ABSTRACT

DUMS, JACOB T. NitrogenTransport and Utilization of Marine Algae for Bioenergy
Production(Under the directiof Dr. Heikelnge Sederoff)

In bioenergy production systems, nitrogen is a critical macronutrient for algal growth
and is mostly sygied as inorganic nitrogen molecules derived from the HBlosch
process. The Habd&osch process creates ammonia {Ntsbm N. and H under high
temperature and pressure, and with high €@issions, making it a costly although
necessary process fogak 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 micro&gaaliella viridis and
Nannochloropsis oceanicavere tested for utilization of organic nitrogen sources.

D. viridis andN. oceanicaare promising bioenergy sources with robust growth and
high starch and lipid accumulation. However, little was known about nitsmece usage
of D. viridis andN. oceanicaespecially amino acids, which are the major nitregen
containing molecules in organisms. Miningafviridis andN. oceanicaranscriptomes and
genomes revealed intact inorganic nitrogen assimilation pathwedys0asand 27 putative
amino acid transporters, respectively, Borviridis andN. oceanica However, growth tests
showed that onl{p. viridis could uptake and utilize a single amino acid, histidine. Both
algae showed growth on glutamine, tryptophan,@&msteine, 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.



Ammonia is toxic tdD. viridis even at lowconcentration¥1 mM) but can be
provided slowly by degradation of glutamine. This was a convenient system to explore the
differences in metabolism and gene transcriptioD.imiridis temporally using metabolic
assays and RNA Sequencing. Cells growmglatamine (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, tedls 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 acidatrsporters could allow for utilization of all amino acids.
SinceN. oceanicacannot utilize any amino acids, it was an ideal candidate for genetic
modification. Eight amino acid transporter genes from yéaabidopsis andD. viridis
were selected asmndidates for expression M oceanicaUncharacterized 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.thidis transporters, whiléhe
osmophilic yeast transporter INDAL showed uptake of 13 amino acids. Two yeast
transporters and th&rabidopsistransporter were transformed itio oceanica When
grown on amino acids as a sole nitrogen source, increased growth was not demonstrated i
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 respdasetrogen starvation ib.

viridis and hints at novel alkatblerant responses. It broadened the knowledge of the



capability of algae to utilize nitrogen derived from exogenously supplied amino acids.
Although modifying membrane transport is a compleocess 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 Mechanismdgor Algae Production Systems
1.1 Abstract
Nitrogen fertilizer is one of the most expensive and critical inputs for agriculture and
algae production. In therlited States most nitrogeriertilizer is created by the energy
intensive HabeBosch process, which fixesNsing high temperature, high pressure, and
high CQ output. Mostagriculturalfertilizer volatizes or is lost in runoff where it becomes a
pollutant. Nitrogenlossnecesgates putting more fertilizer into the system to maintain
production. In a contained photobioreactotrogen is lost when algal biomass is disposed
of outside of the production system. Rather than lose the nitrogen recertasddcused
on the recyahg of nutrients back into the production system. Titesaturereview
addresses issues surrounding nitrogen fertilizer and the methods of nitrogen recovery being
utilized in algae biofuel production systems. The known biological mechanisms of nitrogen
scavengingitilized byalgae are also discussed.
1.2 Nitrogen Dependenceand | mpact
Life depend on the macronutrient nitrogevhich is contained in all amino acids and
nucleobasesNitrogen in these moleculés derivedfrom gaseous N which composes8?6
of the atmosphergErisman et al., 2008)As part of thenitrogencycle, gaseous Ns fixed
into inorganic forms of nitrogen such as nitrate amanoniumby nitrogenfixing bacteria
and archaewith a small contribution by lightninglt is then incorporied into organic
nitrogen through the nitrogen assimilation pathw@yganic nitrogen can be recycled by
decomposition of biomassd reincorporation of therganicnitrogen It can also returto
gaseous Blthrough denitrifying bacterjavhich converemmoniumto N, (Galloway et al.,

2004) Ancient agriculture relied updmological nitrogen fixation and recycling of organic
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waste to supplyitrogen afertilizer. It is calculatedhat141 Tg of nitrogen was globally
available for all terrestrial groWwin 186Q which include farming, forests, plains, etc
(Galloway et al., 2004)However,in 2005agricultureutilized 100 Tg of nitrogen fertilizer
(Erisman et al., 2008andthe Food and Agriculture Organization of the United Nation
predicts that by @20 119 Tg of nitrogen will ben demandFAO, 2017) With the addition
of biofuels by 2100, approximately 200 Tg nitrogeraybe requiredErisman et al., 2008)
This massive utilization of nitrogen fertilizand the demand surroundingviasenabledoy
the development of synthetiitrogenfixation via the HabeBosch procesgSutton et al.,
2011a)

To fulfill thedemandior ammoniathe HaberBoschProcess was developed Bxitz
Haber in Germany in T8 and was scaled up to industrial levels by Gasch They both
received Nobel Prizes for this worRhe processreateammoniaNHs) from Nz and b
using an iron catalyshigh pressur¢25-30 MPa) and high temperature (500 °(mar et
al., 2011) For every 1 kg of ammonia produc&d MJ of errgy (usually derived from
fossil fuel9 is required The current rate of synthetic nitrogen fertilizer usage in agriculture
requires approxi matel y 2yedlyr. duoetalh2012Wwor | d o s
Although the process is energytensive, i was less expensive than previous procesths.
development of the Hab&oschprocess resulted in a revolution in agriculture and war, and
the impacts are still intricately tied to our lives todétyis estimated that the existence of
nearly halfthevor | dés popul ation is dependent on n
It is the greatest contributor to the population boom of the 1900s and still supports it today.

Unfortunately, there are mamggative impacts afynthetic nitrogen fertibers

About 50% of nitrogen fertilizer utilized exits the system it was intended to enhance. It



washes into waterways wherentlucesalgal blooms, which strip oxygen out of the
environment and kill other organisr{tdowarth, 2008) It is wasted by detiification back
into N2 or conversion into volatile nitrogen oxide compounds. Nitrogen oxide gases
greenhouse gasthatcontribute to climate changélhey are also highly reactive and can
create particulate matter, which adversely affects humdthh&de accumulatiorof
nitrogen in systems can also lead to decikhs®liversity adower nutrient areas are more
easily invaded by more cosmopolitan spe¢@alloway et al., 2004; Erisman et al., 2008;
Sutton et al., 2011a)One group placed a pedcag ofu 7 t06 1320 billion per yeaim costs to
the European Union because of overabundanoérofjen and urgéthe adoption of a
unified effort in the reduction of nitrogen polluti¢8utton et al., 2011b)

One piece oWisdom from modern anancientagriculture that we can take the
context of algae productida the use of waste as fertiliz&utton et al., 2011b)Most algae
production systems use syntheticalBrived nitrogen.However after ho-product extradon
the remaining biomasmntersa waste stream that is often used as a proiglinfood source
for animal production. This waste strefmncontributes to agricultural runoff,
denitrification and los of nitrogen from the production system. Instead, it would be
advantageous teescue the nitrogen from the algae biomass and recycle it back into the
system(Figurel.1) (Erisman et al., 2010; Y. Huo et al., 2012; Murphree et al., 20LAis
would decrease synthetic nitrogen input, whichuld 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 clogesatbon cycle but
imbalances global nitrogen flux. Nitrogen is fixed through the H&8osich process to
synthesize fertilizer atigh energetiacostand carbon emissisr{Slack, 1977)which is
assimilated to proteirend other compounds biomass. Thaitrogenrrich residual is
commonly sold as animal feed-pyoduct and leads tutrogen oxidegmissions from

animal wastes. (b) Utilization @iitrogenrrich biomasdgor fuel production can close both the
carbon and nitrogen cycleNitrogencontaining corpounds 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 (NH). If the biomass conversion process is biological
(anaerobic digestion), the biomass can $eduas a nitrogen and carbon source for these
organisms.Figureand legenanodified from(Y. Huo et al., 2012)

1.3 Algal Biofuels

Algae are an ancient and ubiquitous form of life wiygeniccyanobacteria
emerging approximatel®.4 billionyears aggShh, 2015)and chloroplast bearing
eukaryoteemergingmore than 1.2 billioryears aggFacchinelli and Weber, 2011)
Cyanobacteriare the source of the chloroplast organelleudaryoticalgaeand land plants
Although all eukaryotic algae arose fromsiagle endosymbiotic evertreebranchesthe
glaucophytes, the red algaend the green algage recognized todg¥Keeling, 2010;
Facchinelli and Weber, 2011)laucophytes are a smalgalbranch withthe defining
characteristic ohaving a residugeptidoglycarwall between the two chloroplast

membranes, which is a predictesmnantrom cyanobacteriaRed algae are defined biye



presence gbhycobilisomesandincludemany linesderived from secondary tertiary
endosymbiosis The green alga&re perhaps the mastcognizablesland plants evolved
from this branch{Figure1.2) (Keeling, 2010)

