bioreactor for cyclic protein production (Y. X. Huo et al., 2011; Y. 

Huo et al., 2012).  The utilization of several organisms within the production process holds 

great promise for successful nitrogen recycling.  
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1.6.3.3 Co-Cultivation 

Unlike in anaerobic digestion where the bacteria or fungi are kept separate from the 

live algae, co-cultivation involves both organisms living in the same system in support of 

each other (Rawat et al., 2016; Cho and Park, 2018).  These systems can consist of artificial 

relationships found in screens for mutualistic algae or isolates of natural communities (Le 

Chevanton et al., 2013; Das, 2015; Glibert et al., 2016; Hulsen et al., 2018).  Communities 

are difficult to study as they contain many organisms and variables although diversity is part 

of the strength of communities (Burkholder et al., 2008; Glibert et al., 2016; Ramanan et al., 

2016).  Studying individual relationships allows for the discovery of the subtleties of each 

organismôs interaction with one another.  For example, the symbiotic relationship between 

the alga Bracteacoccus sp. and chytrid Rhizidium phycophilum shows that both species grow 

better together rather than individually (Picard et al., 2013).  However, this is not always the 

case and some organisms are antagonistic like Nannochloropsis salina and Bacillus pumilus 

(Fulbright et al., 2016).  Dunaliella sp. and Alteromonas sp. are mutualistic in limiting 

nitrogen, but in sufficient nitrogen they compete with each other (Le Chevanton et al., 2016).  

An interesting relationship was found between the nitrogen fixing bacteria Azotobacter 

vinelandii and algae Neochloris oleoabundans and Scenedesmus sp. BA032.  A. vinelandii 

produces large amounts of siderophores to scavenge metal ions, but the siderophores also 

functioned as a nitrogen shuttle to both algae in exchange for fixed carbon (Ortiz-Marquez et 

al., 2012; Villa et al., 2014).  While these relationships show exciting potential, they are not 

well studied.  More work will be required to evaluate these artificial and natural communities 

for nitrogen recycling potential. 
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1.7 Nitrogen Scavenging and Uptake in Eukaryotic Algae 

Under nitrogen starvation, organisms upregulate many mechanisms of nitrogen 

recovery that include mobilizing intracellular nitrogen and scavenging nitrogen from the 

environment.  When nitrogen starved, plants and algae mobilize nitrogen from the 

chloroplast which is a key nitrogen sink for the cell.  The downregulation of RuBisCO and 

the photosynthetic apparatus proteins releases a large amount of nitrogen as these proteins 

can comprise 50% of the protein content of the organism (Masclaux-Daubresse et al., 2010; 

Masclaux-Daubresse et al., 2017; Tegeder and Masclaux-Daubresse, 2017).  

Chlamydomonas reinhardtii is also known to synthesize protein isoforms with low nitrogen 

content sidechains when it is nitrogen starved (Schmollinger et al., 2014).  While these 

biological processes increase nitrogen use efficiency, they are temporary fixes and can be 

difficult to manipulate in a production process.  The nitrogen scavenging mechanisms hold 

the most promise for manipulation and for increasing nitrogen utilization of algae from waste 

biomass. 

1.7.1 Phagotrophy 

Phagocytosis is the process of one cell engulfing another cell or debris as food.  Many 

heterotrophic unicellular organisms such as Amoeba utilize this process to harvest energy and 

nutrients from their environment.  It is not widely found in photosynthetic algae; however, 

phagotrophy is well known within the Prymnesiophyceae, Chrysophyceae, and 

Pelagophyceae families of algae and numerous dinoflagellates.  The efficiency of 

phagotrophy is variable and can be dependent on nutrient and other environmental conditions 

(Burkholder et al., 2008; Raven et al., 2009; Kamennaya et al., 2018).  There are three 

reports of phagotrophic green algae, Micromonas, Pyramimonas, and Cymbomonas (Bell and 
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Laybourn-Parry, 2003; Maruyama and Kim, 2013; McKie-Krisberg and Sanders, 2014).  All  

are prasinophytes and Micromonas and Cymbomonas are very small-celled (~3 µm) but are 

capable of consuming small bacterial cells.  Some work done on the phagotrophic alga 

Ochromonas danica has shown it capable of producing harvestable lipids while feeding on 

bacteria and waste activated sludge (C. Li et al., 2016; Lin and Ju, 2017; C. Li and Ju, 2018).  