Algae are mostly associated with fresih saltwater, however they can be found in
almost every ecological niclecluding extreme environmentsuch aghe Dead Sea
(Dunaliellaspp.) acidichot springgGaldieria sulphurarig, snow(Chlamydomonas
nivalis), anddesert custs(Scenedesmus rotundyg&orton and Vogelmann, 2003; Cardon et
al., 2008; Schonknecht et al., 2013; Or&d14) The success of these photoautotrophic
individuals in highly variable conditions points to the adoptionwfde variety of coping
mechaismsthat can be exploited for novehzymesmetabolites, or usa production
systemgHannon et al., 201OWlolnar 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, aridamts. Biofuels derived from marine
algae do not compete for freshwater resources or arable land, but still compete for nutrient
fertilizers. However, currentigtudied algae species hold a greater potential for fuel
production than land plan(Sheelan et al., 1998; Hannon et al., 2010)

One of the advantages pifiotoautotrophi@algal production is the abilityp be grown
in a tightly controlled environmeiiHannon et al., 2010)While many algae are also
heterotrophicand can survive on fixed camgources, it is not a requiremexsit is for
bacterial, yeast, or animal cell production systégthonknecht et al., 2013; Tuse et al.,
2014; Juergens et al., 2016)hotoautotrophyecreases the carbon input requiredther

production systemsincegaseous Cg&is the only required carbon inpuLand plants also



carry this advantagevhich is why they ar¢éhe base of many ecological food webs
However, land plants are usually cultivated in soil or a soil substnateequirelentiful
physical spee for their growth and developmédRargione et al., 2008; Georgianna and
Mayfield, 2012) This limitationis not extended to microalgae whiciin be grown in almost
any location in photobioreactors of variable shape and®irgeri et al., 2014) The ability
to cultivate microalgae in separation from the environment allows fahéwoeetical
utilization ofnon-arable landsuch as desesx the polar ice capsnd 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
andlipids into combustible moleculemostlyethanol and diesel. Many microalgae have fast
growth ratesup to multipledivisionsperday, and are capable of accumulaticmpious
amountf hydrocarbongSheehan et al., 1998; Hannon et al., 2010; Slocombe et al., 2015)
Some algaegsuch aDunaliellatertiolectaCCAP 19/22 can accumulaté3.2%6 of theirdry
biomass in starch, while others preferentially store lipidsNi&enochloropsis oceardc
CCAP 849/10wnhich can accumulatg3.2%6 of its biomass as lipid$locombe et al., 2015)
Carbon storage, growth, and low land area requirements make microalgae a superior
potential biofuel source above land plants such as soybegar, cane, and co(Rargione et

al., 2008; Georgianna and Mayfield, 2012)



Figure 1.2 Schematic view of plastid evolution in the history of eukaryotes.

The various endosymbiotic events thatg 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 witho 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 discreteysecondar
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 aphotosynthetic relatives like katablepiosrand

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 greeraatfjaPaulinellaby

taking up a cyanobacterium (many other rhizarian lineages remaiphwdosynthetic). At

the top left, the stramenopiles diverged from alveolates, where plastids were lost in ciliates
and predominantly became nonphotosynthetic irmfiiecomplexan 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). Madtthe lineages shown have many members or relatives that
are norphotosynthetic, 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

Saturatedrtacylglycerols (TAG)and free fatty acidareoften viewed apreferred
fuel precursors to polar lipidtue tolack of otherattachednoleculessuch & sugars,
proteins,and other compounds containipigosphorusnitrogen, and sulfurThese molecules
canpoison downstream catalysts used for conversinthe polar lipids can function as
emulsifiers during lipid extraction and decrease extraction efficiEhcong et al., 2016)
TAGs arelong-termstoragecompound often produced undeell division limiting stress
Nitrogen, phosphate, silicoandsulfur starvatioras well asigh light, continuous lightand
osmotic stresare knowno induce carbon stagein different algagTakagi et al., 2006;
Khozin-Goldberg and Cohen, 2006; Vieler, Wu et 2012; Srirangan et al., 2015; Shin et
al., 2015; Yang et al., 2015; Smith et al., 201Kjtrogenstarvations the most weltstudied
inducer ofTAG accumulation especialiy the model green algahlamydomonareinhardtii
(Merchant et al., 2012)Contrd of TAG induction is a critical step in creating high lipid
accumulating strains of algééeorgianna and Mayfield, 2012; Goncalves, Wilkie et al.,
2016)

The accumulation of carbon storage unadrientstarvation is often explained by
thehoverypotwh ds i thealgawdcaimwaies carbon storage products as a
conseqguence of protecting itself against photochemical damage, when it cannot grow and
divide due to lack of the nutriefduergens et al., 2016)n the case of nitrogen starvatjon
cels are unable to synthesize additional amino aamBucleic acidsieeded focell
division andcreate TAG or starch to prevent photosynthetic danf@gélu et al., 2008; Du
and Benning, 2016)However, aecent study suggests thhts explanation igverly

simplisticfor Chlamydomonas reinhardtiiThey instead provide evidence that
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Chlamydomonastores carbon to prepare for recovery from nutrient starvatiome sahan
as aphotgrotective mechanisifduergens et al., 2016)

Chlamydomonasells undemnitrogen starvationaumulaé TAGs byde novo
synthesis of fatty acids and recycling of membrane lipids. Starved cells show significant
upregulation of genes for the tricarboxylic acid cydl€A), starch gnthesis and lipid
synthesis As nitrogen stavation continuesstarch synthesis ownregulatedand starch
degradation is upregulatewhich is associated with the point where TAGumulation
begins(Park et al., 2015)Chlamydomonaaccumulates TAG in lipidropletslocated in the
cytosol and dencloselyassociated with the chloroplasembran€Moriyama et al., 2017)
The size of lipiddropletsis controlled by production of a major lipid droplet protein
(MLDP), which is functionally similar tglant oleosingMoellering and Benning, 2010)
While TAG is derived fronde novdatty acid synthesis from CQixation or acetate
incorporation significant amounts of fatty acids from membrane lipids especially chloroplast
membranes aralsorecycled into TAGX. Li et al., 2012; Legeret et al., 2015As
photosynthesiss downregulated under nitrogen starvatitry)akoid membranes are
degradedandthefatty acids arestoredas TAG(Preininger et al., 2015)TAG accumulation
is a complexprocesgMerchant et al., 2012; Goncalves, Wilkie et al.,@0butonly a few
nitrogen specificranscriptionfactors NRR1andROC40(Boyle et al., 2012; Goncalves,
Koh et al., 2016)anda kinase AR1 (Kajikawa et al., 2015have been isolatetiat regulate
TAG accumulation

While pieces of this network are tsame in other algae, some show different
regulatory mechanissor metabolicresponseto nitrogen starvatio(Q. Hu et al., 2008;

Goncalves, Wilkie et al., 201L65imilar toChlamydomong®. tertiolectasynthesizes starch
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immediatelywhen nitrogen staed, butit takes longer foD. tertiolectato switch toTAG
synthesis D. tertiolectaalsoappears to utilize less membrane recycling of lipids into TAG
thanChlamydomonaéX. Li et al., 2012; Pick and Avidan, 2017)he heterokont algae
Nannochloropsispp.have also beerexploredfor oil production and accumulate lipids under
nitrogen starvationThey utilize littlecarbohydrate storage and instead store carbon as TAG
in lipid dropletslike green algaéVieler, Brubaker et al., 2012; Recht et al., 2012
Additionally, a bZIP transcription factor froddannochloropsis salinavas shown to be
upregulated under nitrogen starvation and when overexpressed led to increased TAG
accumulation(Kwon et al., 2018) bZIP transcription factors afeund widelyin algae, so it
is possible thafunctionalhomologs exist in other algé&&. Hu et al., 2014; ThirieRupert et
al., 2016) Diatomswill accumulate TAG under nitrogen starvation but show a greater
accumulation response to silicon starvation, which is notpeaw®d as silicon is critical to
diatom cell wall formatiof d 6 | ppol i t o et al .Cyandbacteba S mi t h e
generdly store carbon as glycogen in nitrogen starvafddanshupanee and Incharoensakdi,
2014)and do not produce TAGs although tipdroplets containing TAG have been reported
in Nostoc punctiform@eramuna and Summers, 2Q1While not all algae remodel carbon
storage in the same fashion upon nitrogen starvation, they all downregulate photosynthesis
andutilize nitrogen scavenginggchniquegSchmollinger et al., 2014; Park et al., 2015;
Goncalves, Wilkie et al., 2016)

While one can find an alga for every nich@st isolated algae strains undergo
genetic modificatiorto improveor expand the capabilities of the alga. Unforturyafelw

algae have googenetic engineering tools aatsoaccumulate lipids that are optimal for fuel
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usaggQin et al., 2012; Scaife and Smith, 2016; Goncalves, Wilkie et al., 20M6yvork

focusedontwo algaeDunaliella viridisandNannochloropsis o@ica
1.5 Algae: Dunaliella viridis and Nannochloropsis oceanica

Dunaliella viridisis a halophytic green microaldaund in high salt and alkaline
conditionssuch aghe Great Salt Lake, solar salterns, and the DeadB&#eAmotz et al.,
2009; Oren, 2014)It belongs to a genus other halophytic alkaliolerantextremophiles
exceptD. acidophilawhich, as the name suggests anacidophile and heavy metal tolerant
(PuenteSanchez et al., 2016)The genghas been explored physiologicalby its extreme
salt tolerance and trability of somemembers to accumulatg to ¥% of their biomass as
b-carotengHosseini Tafreshi and Shariati, 200lembers of the genus contain
subcellularstarchsheathedompartmenin the chloroplast callethe pyrenoidBenAmotz
et al., 2009) The pyrenoid isised toconcentrate C@around RuBisCQo decrease
oxygenase activity and subsequenbtorespiratior{fMackinder et al., 2017)Thegenushas
been shown to accumuldde?-31.9%6 of dry weight intotal fatty acidsor 18.563.26 in
starch(Slocombe et al., 2015paking it anattractive biofuel feedstockAdditionally, the
lack of cell wallin Dunaliellaspp.increases ease of lipid extraction, and halophytic
organisms do not impinge on freshwater resoufbasis et al., 2015; T. Dong et al., 2016)
The ability of the genus to utilize organic nitrogen teses is relatively unknown although
urea, histidine, hypoxanthine, and allantoate have been shaupport growtl{Fabregas et
al., 1989; Oliveira and Huynh, 1989; Hellio and Le Gal, 1998; Murphree et al.,.2017)
Genetic engineeringf Dunaliellaspp.has been reportd®un et al., 2005; Feng et al., 2009;
Hosseini Tafreshi and Shariati, 2009; Anila et al., 20849)D. viridis strain dumsii proved

to be geneticdy intractable(Srirangan, 2015)
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Nannochloropsi®ceanicas a heterokont (neplant) alg evolutionarily derived
from a secondary endosymbiotic event of a red @geling, 2010; Facchinelli and Weber,
2011; Dorrell and Bowler, 2017)it is very distantly related tDunaliella viridis, butit hasa
well-establishedjenetic toolkit as wellsaa fully sequenced genongKilian et al., 2011;
Vieler, Wu et al., 2012; Moog et al., 2015; Poliner et al., 20lN7)oceanicds oleaginous
and under nitrogen starvation accumulates TAG to a greater extemuhahella viridis
(Slocombe et al., 2015rirangan et al., 2015)Thisis predicted to ba function ofthe many
diacylglycerotacyltransferases (DGTT) it carries as well as the lackstdr@hsheathed
pyrenoid(J. Li et al., 2014; Banerjee et al., 2017; Zienkiewicz et al., 200/Rile N.
oceanicais 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 souykéeter, Wu et al., 2012;
Campos et al., 2014)Although there are distinct differences between both algae, they both
are promising bioenergy feedstocks.

Both Dunaliella viridisandNannochloropsis oceanicae unicellular
photoautotrophic algabatcansurvive in axenigphotdioreactors Nitrogenrecycling is a
key componentf creating a viable sustainable closed loop system that has not been explored
for either of these algaeDther algae have been shown to utilize recycled nitrogen by pre
processindiomass or allowing the algae to process the biomHBssse arrently utilized
nitrogenrecoverymethodsas well aghe genetic basis of nitrogen scavenging and utilization

by algae is explored in the next sections
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1.6 Nitrogen Remvery Methods

Current nirogen recovery mechanisnmsalgae hydrocarbon production consist of
outsourcing the nitrogecontaining biomass as a feedstock for another organism. This
causes the nitrogen to leave the algae production system and enter a different system such as
aguaalture or humamutraceutical¢Erisman et al., 2010; Y. Huo et al., 2012; Bleakley and
Hayes, 2017) While this is a viable way to recyahgrogen,the following methods will
address ways to recycle nitrogen back into the algae production g¥stemel1.1). The
methods being explored can be broadly split mexzhanisms that require no conversion,
abiotic conversiorithermochemical)and biological conversiaofbiochemical)of biomass.
1.6.1No Conversionof Biomass

Direct usage obbiomass 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 wastesstream
commaly derivedfrom agriculture production, industrial wastewater, and hdmanicipal
wastewate(Pittman et al., 2011; Rawat et al., 2016; Cho and Park, 2018)

Animal-derived waste containsganic nitrogenammoniaphosphorusand carbon
(Cai, Park and Li2013) Swineand winerywastewateswerefound to be a viable growth
substrate foChlorella (Kuo et al., 2015; Ganeshkumar et al., 2058)d amixed culture of
Chlorella vulgarisandScenedesmusp.were able to recover nitrogen frahairy, pork, and
poultry production(Hulsen et al., 2018)Industrial wastewaters usually contain lagsogen
varying from 532 mg/L of total nitrogen in olivaill effluentto approximately 6 mg/L of
total nitrogen from paper mi#ffluent(Cai, Park and Li, 2013nd dso usuallycontain

numerous chemical pollutants that can impact algal gr@blonde et al., 2011)
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However, aNannochloropsisp. was shown to be capablectdaring 90% the nitrogen from
palm oil mill effluentwhile being embedded in alginate be&Gbeirsilp et al., 2017)

Human or municipal waste tends to be nitrogen rich like animal nastean be provided
directly toalgae in many forms such as sewage, sludge, or landfill lea@atg et al.,

2009; Cai, Park and Li, 2013; Rawat et al., 20I&)e high amount of ammonia exuded by
these wastes can become inhibitory for algal growth; how€&oyella spp.and
Scenedesmusgp. have been shown to be effectivesatvivinghigh ammonidevelsand the
pollutants from thevasteenvironmen{Pittman et al., 2011; Pereira et al., 2016)

In many cases nutrienecoveryby algaes incomplete or poowhen there is no
conversion of the biomass or waste stream. Many of the nitimm@aining molecules are
physically difficult to access as is the caseludge. 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 agtent of the waste biomass.

1.6.2 Abiotic Conversion ofBiomass

Abiotic or thermochemicatonversiorof biomassonsists of chemical, temperature,
pressure, and light treatments usedettuce lbmassto smaler components Some methods
like hydrothermal liquedction are also used for product extractisrwell aswutrient
recovery. Many combustiorbased methods such as pyrolysis, gasification, and incineration
are inefficient at recovering nitrogen because nitrogen is volatized and lost as various
nitrogen oxdes(Mehta et al., 2015) Instead methods that use and retain water throughout
processindnave proven to be effective at extracting and converting nitrogen into usable

forms for algal growtl{fRawat et al., 2016; Cho and Park, 2018)
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1.6.2.1Photodegradation

Photalegradation of biomass is a slow form of abiotic conversion and has not been
actively used for nitrogen recovery. Howeuehas been reported that photodegradation of
glutamine, cysteine, and tryptophan was capable of supporting the grolutimaliella
viridis andNannochloropsis oceaniddMurphree et al., 201{CHAPTER 4. While
degradation rates are slow for these amino acids, the relelét ‘ahto the media can
support limited growth. Other nitrogemntainingmoleailes such aadenineare also
sensitive to photodegradatifdehara 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 moleculeslirting norphotosensitive moleculé¢Pattison et
al., 2012) While slow and passive, photodegradation can be used to raschwelenitrogen

from biomass.