Although this is a viable method of recovering nitrogen from the environment the ability to 

manipulate it is limited to those species that have the genetic capability for phagocytosis. 

1.7.2 Organic Nitrogen Molecule Production and Uptake 

1.7.2.1 Degradation of Nitrogen-Containing Macromolecules 

The major form of organic nitrogen in organisms is protein, while other molecules 

like nucleic acids and porphyrins like chlorophyll are minor contributors (Tegeder and 

Masclaux-Daubresse, 2017).  All organisms have intracellular proteases used in protein 

catabolism and recycling of amino acids for protein synthesis.  Many organisms also excrete 

extracellular proteases and nucleases to assist in the harvesting of nitrogen from the 

environment (Balabanova et al., 2012; Heun et al., 2012; Cezairliyan and Ausubel, 2017).  

Proteases and nucleases create peptides, dipeptides, amino acids, and nucleic acid monomers 

that are easier for organisms to take up. 

Reports of characterized extracellular proteases in algae are very limited (L. Liu et al., 

2016) and there are no reports of extracellular nucleases.  A calcium dependent protease from 

Chlorella sphaerkii was shown to function at a wide variety of pH levels and temperatures, 

but no further characterization was pursued (Kellem and Walker, 1987).  The dinoflagellate 

Peridinium gatunense was shown to excrete a protease used to sensitize other Peridinium 

gatunense cells to oxidative damage similarly to programmed cell death (Vardi et al., 2007).  
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The diatom Chaetoceros didymus produces extracellular proteases to defend itself against the 

lytic proteases of Kordia algicida bacteria which lyse other diatoms (Paul and Pohnert, 

2013).  Although the excretion of these proteases was not shown to allow cells to utilize 

environmental nitrogen, it is feasible that they could be used as such if the cells also had the 

ability to uptake the cleavage products. 

1.7.2.2 Uptake of Organic Nitrogen Molecules 

The ability of algae to utilize peptides is predicted to be mediated by transporters 

from the peptide transporter (PTR) and oligopeptide transporter (OPT) families.  In plants, a 

few members have been characterized and the families show broad uptake ability of 

oligopeptides, dipeptides, auxin, amino acids, nitrate, and peptides chelated with metal ions 

suggesting that algal homologs may serve the same purpose (Rentsch et al., 2007; Tegeder 

and Rentsch, 2010; Lubkowitz, 2011).  Genome database mining shows the presence of these 

families in algae, but no members have been functionally characterized (Hanikenne et al., 

2005; S. M. McDonald et al., 2010; von Wittgenstein et al., 2014).   

Algal utilization of peptides as a nitrogen source has been analyzed indirectly, but 

little direct exploration has been done.  Much of the indirect work is assumed conclusions 

from growth of algae strains on a cell lysate such as yeast extract.  For example, it was shown 

that Tetraselmis sp. Ganghwa preferred to utilize nitrogen from yeast extracts over inorganic 

nitrogen sources (Kim et al., 2016).  However, yeast extract contains peptides and amino 

acids making it unclear which nitrogen source is being utilized.  On the contrary, if an 

organism does not utilize the yeast extract as a nitrogen source, that suggests that most 

organic nitrogen sources are not utilized by that organism.  Specific work to show utilization 

of peptides is much rarer.  Dunaliella viridis is unable to utilize exogenously provided 
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alanine-glutamine or glycine-glutamine dipeptides (Murphree et al., 2017).  Mulholland and 

Lee screened different algal communities for their ability to uptake and/or hydrolyze 

dipeptides.  This showed the ability of dominant species in the communities to utilize 

exogenously provided organic nitrogen (Mulholland and Lee, 2009).  Although little specific 

utilization work has been done, indirect growth on cell extracts and genome mining 

encourages further exploration and characterization.  