1.6.2.2HydrothermalLiguefaction

Hydrothermal liquefactiofHTL) is one of the most explored techniquesrérovery
of nutrients in algaproduction(Cho and Park, 2018HTL employs medium temperatures
(250 to374 °Q and high pressuré to 22 MPato hydrolyze biomass into small soluble
compoundgGollakota et al., 2018)It is commonly used to &act dl from biomass
requires lesgewateringandproduces less gaseous byproducts ttmanbustion methods
like pyrolysis orgasification(Canabarro et al., 2013; Gollakota et al., 2018also creates a
nutrient rich agueous stream tleantains mostly @anic nitrogen compoundisatcan be
used as fertilizefG. Yu et al., 2011; Cho and Park, 2018; Gollakota et al., 2018)
Optimization of temperature amédtention timewith Chlorella pyrenoidosebiomass

demonstratethat75% of the nitrogen of biomassuld be recovereth the aqueous phase
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for reusgG. Yu et al., 2011) A proof-of-concept experiment witbesmodesmusp.

showed thab reciprocal cyclesf growthwith only the recovered nutrients of the HTL
agueous phase from the proceeding algal ganamatre successfulWhile Desmodesmus
sp. showed growtltellsalso showed shifting morphology that was attributed tdthielup
of inhibitory compounds and the systematic decrease in migreents(Garcia Alba et al.,
2013) HTL isauseful recoverynethodthat 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; Lépez Barreiro et al., 2013; Cai, Park and Li, 2013; Mu et al.,

2017; L. Chen et gl2017; Edmundson et al., 2017; Gollakota et al., 2018; Leng et al., 2018)

1.6.2.3Flash Hydrolysis

Flash hydrolysiss a derivative of hydrothermal liquefaction that utilizes much
shorter retention times of seconds rather than minutes. Although less exipioretiandard
hydrothermal liquefaction, flash hydrolysis has proven to be effective at producing small
organic nitrogen compoundsich as peptides, amino acids, anthll amounts cimmonia
from algal biomas§Kumar et al., 2014; Garcisloscoso et al., 2@t Bessette et al., 2018)
ScenedesmubliguusandNannochloropsis gaditamaere both successfully grown on the
agueous phase of flash hydrolysis treated biorfedera et al., 2016; Teymouri et al.,
2017) S.obliquuspreferred growth on hydrolysatenke N. gaditanashowed decreased
growth in comparison to the inorganic nitrogen source co(Baibera et al., 2016;
Teymouri et al., 2017)

The abiotic conversion of biomass is highly successful and mostly produces organic
nitrogen compounds. Utilizan of these compounds by algae has been shown although it is

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

processing of biomass, or screening of algae strains that are more metabolically diverse.
1.6.3Biotic Conversion ofBiomass

1.6.3.1EnzymaticDigestion

Use of enzymes to degrade nitrogenous bionesgecially proteings a classically
used process to create media congrassuch as peptone and tryptdioe the culture of
heterotrophic organisms suchiscoliandSaccharomyces cerevisiagVhile there are
numerous reports of algae grown on these enzymatic digestates, the purpose of the growth
test was to determine tlkel g a e 6 s  aobganic nitrogennotdo assese feasibility for
algaeproduction(Burrell et al., 1984; Shen et al., 2010; Das, 2015; Kim et al., 2016
use ofenzymatic digestion fdarge scalalgae culture has been propogkuirphree et a).
2017) but there are no reports of it being attempted. The use of exogenously provided
enzymes allows faspecificcontrol over the production system but regsieeploration and
optimization.

1.6.3.2AnaerobicDigestionandFermentation

Along with hydrothermaliquefaction, anaerobic digestian fermentations
commonly used to recover nitrogen from biomass foregbgaduction(Cho and Park, 2018)
Anaerobic digestion is a wedtudied process as it is used in wastewater treathoeait
preparationbiologics production, etqCai, Park and Li, 2013; Ward et al., 2014)is
performed by bacteria or fungi which consume carbon in the absence of oxygen to produce
cellular energy.Anaerobic digestion mostly produces ammaenia biomasswhich
commonlyis utilized as fertilizer In conjunction with aralgae production system, bacteria

or fungi digest the algal biomaaadproduce ammoniand CQ. The ammonia and CQre
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thenrouted back to the algae as fertilizerd carbon sourageating a carbon and nitrexgy
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 incladiteg
activatedsludge food waste, algal biomass, manure, sewage, and wastdé@atePark,
Racharaks et al., 2013; Pleissner et al., 2013; Cai, Park and Li, 2013:Pasataet al.,

2017; Y. Chen et al., 2018; Cho and Park, 2013)veral of these systems also couple
production of biegas(methane mostlyfrom anaerobic digestion with carbohytrar lipid
production of the algagy. Chen et al., 2018; Gonzak&onzalez et al., 2018)The dal
outputsredue the cost of both production systemkile recycling wastéChowdhury et al.,
2012) An interesting study utilized whole food waste thatwiest fermented by the fungi
Aspergillus awamorandAspergillus oryzaand then supplied tihe algaeschizochytrium
mangroveiandChlorella pyrenoidosdPleissner et al., 2013)The fungi were able to

recover 40% of the nitrogen from the food wastel subsequentl$. mangrovei

accumulated twice the biomass in comparison to control media wh&rpgsenoidosa
accumulated half the biomass. However, both organisms produced more lipids,
carbohydrates, and proteins per gram of total biorfRisgssner eal., 2013) Another

system used algae as a protein sotora genetically engineerdsl colistrain that could
deaminate all amino acids and convert the carbon skeletons into alcohols. The ammonia was
fed back into the algae bioreactor for cyclictpio production(Y. X. Huo et al., 2011; Y.

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

great promiséor successful nitrogen recycling
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1.6.3.3Co-Cultivation

Unlike in anaerobic digestion where the bacteria ngifare kept separate from the
live algae, cecultivationinvolvesboth organismliving in the same system supportof
each othefRawat et al., 2016; Cho and Park, 2018B)ese systems can consist of artificial
relationships found in screens for muistc algae oiisolatesof natural communitied.e
Chevanton et al., 2013; Das, 2015; Glibert et al., 2016; Hulsen et al., ZDd@munities
are difficult to study as they contain many organisms and variables although diversity is part
of the strengthof communitiegBurkholder et al., 2008; Glibert et al., 2016; Ramanan et al.,
2016) Studying individual relationships allows for the discovery ofsthatletiesof each
organisn® mteractonwith one another. For examplegtsymbiotic relationship b&een
the algaBracteacoccusp. and chytriRhizidiumphycophilumshows that both species grow
better together rather than individua|Bicard et al., 2013)However this is not always the
case and some organisms are antagonisticNdm@nochloropsisdina andBacillus pumilus
(Fulbright et al., 2016)Dunaliella sp.andAlteromonassp.are mutualistidén limiting
nitrogen, but in sufficient nitrogen they compete with each dtteeChevanton et al., 2016)
An interesting relationship was found betwebe nitrogen fixing bacteridzotobacter
vinelandiiand algaéNeochloris oleoabundarendScenedesmusp. BA032. A. vinelandii
produces large amounts of siderophores to scavenge metal ions, but the sidesdpiores
functionedas a nitrogen shuttle tath algae in exchange for fixed carb@rtiz-Marquez et
al., 2012; Villa et al., 2014)While these relationshipshow 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 andUptake in Eukaryotic Algae

Under nitrogen starvatigwrganisns upregulate many mechanisms of nitrogen
recovery that include mobilizing intracellular nitrogen aedvengingiitrogen 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 apparatpoteinsreleases a large amount of nitrogenthesgroteins
can omprise 50% of the protein content of the organi§tasclauxDaubresse et al., 2010;
MasclauxDaubresse et al., 2017; Tegeder and Maselzaxbresse, 2017)
Chlamydomonas reinhardtis alsoknown to synthesize protein isoforms with low nitrogen
content glechainsvhen it is nitrogen starvg@chmollinger et al., 2014)While these
biological processes increase nitrogen use efficiency, they are temporaniikean be
difficult to manipulatan aproductionprocess The nitrogen scavenging mechanidmkl
the most promise for manipulatiamd for increasing nitrogen utilization of algfa@m waste

biomass

1.7.1Phagdrophy

Phagocytosis is the process of one cell engulfing another agboisas food. Many
heterotrophic unicellular organisms suchAasoéa utilize this process to harvest energy and
nutrients from their environmentit is not widely found in photosynthetic algae; however,
phagotrophyis well known withinthe Prymnesiphyceae, Chrysophyceand
Pelagophyceatamilies of algaeand numeroudinoflagellates 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.,.20h8)e arehree

reports of phagotropt green algadylicromonas PyramimonasandCymbomonagBell and
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LaybournParry, 2003; Maruyama and Kim, 2013; McKdeisberg and Sanders, 20144l

are prasinophytes amdicromonasandCymbomonaarevery smalicelled (~3 um) but are
capable of consuming small bactegalls. Some work done on the phagotrophic alga
Ochromonas danichas shown it capable of producing harvestable lipids while feeding on
bacteria and waste activated slud@eLi et al., 2016; Lin and Ju, 2017; C. Li and Ju, 2018)
Although this is a vibele method of recovering nitrogen from the environment the ability to

manipulate it is limited to those species that have the genetic capability for phagocytosis.
1.7.20rganic Nitrogen Molecule Production and Uptake

1.7.2.1Degradatiorof NitrogenContaining Macromolades

The majorform of organic nitrogen iorganismss protein, while other molecules
like nucleic acids angdorphyrins like chlorophylare minor contributoréTegeder and
MasclauxDaubresse, 2017)All organisns haveintracellularproteases usad praein
catabolismand recycling omino acidgor proteinsynthesis. Many organisms also excrete
extracellular proteasesd nuclease® assist in thdwarvesing of nitrogen from the
environmeni{Balabanova et al., 2012; Heun et al., 2012; CezairliyarAaisdbel, 2017)
Proteaseand nucleasexreate peptidg dipeptides, amino acid, and nucleic acid monomers
that are easier for organisms to take up.

Reports of characterized extracellular proteases in algae are very (imitad et al.,
2016)and thee are no reports of extracellular nucleas&salcium dependerdroteasdrom
Chlorella sphaerkiwasshown to function at a wide variety of pH levalsdtemperatures,
but no furthercharacterizatiomvas pursue@ellem and Walker, 1987)The dinoflagllate
Peridinium gatunens@as shown to excrete a proteased tcsensitize othePeridinium

gatunenseells tooxidative damage similarly to programmed cell dé&tardi et al., 2007)
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The diatomChaetoceroslidymusproduce extracellular proteasd¢o defend itself against the
Iytic proteases dKordia algicidabacterawhich lyse other diatom@aul and Pohnert,

2013) Althoughthe excretion of thegaroteasswasnot shown to allow cells to utilize
environmental nitrogerit is feasible that they cédibe used as such if the cells also had the

ability to uptake the cleavage products.

1.7.2.2Uptakeof Organic Nitrogen Molecules

The abilityof algae tautilize peptidess predicted to be mediated by transporters
from the peptide transporter (PTR) and oligopbptransporter (OPT) familiedn plants, a
few members have been characterized and the families show broad uptake ability of
oligopeptides, dipeptides, auxin, amino acids, nitrate, and peptidesecheitt metaions
suggesting that algal homologs ns®yrve the same purpo@eentsch et al., 2007; Tegeder
and Rentsch, 2010; Lubkowitz, 201X3enome database mining shows the presence of these
families in algae, but no members have bieectionallycharacterizegHanikenne et al.,
2005; S. M. McDonaldteal., 2010; von Wittgenstein et al., 2014)

Algal utilization of peptidess a nitrogen sourdes been analyzed indirectly, but
little direct exploration has been donduch of the indirect works assumd conclusions
from growth d algae strains oneell lysate such as yeast extract. Examplejt was shown
thatTetraselmisp. Ganghwapreferred tautilize nitrogen from yeast extraatser inorganic
nitrogen sourcefim et al., 2016) However, yeast extract contains peptidied amino
acidsmaking it uncleamhich nitrogen source is being utilize@®n the contraryif an
organism does not utilize the yeast extract as a nitrogen source, that suggests that most
organic nitrogen sources are not utilized by that organiSpecific work to show uiation

of peptides is much rareDunaliella viridisis unable to utilize exogenously provided
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alanineglutamine or glycingglutaminedipeptidedMurphree et al., 2017)Mulholland and

Lee screened different algal communities for their ability to updakior hydrolyze
dipeptides This showedhe ability of dominant species in the communities to utilize
exogenously provided organic nitrog@iulholland and Lee, 2009)Althoughlittle specific
utilization work has been dopiedirectgrowth oncell extractsand genome mining
encourages further exploratiand characterization

Similarto peptide uptakdittle work has been done on nucleic acid usage as a
nitrogen source in algadVlembrane transporters of nucleic acatprecursors are prevalent
in dl eukaryotic organisms as the compoundseed to be transported into the organelles for
DNA replication and transcriptiofPfeil et al., 2014; Chu et al., 201 Hlowever,reports of
plasma membrane localized transporters for nucleic acid precinsigaeare few(Birdsey
and Lynch, 1962; Ammann and Lynch, 1964; Pérezente et al., 1991)Interestingly
there are reports of uracil auxotrophic algae used for genetic enginestiams of
Phaeodactylum tricornutun€yanidioschyzon merolaandPseulochoricystis ellipsoidea
algaerequire exogenously provided uraf@t growth, which meanthey have a strategy to
recover uracil from the environmef8akaguchi et al., 2011; Fujiwara et al., 2013; Kasai et
al., 2015) Unfortunately,as uracil anotropty is a tool for genetic engineerirttpe genes
responsible for uracil uptakemain unidentifiedn these algae

Specific records of algae utilizing nucleic acids as a nitrogen source are rare
Dunaliella viridiswasshown to bencapable ofutilizing individual nucleobasex
ribonucleosides as sole nitrogen souldésrphree et al., 2017)Chlamydomonas
reinhardtii can take up ypoxanthinexanthine and uric acidBirdsey and Lynch, 1962;

PérezVicente et al., 1991)Chlorella pyrenoidosaakes uphtie purinesadenine,
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hypoxanthine, xanthine, and uacid(Ammann and Lynch, 1964; Pér§icente et al.,
1991) Scenedesmuspp. andChlorella vulgariscould take up xanthine and uric acid
(Birdsey and Lynch, 1962) Further characterization of the ahjlof 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
tess for amino acids where algae are grown on cell lysates or exdsagtentioned above
However growth testswith individualamino acidsas nitrogen sources are betisrthis
provides a cleauptake preferenceSome species have been tested with allginaceous
amino acids as sole nitrogen soursesh aunaliella viridisandD. tertiolectawhich take
up histiding(Hellio and Le Gal, 1998; Murphree et al., 201Chlamydomonageinhardtii
which only takes up arginine(Kirk and Kirk, 1978) andChlorella vulgariswhich takes up 6
amino acidgSauer et al., 1983)0ther species have ori\ada few amino acidsestedsuch
asEmiliania huxleyiand Thalassiosirgpseudonanavhich, respectively, utilized 3 and 0 of
the 8 tested amino aci@letswaart et aJ 1994)or algalcommunities testedith only
glutamate and alanin®ulholland and Lee, 2009)

Amino acid uptake is mediated by amino acid transpoftens at leasthree
transportesubfamilies Like the nucleic acid transporteedl eukaryotes havamino acid
transporters to shuttkemino aciddetween organelles for protein synthesisie Drug
Metabolite Transporters (DM13$ a largeamily of transporters with members that transport
a wide variety of solutes including a few that are known to pamsmino acid¢Pratelli and
Pilot, 2014) Recently a subset &MT proteinswere shown to be amino acid exporters and

exchangers irabidopsis thalianand were namedsuallyMultiple AcidsMoveln and
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out TransportergUMAMIT ) (Besnard et al., 2016)r'he family with the most functionally

characterized members is tAmino Acid-PolyamineOrganocatiofAPC) superfamily
whichis split into the APGamily and theAmino Acid/Auxin Permease (AAAHRamily.
Both families have multiple sufamilies thatarespecific for amino acid transpatich as the
polyamineH* symporters (PHS), cationic amino acid transporters (CAdgamino acid
permeases (AAP) to name a f@Wong et al., 2012) Extensivephylogenetiand functional
analysis has been done withirgbfamiliesalthoughalgae have been left out of many
analysegTegeder and Ward, 2012; Wong et al., 2012; Pratelli and Pilot, 2014; Tegeder and
MasclauxDaubresse, 2017)

Members of theetransporter families can be found within many al(2EAPTER
4); however functional conservation and localization is very low withinfaobly groups.
For example, close homologs ANT1 and AVT3AsAbidopsis thalianalo not localize to the
same membran@uijiki et al., 2017) This makes itdifficult to predict organisntransporter
capability from gene sequencés.addition, there have been no amino acid transporters
functionally characterized from algae. An attempt was made to functionally characterize 5
amino acid transporters froBunaliella 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 dondét transport amino acids o
localized to the plasma membeg(fCHAPTER 4. As this was not testethe abilities of
these transporters are still unknowfunctional characterization of amino acid transporters
in algae has potential to reveal an important aspect of the algae nitragenging

mechanism.
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Urea is perhaps the most well testedanic nitrogen moleculer algal growth. It is
a common form of nitrogen utilized in agricultural production asdguch is derived from the
HaberBosch procesgErisman et al., 2008)Most alga 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., 20-idome organisms
like Nannochloropsisalinaprefer ureaver inorganic nitrogen sources like BIOr NHs*
(Campos et al., 2014)This could be due to the low reactivity of urea and the supply of 2
nitrogen atoms per molecul@he majority of wea uptake is mediated by DUR3 homologs
which are ubiquitous in rarobes, algae, and plankt a small amount of urea transport can
be attributed to major intrinsic proteins (MI@iorgio et al., 2014) ManyDUR3 homologs
have been detected in algag none of them have been functionally characterized, perhaps
due b strong sequence and function conservafdagnasco, 2005; Rentsch et al., 2007)
Dunaliella viridis proved to be an interesting caskeneit was the only member of the genus
that could not utilizairea. Probing of the genome revealed a lack of thREXtthnsporter
andallophanatenydrolasea ureametabolismgene(Murphree et al., 2017)Whether this
genotype is common to othBr viridis strains is yet to be seen.