Similar to peptide uptake, little work has been done on nucleic acid usage as a 

nitrogen source in algae.  Membrane transporters of nucleic acids or precursors are prevalent 

in all eukaryotic organisms as these compounds need to be transported into the organelles for 

DNA replication and transcription (Pfeil et al., 2014; Chu et al., 2017).  However, reports of 

plasma membrane localized transporters for nucleic acid precursors in algae are few (Birdsey 

and Lynch, 1962; Ammann and Lynch, 1964; Pérez-Vicente et al., 1991).  Interestingly, 

there are reports of uracil auxotrophic algae used for genetic engineering.  Strains of 

Phaeodactylum tricornutum, Cyanidioschyzon merolae, and Pseudochoricystis ellipsoidea 

algae require exogenously provided uracil for growth, which means they have a strategy to 

recover uracil from the environment (Sakaguchi et al., 2011; Fujiwara et al., 2013; Kasai et 

al., 2015).  Unfortunately, as uracil auxotrophy is a tool for genetic engineering, the genes 

responsible for uracil uptake remain unidentified in these algae.   

Specific records of algae utilizing nucleic acids as a nitrogen source are rare.  

Dunaliella viridis was shown to be incapable of utilizing individual nucleobases or 

ribonucleosides as sole nitrogen sources (Murphree et al., 2017).  Chlamydomonas 

reinhardtii can take up hypoxanthine, xanthine, and uric acid (Birdsey and Lynch, 1962; 

Pérez-Vicente et al., 1991).  Chlorella pyrenoidosa takes up the purines adenine, 
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hypoxanthine, xanthine, and uric acid (Ammann and Lynch, 1964; Pérez-Vicente et al., 

1991).  Scenedesmus spp. and Chlorella vulgaris could take up xanthine and uric acid 

(Birdsey and Lynch, 1962).   Further characterization of the ability of algae to utilize 

nitrogen from exogenous nucleic acids remains to be explored. 

Growth of algae with amino acids as a nitrogen source has been more thoroughly 

explored than peptides or nucleic acids. There are numerous examples of indirect growth 

tests for amino acids where algae are grown on cell lysates or extracts as mentioned above.  

However, growth tests with individual amino acids as nitrogen sources are better as this 

provides a clear uptake preference.  Some species have been tested with all proteinaceous 

amino acids as sole nitrogen sources such as Dunaliella viridis and D. tertiolecta which take 

up histidine (Hellio and Le Gal, 1998; Murphree et al., 2017), Chlamydomonas reinhardtii 

which only takes up arginine (Kirk and Kirk, 1978), and Chlorella vulgaris which takes up 6 

amino acids (Sauer et al., 1983).  Other species have only had a few amino acids tested such 

as Emiliania huxleyi and Thalassiosira pseudonana which, respectively, utilized 3 and 0 of 

the 8 tested amino acids (Ietswaart et al., 1994) or algal communities tested with only 

glutamate and alanine (Mulholland and Lee, 2009). 

Amino acid uptake is mediated by amino acid transporters from at least three 

transporter subfamilies.  Like the nucleic acid transporters, all eukaryotes have amino acid 

transporters to shuttle amino acids between organelles for protein synthesis.  The Drug 

Metabolite Transporters (DMT) is a large family of transporters with members that transport 

a wide variety of solutes including a few that are known to transport amino acids (Pratelli and 

Pilot, 2014).  Recently a subset of DMT proteins were shown to be amino acid exporters and 

exchangers in Arabidopsis thaliana and were named Usually Multiple Acids Move In and 
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out Transporters (UMAMIT ) (Besnard et al., 2016).  The family with the most functionally 

characterized members is the Amino Acid-Polyamine-Organocation (APC) superfamily, 

which is split into the APC family and the Amino Acid/Auxin Permease (AAAP) family.  

Both families have multiple sub-families that are specific for amino acid transport such as the 

polyamine:H+ symporters (PHS), cationic amino acid transporters (CAT), and amino acid 

permeases (AAP) to name a few (Wong et al., 2012).  Extensive phylogenetic and functional 

analysis has been done within these families although algae have been left out of many 

analyses (Tegeder and Ward, 2012; Wong et al., 2012; Pratelli and Pilot, 2014; Tegeder and 

Masclaux-Daubresse, 2017).  