Although many algae utilize organic nitrogen sourdes ftiological mechanisms
undelying their utilization argpoorly understood This research area holds promise for
understanding how algae interact with their environment and thus the ability to exploit these
systems for production.
1.7.3Inorganic Nitrogen Molecule Production and Uptake

Same organisms do not utilize organic sources of nitrogen directly and imstedd

to release the nitrogen moleculerfr the carbon skeletogielding inorganic nitrogenThis
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is roughly synonymous to the process of phosphorus scavenging where an akdracell
phosphatase is used to mobilize organic phosphorus for uptake as inorganic phosphorus. For

most organisms this process of nitrogen scavenging produces free ammonia.

1.7.3.1AmmoniaProduction byDeaminases

Deaminating enzymes are important for recyclind eepartitioning nitrogen within
the cell(Schmollinger et al., 2014; Park et al., 2Q1B)any organisms also produce
extracellular deaminases suchLaamino acid oxidasgt AAOs) and amine oxidaseg/hich
oxidize amire-containing compounds producingé&NHsz, and BHO> (Lukasheva et al., 2011,
Z. Yu and Qiao, 2012)Snake venonsontains arextracellular LAAO used tomduce
apoptosis through production ob® and thus deter or kill othef(sukasheva et al., 2011)
Some organisms use LAA@santimicrdials such as theAAO in mouse milkpredicted to
help prevent mastiti€Sun et al., 2002) In addition to defense, some organismsthese
genesto mobilize nitrogen from organimolecules, which is the case for many bacteria,
fungi, and alga€Z. Yu ard Qiao, 2012)

For algae specificallyd functional extracellulat AAO /amine oxidasebave been
foundin Chlamydomonas reinhardifPiedras et al., 1992; Vallon et al., 1993Jeurochrysis
carterue(Palenik and Morel, 1990andPrymnesium parvur(Palernk and Morel, 1991)
The presencand activityof LAAOSs in the red alga®arginisporum crassissimuf@mphiroa
crassissimpandAhnfeltiopsis flabelliformigGymnogongrus flabelliformjsvere shownbut

activity was shown frorgell lysatesmaking the locatation of the LAAOs unknow(iFujisawa et al.,

1982; Ito et al., 1987)The LAAO from Chlamydomonass theonly extracellular LAAO to be
isolatedand characterized. dictively degrades2lamino acids and its expression is

repressed bgmmoniumand indued under nitrogen starvatig¢Riedras et al., 1992; Vallon
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et al., 1993; Schmollinger et al., 2014; Park et al., 20IBe putative LAAO(S) of

Pleurochrysis carteruexidizes9 amino acidsand somether amine compoundPalenik
and Morel, 199Q)while the putative LAAO(S) oPrymnesium parvuranly oxidizes several
amine compounds and no amino acids.

From a nitrogemecyclingperspectiveLAAOs and norspecific amine oxidases
represenain appealing option for heterologous expressiaigae. Expressioand targeting
to the extracellular space could allow the usage of agoné&ining compounds by those
species that are incapable of taking up organic nitrogen sources or of degrading small
nitrogenticontaining compoundsOnce inorganic nitrogen is credtehe cells require the

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

1.7.3.2Assimilation oflnorganicNitrogen

Common forms of inorganic nitrogen are nitrate gNQnitrite (NQ), and ammonia/
ammonium(NH3/NH4") andare taken up by delvia transporter proteins and then integrated
into glutamate using the GSOGAT pathwaySanzLuque 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
reductaseroteinsfor reduction teammonium Ammoniumis then combined with glutamate
by glutamine synthetase (G®)yield glutamine and theglutamine oxoglutarate
aminotranterase(GOGAT) transfers the amine growp glutamineto 2-oxoglutarate to yield
2 molecules of glutamat{&anzLuque et al., 2015)Some organisms have all these proteins
while some only preserve the pathway from ammonia transport to GQGAAPTER 4.

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

Porters(NNP) andNRT1/Reptide TransporterdNPF. NNPs also called NRZs, are usually
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associated with high affinity uptake aN&®Fwith low affinity transport. An accessory
protein called NAR is required for transport ability of sonNNP genes buhas no
independentransport capabilitySanzLuque et al., 2015)NPFshave broad specificity and
are known to uptake peptidesnino acidsauxin,and nitratgLeran et al., 2014)Both
families are found ubiquitously in algaéhough algae which lack a nitrate reductase tend to
also lack the NNP familfCHAPTER 4.

Nitrite transport is accomplished BINPs Formate/Nitrite Transporters (FNT), and
HPP nitrite transportersThe only characterized membertioé FNTfamily (also known as
NAR1)in algae is LCIA, which transports nitrite abitarbonateand is a criticapartof the
Chlamydomonas reinhardtiiarkon concentrating mechanigiariscal et al., 2006; Yamano
et al., 2015; Mackinder et al., 201 BNT transporters are common in red, green, and
glaucophyte algae, but are missing from land pl6@EAPTER 4. HPP nitrite trangorters
arerecentlydiscovered in cyanobacteria and shown to transport nitrite into the chloroplast of
ArabidopsigMaeda et al., 2014)No algae homologs have been charactemtddughone
of the HPP homologs @hlamydomonafCre06.9295826shows upegulation under
nitrogen starvatioPark et al., 2015) The conservation dhefunction fromSynechococcus
to Arabidopsis thalianauggests that HPP proteins may function similarly in algae.

Ammonia transporter@AMTSs) are found in most organispend generally high
affinity transport of ammoniammoniumis accomplished by the AMT/Mep/Rh fam((y.
R. McDonald and Ward, 20L6 Ammonia transport by major intrinsic proteins (MIP) and
other channel proteins has been reported, but these channels tenel bodaavsubstrate
specificity and only contribute to loaffinity uptake(Giorgio et al., 2014; Chiasson et al.,

2014) Algal AMTs are notusuallyfunctionally characterized as sequence and function
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conservation is strong within the AMT/Mep/Rh fam({lly. R. McDonald and Ward, 201,6)

however AMTs from Dunaliella viridis, Chlorella protothecoidesndCylindrotheca
fusiformishave been characterizédildebrand, 2005; Song et al., 2011; Yan et al., 2013)

Most algae showoodconservation of these geng& M. McDonald et al., 201(3nd
thusengi neering of algaeb6s ability to utilize
However, restoration of the inorganic nitrogen assimilation pathway would represent a
significant increase in the flexibilityféhat organism to survive in variable environments.

1.8 Conclusion

The invention of synthetic nitrogen fertilizesspports our currerdgricultural
infrastructure but emerging issues connected to nitrogen pollutaeten the riseWe can
help to mitigae 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 nictireegare
photoautotrophic individuals that catilize many nitrogen sources. However, litite
knownabout algal nitrogen scavenging and uptake mechani$ims inorganic nitrogen
assimilation pathway in algae is moderately well studied although mangnptons 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 metaboligmeyeas 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 te be do

characterize these basic transport and procesgstgss in algaeThe successful
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manipulationof these scavenging systems will be greatly accelerated oncenitnogen

scavenging mechanisms from a diverse array of algae arctérared.
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CHAPTER 2 Amino Acids Are an Ineffective Fertilizer for Dunaliella spp. Growth

Citation: Murphree, C.A., Dums, J.T., Jain, S.K., Zhao, C., Young, D.Y., Khoshnoodi, N.,
Tikunov, A., Macdonald, J., Pilot, G., and Sederoff, H. (2017). Amino Acids Are an
Ineffective Fertilizer foDunaliellaspp. Growth. Front. Plant. Sci. 8, 847.
https://doi.org/10.3389/fpls.2017.00847
Supplemental data can be foundAIRPENDIX A Chapter 2 Supplementary Data
2.1 Contribution

Nitrogen fertilizer input represents an enormous energy and monetafgrcaisfal
production systems. Our research group predicted that rather than using synthetically fixed
nitrogen fertilizer (N@, NHs, and urea) obtained through the energgnsive HabeBosch
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 Withjpproduction
system could reduce the input costs and environmental impact of algal production.