Members of these transporter families can be found within many algae (CHAPTER 

4); however functional conservation and localization is very low within sub-family groups.  

For example, close homologs ANT1 and AVT3 of Arabidopsis thaliana do not localize to the 

same membrane (Fujiki et al., 2017).  This makes it difficult to predict organism transporter 

capability from gene sequences. In addition, there have been no amino acid transporters 

functionally characterized from algae.  An attempt was made to functionally characterize 5 

amino acid transporters from Dunaliella viridis in a mutant strain of yeast showing low 

amino acid uptake capabilities.  No uptake was shown by these transporters, which could 

mean that they donôt transport amino acids or more probably that none of them were 

localized to the plasma membrane (CHAPTER 4). As this was not tested, the abilities of 

these transporters are still unknown.  Functional characterization of amino acid transporters 

in algae has potential to reveal an important aspect of the algae nitrogen scavenging 

mechanism. 
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Urea is perhaps the most well tested organic nitrogen molecule for algal growth.  It is 

a common form of nitrogen utilized in agricultural production and as such is derived from the 

Haber-Bosch process (Erisman et al., 2008).  Most algae that are tested are capable of urea 

utilization (Birdsey and Lynch, 1962; M. S. Liu and Hellebust, 1974; Kirk and Kirk, 1978; 

H. P. Dong et al., 2014; Kim et al., 2016; Marudhupandi et al., 2016) and some organisms 

like Nannochloropsis salina prefer urea over inorganic nitrogen sources like NO3
- or NH4

+ 

(Campos et al., 2014).  This could be due to the low reactivity of urea and the supply of 2 

nitrogen atoms per molecule.  The majority of urea uptake is mediated by DUR3 homologs 

which are ubiquitous in microbes, algae, and plants, but a small amount of urea transport can 

be attributed to major intrinsic proteins (MIP) (Giorgio et al., 2014).  Many DUR3 homologs 

have been detected in algae but none of them have been functionally characterized, perhaps 

due to strong sequence and function conservation (Bagnasco, 2005; Rentsch et al., 2007).  

Dunaliella viridis proved to be an interesting case where it was the only member of the genus 

that could not utilize urea.  Probing of the genome revealed a lack of the DUR3 transporter 

and allophanate hydrolase, a urea metabolism gene (Murphree et al., 2017).  Whether this 

genotype is common to other D. viridis strains is yet to be seen.   

Although many algae utilize organic nitrogen sources, the biological mechanisms 

underlying their utilization are poorly understood.  This research area holds promise for 

understanding how algae interact with their environment and thus the ability to exploit these 

systems for production. 

1.7.3 Inorganic Nitrogen Molecule Production and Uptake 

Some organisms do not utilize organic sources of nitrogen directly and instead need 

to release the nitrogen molecule from the carbon skeleton, yielding inorganic nitrogen.  This 
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is roughly synonymous to the process of phosphorus scavenging where an extracellular 

phosphatase is used to mobilize organic phosphorus for uptake as inorganic phosphorus.  For 

most organisms this process of nitrogen scavenging produces free ammonia.    

1.7.3.1 Ammonia Production by Deaminases 

Deaminating enzymes are important for recycling and re-partitioning nitrogen within 

the cell (Schmollinger et al., 2014; Park et al., 2015).  Many organisms also produce 

extracellular deaminases such as L-amino acid oxidases (LAAOs) and amine oxidases, which 

oxidize amine-containing compounds producing free NH3, and H2O2 (Lukasheva et al., 2011; 

Z. Yu and Qiao, 2012).  Snake venom contains an extracellular LAAO used to induce 

apoptosis through production of H2O2 and thus deter or kill others (Lukasheva et al., 2011).  

Some organisms use LAAOs as antimicrobials such as the LAAO in mouse milk predicted to 

help prevent mastitis (Sun et al., 2002).  In addition to defense, some organisms use these 

genes to mobilize nitrogen from organic molecules, which is the case for many bacteria, 

fungi, and algae (Z. Yu and Qiao, 2012).   

For algae specifically, 3 functional extracellular LAAO/amine oxidases have been 

found in Chlamydomonas reinhardtii (Piedras et al., 1992; Vallon et al., 1993), Pleurochrysis 

carterue (Palenik and Morel, 1990), and Prymnesium parvum (Palenik and Morel, 1991).  

The presence and activity of LAAOs in the red algae Marginisporum crassissimum (Amphiroa 

crassissima) and Ahnfeltiopsis flabelliformis (Gymnogongrus flabelliformis) were shown, but 

activity was shown from cell lysates making the localization of the LAAOs unknown (Fujisawa et al., 

1982; Ito et al., 1987).  The LAAO from Chlamydomonas is the only extracellular LAAO to be 

isolated and characterized.  It actively degrades 12 amino acids and its expression is 

repressed by ammonium and induced under nitrogen starvation (Piedras et al., 1992; Vallon 
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et al., 1993; Schmollinger et al., 2014; Park et al., 2015).  The putative LAAO(s) of 

Pleurochrysis carterue oxidizes 9 amino acids and some other amine compounds (Palenik 

and Morel, 1990), while the putative LAAO(s) of Prymnesium parvum only oxidizes several 

amine compounds and no amino acids.   

From a nitrogen recycling perspective, LAAOs and non-specific amine oxidases 

represent an appealing option for heterologous expression in algae.  Expression and targeting 

to the extracellular space could allow the usage of amine-containing compounds by those 

species that are incapable of taking up organic nitrogen sources or of degrading small 

nitrogen-containing compounds.  Once inorganic nitrogen is created, the cells require the 

capability to transport it across the plasma membrane into the cell. 

1.7.3.2 Assimilation of Inorganic Nitrogen 

Common forms of inorganic nitrogen are nitrate (NO3
-), nitrite (NO2

-), and ammonia/ 

ammonium (NH3/NH4
+) and are taken up by cells via transporter proteins and then integrated 

into glutamate using the GS-GOGAT pathway (Sanz-Luque et al., 2015; Glibert et al., 2016).  

All three can be taken up from extracellular space if the organism has the proper transporters.  

Additionally, the more highly oxidized nitrate and nitrite molecules require nitrate and nitrite 

reductase proteins for reduction to ammonium.  Ammonium is then combined with glutamate 

by glutamine synthetase (GS) to yield glutamine and then glutamine oxoglutarate 

aminotransferase (GOGAT) transfers the amine group of glutamine to 2-oxoglutarate to yield 

2 molecules of glutamate (Sanz-Luque et al., 2015).  Some organisms have all these proteins 

while some only preserve the pathway from ammonia transport to GOGAT (CHAPTER 4). 

Two major families of proteins participate in nitrate transport in algae, Nitrate/Nitrite 

Porters (NNP) and NRT1/Peptide Transporters (NPF).  NNPs, also called NRT2s, are usually 
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associated with high affinity uptake and NPF with low affinity transport.  An accessory 

protein called NAR2 is required for transport ability of some NNP genes but has no 

independent transport capability (Sanz-Luque et al., 2015).  NPFs have broad specificity and 

are known to uptake peptides, amino acids, auxin, and nitrate (Leran et al., 2014).  Both 

families are found ubiquitously in algae although algae which lack a nitrate reductase tend to 

also lack the NNP family (CHAPTER 4).   

Nitrite transport is accomplished by NNPs, Formate/Nitrite Transporters (FNT), and 

HPP nitrite transporters.  The only characterized member of the FNT family (also known as 

NAR1) in algae is LCIA, which transports nitrite and bicarbonate, and is a critical part of the 

Chlamydomonas reinhardtii carbon concentrating mechanism (Mariscal et al., 2006; Yamano 

et al., 2015; Mackinder et al., 2017).  FNT transporters are common in red, green, and 

glaucophyte algae, but are missing from land plants (CHAPTER 4). HPP nitrite transporters 

are recently discovered in cyanobacteria and shown to transport nitrite into the chloroplast of 

Arabidopsis (Maeda et al., 2014).  No algae homologs have been characterized although one 

of the HPP homologs of Chlamydomonas (Cre06.g295826) shows upregulation under 

nitrogen starvation (Park et al., 2015).  The conservation of the function from Synechococcus 

to Arabidopsis thaliana suggests that HPP proteins may function similarly in algae. 