Dunaliellaspp. are halophytic green algae that are promising bioproduction
feedstocks due to their high stress tolerance, ability to be grown with low &tshnput,
guick generation time, and inducible lipid and starch accumulation. However, the ability of
Dunaliellaspp. to use organic nitrogen sources is relatively unknown with urea, histidine,
glutamine, hypoxanthine, and allantoate being shown toostigpwth by other groups.
The ability of 4Dunaliella strains were surveyed for ability to grow on the 20 proteinogenic
amino acids as well as synthetic fertilizer sources NTHz, and urea.Dunaliella viridis
strain dumsii was further screened foowgth 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 th®. viridis strain. Growth on these alternate sources was stmwn
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 NQ control. Histidine was determined to be the only amino aciitaip into the cell,
while the other three were abiotically degraded in the presence of light to relegsemkEl
| ow amount of Autili zedo amDunaliellaspg dothstuseaed di t i ©
nitrogen scavenging enzymes such as extracetigdaminases and finally that organic
nitrogen is a poor growth substrate Bunaliella spp.

| contributed to this work in several fashions. | built and surveyeDdmaliella
transcriptome databases and minedhealinadatabase for nitrogen scavémg
extracellular deaminases like theamino acid oxidase (LAO1) @hlamydomonas
reinhardtii (page65). | determined that the inability @f. viridis to utilize urea was due to
the lack of both a urea transporter and a bwitsm enzyme, allophanate hydrolaZaljle
2.1). Both genes were grouped together in ofieenalgae genomes, and thus the failure to
amplify these genes from tiie viridis genome suggests a chromosomal deletion eliminated
bath genes and left the cells unable to uptake or metabolize ureab@ada conjunction
with high school student Nicole Khoshnoodi, | supervised and partially performed the
development, execution, and analysis of the scoéén viridis for growth on
ribonucleosides and nucleobaseémg(reA.1l). In addition to writing these pieces, |

performed major editing and proofing of the manuscript.
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Amino Acids Are an Ineffective
Fertilizer for Dunaliella spp. Growth

Colin A. Murphree’, Jacob T. Dums’, Siddharth K. Jain'", Chengsong Zhao?,
Danielle Y. Young', Nicole Khoshnoodi®', Andrey Tikunov*, Jeffrey Macdonald®,
Guillaume Pilot? and Heike Sederoff'*

i Dapartment of Plant and Microbial Biology, North Carolina State University, Raleigh, NC, United States, * Department of
Pianl Paihology, Physiclogy, and Weed Science, Virginia Polviechnic Institute and Staie Universily, Blacksburg, VA, United
Stales, ® Research Triangle High School, Durham County, NC, United States, * Deparfment of Biomedical Engineering,
Universily of North Carofina School of Medicine, Chapel Hill, NC, United Staies

Autotrophic microalgae are a promising bioproducts platform. However, the fundamental
requirements these organisms have for nitrogen fertilizer severely limit the impact and
scale of their cultivation. As an alternative to inorganic fertilizers, we investigated the
possibility of using amino acids from deconstructed biomass as a nitrogen source in the
genus Dunaliefla. We found that only four amino acids (glutamine, histidine, cysteine,
and tryptophan) rescue Dunaliella spp. growth in nitrogen depleted media, and that
supplementation of these amino acids altered the metabolic profile of Dunaliella cells.
Our investigations revealed that histidine is transported across the cell membrane,
and that glutamine and cysteine are not transported. Rather, glutamine, cysteine, and
tryptophan are degraded in solution by a set of oxidative chemical reactions, releasing
ammonium that in turn supports growth. Utilization of biomass-derived amino acids is
therefore not a suitable option unless additional amino acid nitrogen uptake is enabled
through genetic modifications of these algae.

Keywords: Dunaliella, nitrogen recycling, lipids, biofuel, amino acids, sustainability

INTRODUCTION

Aulotroph algae have gained allention in recent years because they are potentially a valuable
bioproduct feedstock. These organisms could produce large quantities of high value proteins,
chemicals, or combustible hydrocarbons on a relatively small acreage, and may operate with less
environmental impact than conventional agriculture or fossil fuels (Wijffels and Barbosa, 2010;
Georgianna and Mayfield, 2012; Rasala and Mayfield, 2015). The theoretical energy yield for biofuel
production from algae per unit area is estimated to be between 30- and 300-fold higher than any
available crop system (Sheehan el al., 1998; Packer, 2009), and Lhese organisms may eventually be
productive enough to satisfy a large proportion of fuel consumption using non-arable land (US
Department of Energy, 2010; Moody et al., 2014). In addition, some fuel producing microalgae
thrive in marine environments, and therefore their production could be supported entirely using
non-potable water sources such as ocean water. However, the viability of growing algae at scale for
any purpose is limited by the requirements these organisms have for nitrogen and phosphorous
fertilizers. The demand for these fertilizers is such that if only 10% of transportation fuels needed
in the US for 2010 were replaced by algal biodiesel, it would require an amount of nilrogen
fertilizer equivalent to 175% of total annual US production (Grobbelaar, 2004; Chisti, 2013). This
is considerable, as the production of synthetic N-fertilizer via the TTaber-Bosch process is reliant on
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energy derived from fossil fuels. Furthermore, the use of fertilizer
in agriculture effectively creates nitrogen pollution in the form
of nitrous oxides, a greenhouse gas, which is thought to offset
gains in the global warming potential of biofuels (Crutzen et al.,
2008; Erisman el al., 2008; Galloway el al., 2008; Bobbink el al,,
2010). There is therefore a need Lo address the impacls of nilrogen
fertilizer use within the bioeconomy.

One solution is to reduce both fertilizer inputs and nitrogen
wasle by creating an effective nitrogen recycling scheme. Many
groups have proposed using thermochemical conversion and
anaerobic digestion of biomass as potential sources of recycled
nitrogen (Minowa el al., 1995; Chisli, 2008; Sialve et al., 2009;
Jena et al, 2011; Biller et al, 2012; Huo et al., 2012; Garcia
Alba et al., 2013; Lépez Barreiro et al., 2013a). These degradative
approaches have the benefit that phosphorous and nitrogen can
be resupplied in an inorganic form, and theoretically enable
the possibility of growing mulliple cullure generations from a
single fertilizer input. However, the feasibility of these approaches
remains questionable because of the high nitrogen content of
biomass and the energetic costs of concentrating algae for these
applications (Mata-Alvarez et al, 2000; Chen et al., 2008; Lam
and Lee, 2012; Lopez Barreiro et al., 2013b; Ward et al.,, 2014).
Both approaches resull in the production of ammonium as the
most abundant form of recycled nitrogen (Tsukahara et al.,, 2001;
Sialve et al., 2009). Consequently, the pH of cultivation medium
and ammonium concentration must be tightly controlled in any
resulting algal growth system to prevent loxicily resulling from
electrochemical gradient decoupling (Azov and Goldman, 1982).
Furthermore, these approaches may be incompatible with the
use of marine and saline algae feedstocks, as the salt content
of this biomass is corrosive or inhibitory to thermochemical
and biological degradation schemes (McCarty, 1964; Parkin and
Owen, 1986; Chen et al., 2008; Vergara-Ferndndez et al., 2008;
Ward el al., 2014).

An alternative scheme would be to recycle the nitrogen-
rich biomass of algac in an organic form. The proposed
strategy is to use an in vitro process to degrade algal biomass
(proteins and nucleic acids) after extraction of non-polar lipid
products into nitrogen-containing organic monomers (amino
acids, nucleotides), and then to replace inorganic nitrogen
fertilizer in algae production with those monomers (Figure 1).
Specifically, protease and nuclease enzymes would be applied
to algal biomass in a bioreactor to generate amino and nucleic
acids in the same manner as amylase is added to starch
lo generale the sugars used in the industrial production of
ethanol. The enzymatically treated biomass slurry would then
be introduced into the algal cultivation medium in lieu of
inorganic nitrogen and phosphorous fertilizer. Importantly, this
strategy relies on the capacity of a species of alga to use
organic nitrogen and phosphorous containing compounds as
a fertilizer source. IL is also imperalive thal ulilizalion of
these organic nilrogen and phosphorous monomers mainlains
the productivity of a desired product, such as triacylglycerols
(TAGs).

There is reason to suspect that biofuel-producing autotrophic
algae would be able Lo use amino acids, as marine and freshwater
autotrophic algae have demonstrated the ability to grow on

amino acid-supplemented media (Cain, 1965; Wheeler et al,
1974; Palenik and Morel, 1990; Zhang et al.,, 2015). Autotrophic
algae have at least two mechanisms by which the nitrogen from
amino acids could be acquired. Like plants (Fischer et al., 1998;
Tegeder, 2012; Tegeder and Ward, 2014), algae possess channels
or transporlers that could facilitate movement of amino acids
into the cell (Kirk and Kirk, 1978a,b; Sauer, 1984; Cho and Le
Gal, 1985). In addition, it has been shown that algae possess
extracellular enzymes that deaminate amino moieties, releasing
ammonium that can be transported across the cell membrane
and subsequently assimilated via the GS-GOGAT cycle (Munoz-
Blanco el al., 1990; Palenik and Morel, 1990, 1991; Piedras el al.,
1992; Vallon et al,, 1993) into biomass. Some amino acids are
unstable when present in aqueous solution and when exposed
to light, forming NII4*, urea, and other amino acids over time
(Asquith and Hirsl, 1969; Tomila el al., 1969; Abraham and
Podell, 1981; Gracanin el al., 2009; Pallison el al., 2012).