Ammonia transporters (AMTs) are found in most organisms, and generally high 

affinity transport of ammonia/ammonium is accomplished by the AMT/Mep/Rh family (T. 

R. McDonald and Ward, 2016).  Ammonia transport by major intrinsic proteins (MIP) and 

other channel proteins has been reported, but these channels tend to have broad substrate 

specificity and only contribute to low affinity uptake (Giorgio et al., 2014; Chiasson et al., 

2014).  Algal AMTs are not usually functionally characterized as sequence and function 
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conservation is strong within the AMT/Mep/Rh family (T. R. McDonald and Ward, 2016); 

however, AMTs from Dunaliella viridis, Chlorella protothecoides, and Cylindrotheca 

fusiformis have been characterized (Hildebrand, 2005; Song et al., 2011; Yan et al., 2013).  

Most algae show good conservation of these genes (S. M. McDonald et al., 2010) and 

thus engineering of algaeôs ability to utilize inorganic nitrogen does not hold strong promise.  

However, restoration of the inorganic nitrogen assimilation pathway would represent a 

significant increase in the flexibility of that organism to survive in variable environments.   

1.8 Conclusion 

The invention of synthetic nitrogen fertilizers supports our current agricultural 

infrastructure, but emerging issues connected to nitrogen pollutants are on the rise.  We can 

help to mitigate these changes through better recycling of nitrogenous wastes.  Particularly 

promising is the creation of isolated production systems that recycle the same set of nutrients 

continuously.  Algae are particularly well suited to being part of this niche as they are 

photoautotrophic individuals that can utilize many nitrogen sources.  However, little is 

known about algal nitrogen scavenging and uptake mechanisms.  The inorganic nitrogen 

assimilation pathway in algae is moderately well studied although many assumptions have 

been made from work done in plants, fungi, or bacteria.  Almost nothing is known about how 

algae internalize or degrade organic nitrogen sources.  Inorganic nitrogen requires more 

energy for the algae to reincorporate into their metabolism, whereas organic nitrogen is 

already fixed.  There is an exciting potential benefit in algae using organic nitrogen, as the 

cells can save energy and recover carbon.  However, more work needs to be done to 

characterize these basic transport and processing systems in algae.  The successful 
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manipulation of these scavenging systems will be greatly accelerated once more nitrogen 

scavenging mechanisms from a diverse array of algae are characterized. 
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Supplemental data can be found in APPENDIX A Chapter 2 Supplementary Data. 

2.1 Contribution  

Nitrogen fertilizer input represents an enormous energy and monetary cost for algal 

production systems.  Our research group predicted that rather than using synthetically fixed 

nitrogen fertilizer (NO3
-, NH3, and urea) obtained through the energy-intensive Haber-Bosch 

process, we could support algal growth on organic nitrogen sources such as amino acids and 

nucleic acids.  The recycling of the nitrogen from waste algal biomass within the production 

system could reduce the input costs and environmental impact of algal production. 

Dunaliella spp. are halophytic green algae that are promising bioproduction 

feedstocks due to their high stress tolerance, ability to be grown with low freshwater input, 

quick generation time, and inducible lipid and starch accumulation.  However, the ability of 

Dunaliella spp. to use organic nitrogen sources is relatively unknown with urea, histidine, 

glutamine, hypoxanthine, and allantoate being shown to support growth by other groups.  

The ability of 4 Dunaliella strains were surveyed for ability to grow on the 20 proteinogenic 

amino acids as well as synthetic fertilizer sources NO3
-, NH3, and urea.  Dunaliella viridis 

strain dumsii was further screened for growth on ribonucleosides, nucleobases, and other 

non-proteinogenic amino acids.   
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Glutamine, histidine, tryptophan, and cysteine all supported growth while urea did not 

support growth for the D. viridis strain.  Growth on these alternate sources was shown to 

have variable impacts on metabolism in comparison to nitrogen starvation or nitrogen 

repletion.  Glutamine in particular lead to acceptable growth and higher lipid production than 

the NO3
- control.  Histidine was determined to be the only amino acid taken up into the cell, 

while the other three were abiotically degraded in the presence of light to release NH4
+.  The 

low amount of ñutilizedò amino acids additionally suggested that Dunaliella spp. do not use 

nitrogen scavenging enzymes such as extracellular deaminases and finally that organic 

nitrogen is a poor growth substrate for Dunaliella spp. 

I contributed to this work in several fashions.  I built and surveyed the Dunaliella 

transcriptome databases and mined the D. salina database for nitrogen scavenging 

extracellular deaminases like the L-amino acid oxidase (LAO1) of Chlamydomonas 

reinhardtii (page 65).  I determined that the inability of D. viridis to utilize urea was due to 

the lack of both a urea transporter and a metabolism enzyme, allophanate hydrolase (Table 

2.1).  Both genes were grouped together in other green algae genomes, and thus the failure to 

amplify these genes from the D. viridis genome suggests a chromosomal deletion eliminated 

both genes and left the cells unable to uptake or metabolize urea (page 62).  In conjunction 

with high school student Nicole Khoshnoodi, I supervised and partially performed the 

development, execution, and analysis of the screen of D. viridis for growth on 

ribonucleosides and nucleobases (Figure A.1).  In addition to writing these pieces, I 

performed major editing and proofing of the manuscript.  
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2.2 Abstract 

2.3 Introduction  
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2.4 Materials and Methods 

2.4.1 Strains and Growth Conditions 
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2.4.2 Nitrogen Source Growth Experiments 

2.4.3 Urea Transporter and Enzyme Search 

Figure 2.1 Diagram of a microalgae production system featuring in vitro biomass 

recycling. 
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2.4.4 Metabolite Quantification 

2.4.4.1 Chlorophyll 

2.4.4.2 Neutral Lipid 

2.4.4.2.1 Generation of Coconut Oil Standards used in Calibration Curve 

2.4.4.2.2 Neutral Lipid Quantification 

2.4.4.3 Carbohydrate Quantification 

2.4.4.4 Soluble Protein 

2.4.5 Quantification of Free NH4
+ in Growth Medium 

2.4.6 Uptake Assays 
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2.4.8 NMR 

2.4.8.1 Growth and Collection 

2.4.8.2 Metabolite Extraction 

2.4.8.3 1H NMR Spectroscopy 

2.4.8.4 NMR Spectral Analysis and Metabolite Identification 

2.4.9 UPLC-MS Determination of Amino Acid Content 

2.4.10 Experimental Replication and Statistical Treatment 

2.5 Results 

2.5.1 Dunaliella spp. Are Susceptible to Ammonium Toxicity and Vary in the Ability to Use 

Urea 
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Figure 2.2 Growth of Dunaliella viridis supplemented with nitrogen substrates. 
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2.5.2 Dunaliella Cells Grow on Four Amino Acids as a Sole Nitrogen Source 

Figure 2.3 Growth of Dunaliella spp. using NH4Cl as the sole nitrogen source. 

Table 2.1 Variation in the ability of Dunaliella spp. to use urea as a nitrogen source. 
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2.5.3 The Availability of Nitrogen and Supplementation of Amino Acids Alters Metabolite 

Accumulation of Dunaliella spp. in a Species Specific Manner 

Table 2.2 Growth of four Dunaliella strains supplemented with Gln, Cys, His, and Trp. 
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2.5.4 Evidence of Amino Acid Assimilation Routes 

Figure 2.4 Metabolite productivity and content of D. salina and D. viridis. 
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2.5.5 Amino Acid Content of Dunaliella viridis 

Figure 2.5 Uptake of radiolabeled amino acids by D. viridis. 

Figure 2.6 NH4
+ released from amino acids in sterile media. 

2.6 Discussion 

2.6.1 Dunaliella viridis Lacks the Necessary Genes for both Urea Transporters and 

Allophanate Hydrolase 
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Figure 2.7 Spectral analysis of spent growth medium containing glutamine. 
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Table 2.3 Amino acid content of D. viridis. 

2.6.2 NH4
+ Toxicity Varies with Experimental Methodology 

2.6.3 Gln, Cys, and Trp Supply Nitrogen via the Release and Assimilation of NH4
+ 

 

 

  


























































































































































































































































































































































































































































































































