The viability and effects of feeding amino acids as a nitrogen
source was investigated using the genus Dunaliella. Dunaliella
spp. are motile, unicellular, autotrophic, halophitic algae that are
often isolated from extreme saline environments (Borowitzka
and Siva, 2007). Triacylglycerols can be extracted from these algae
by osmotic cell lysis or solvenl extraction (Wang el al., 2013). Asa
biofuel production platform, Dunaliella spp. are advantageous as
they would not compete for arable land or freshwater for growth.
Dunaliella spp. have been cultivated using a number of different
nitrogen sources, including NH,*, NO3~, NO;~, NO, urea,
histidine, glutamine, hypoxanthine, and allantoate (Goldman and
Peavey, 1979; Latorella et al., 1981; Fabregas et al., 1989; Giordano
et al,, 1994; Giordano, 1997; Hellio and Le Gal, 1998; Nagase
et al, 2001). Uptake of histidine in Dunaliella tertiolecta was
demonstrated previously (ITellio and Le Gal 1998, 1999), but the
mechanism of uptake, the identity of the transporter responsible,
and any effects on melabolism remain unknown.

We determined the ability of four Dunaliella species to utilize
20 proteinogenic amino acids supplied individually as a sole
nitrogen source. Only four amino acids [glutamine (Gln, Q),
cysteine (Cys, C), histidine (His, H), and tryptophan (Trp,
W)] recovered growth of Dunaliella from nitrogen starvation.
Supplementation of these amino acids resulted in a set of
unique melabolite profile changes. The mechanism by which
Dunaliella spp. obtain nitrogen from these amino acids was
also investigated. We found evidence for the uptake of histidine
in one strain of D. viridis; however, it remains unknown
how this amino acid is assimilated. In contrasl, glulamine,
cysteine, and tryptophan appear to oxidize in the presence of
light, supplying NHy " that is likely transported across the cell
membrane by Dunaliella spp. and assimilated by the GS-GOGAT
pathway.

MATERIALS AND METHODS

Strains and Growth Conditions

The Dunaliella strains used in this study (D. salina CCAP 19/18,
D. viridis dumsii, D. tertiolecta CCMP 364, D. primolecta UTEX
LB1000) were obtained from the Culture Collection of Algae
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FIGURE 1 | Di ofa Igae pi ion system f

invitro b
photosynthetic microalgae platform such as Dunaliella that produces extractable lipids or high value co-products. In vitro nutrient recycling is performed in a separate
bioreaclor lo generale N and P organic monomers lrom algal biomass Lhal are inlended as a subslilule for ferlilizer addilions.

yeling. This production system is intended to work with any

and Protozoa (CCAP'), National Center for Marine Algae and
Microbiota (NCMA?), or UTEX®.

Strains were grown in 125 ml Erlenmeyer flasks conlaining
modified Ben-Amotz media (mBA, pH 7.5) (Ben-Amotz et al,,
1989; Srirangan et al., 2015) and maintained in exponential phase
prior to inoculation of growth experiments. All cultures (except
those used in uplake assays, see below) were grown at 21°C
under continuous cool white fluorescent light with an intensity
0f 150 umol photons m 2 s ! at the culture surface.
Nitrogen Source Growth Experiments
Nitrogen source growth experiments were carried out in batch
culture using filter-sterilized mBA lacking nitrogen (mBA -N)
medium in 4 ml volumes within 12-well polystyrene tissue culture
plates. The cell densily of Dunaliella cullures was quantified
using a TC10 Automated Cell Counter (Bio-Rad). For ecach
biological replicate, 8 x 107 cells were harvested by centrifugation
at 3,441 x g for 2 min. The supernatant was discarded and
cultures were washed in mBA -N. These cell suspensions were
again centrifuged, the supernatant was discarded, and cells were
re-suspended in 1 ml of mBA -N. An inoculum of 4.0 x 10°
cells in a volume of 50 jul was used Lo seed each well containing
media. For cultures of D. salina, only 2 x 10° cells were used.

"http://www.ccap.ac.uk/
Zhttps://ncma bigelow.org/
https://utex.org/

Cells were mixed and the density of each well was recorded. Plates
were Lhen wrapped with parafilm and grown for 144 h under
the conditions described above. AL 0 and 144 h post-inoculation,
cultures were mixed and the cell densities and diameter were
determined. There were four biological replicates used for each
Dunaliella strain.

Urea Transporter and Enzyme Search

Iigh affinity urea transport in plants is carried out by
homologs of Lhe yeast DUR3 urea lransporter (Kojima el al,
2006). To find Dunaliella DUR3 homologs, yeast DUR3
(yeastgenome.org: YHLO16C) and Arabidopsis thaliana AtDUR3
(TAIR: AT5G45380) protein sequences were used as BLAST
queries against the D. salina CCAP 19/18 genome' and
against the assembled (ranscriptomes of D. viridis strain
dumsii (Srirangan et al., 2015), D. tertiolecta CCMP 364, and
D. primolecta UTEX 1000 (Malasci el al., 2014). Blast hits that
also contained the conserved domain PF00474 were considered
to be DUR3 homologs (Finn et al., 2016).

The metabolism of urea to ammonia in organisms can be
accomplished via two different routes. The first consists of
a nickel dependent urease producing ammonia and carbon
dioxide. The second method uses urea carboxylase and
allophanate hydrolase to convert urea to ammonium and
bicarbonate through an allophanate intermediate (Fan el al,

*http://phytozome.jgi.doe.gov/
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2012). The urease protein sequence from A. thaliana (TAIR:
AT1G67550) and the urea carboxylase (Phytozome_vll:
Cre08.360050.t1.1) and allophanate hydrolase (Phytozome_v11:
Cre08.g360100.t1.2) protein sequences from Chlamydomonas
reinhardtii (Merchanl el al., 2007) were used as BLAST queries
against the D. salina CCAP 19/18 genome’ and againsl Lhe
assembled transcriptomes of D. viridis strain dumsii (Srirangan
et al,, 2015), D. tertiolecta CCMP 364, and D. primolecta UTEX
1000 (Matasci et al., 2014).

Metabolite Quantification

Chlorophyll

Culture samples of one ml were harvested by centrifugation for
10 min at 16,000 x g The supernatant was removed and 625 pl
of 100% ELOH was added to the remaining pellel. Samples were
resuspended by vortexing and incubated at room temperature for
1 h. Samples were mixed every 15 min and then centrifuged for
10 min at 16,000 x g. The chlorophyll content was measured
as absorption al 652 nm with 100% E(OH as a background
control. The total chlorophyll amount (g ml 1) was calculated
as Ags2/36 (36 = extinction coefficient) (Arnon, 1949).

Neutral Lipid

Generation of coconut oil standards used in calibration curve
Absolule neutral lipid concentratlion was delermined using
coconut oil in mBA containing 0.01% Tween as a standard.
Briefly, 10 mg of coconut oil was melted and added to 5 ml
of mBA containing 0.2% Tween (2000 g ml~1) and sonicated
for 20 min using a Microson Ultrasonic Cell Disruptor set to 5
watts. The sonicated coconut oil solution was diluted in mBA
conlaining 0.05% (ween (500 g ml~!) and sonicated for a
further 20 min at 5 waltlts. Coconul oil standards of 5-100 jLg
ml ! were prepared from freshly made 500 g ml ! coconut oil
stocks by serial dilution using mBA containing 0.01% Tween.

Neutral lipid quantification

Neutral lipid accumulation was quantified using Nile Red (9-
diethylamino-5IT-benzo(a)phenoxazine-5-one;  Sigma-Aldrich,
Uniled States) following the method of Elsey with modifications
(Elsey et al., 2007). Freshly prepared 0.78 mM Nile red in acetone
was added Lo a final concentration of 0.26 LM in each cell culture
or coconul oil standard and mixed. Each resulling suspension
was split into three 200 pl replicates in a polystyrene microplate
and read with a microplate reader using fluorescence excitation
of 485 nm and emission of 590 nm. Samples were incubated
in darkness for approximalely 15 min prior lo reading. Sterile
mBA, as well as mBA containing 0.01% tween were used as
background controls for cell cultures and coconut oil standards,
respectively.

Carbohydrate Quantification

Total carbohydrate concentration was determined by the Dubois
method amended for use in a 96 well plate (Dubois el al,
1956). 0.5 ml of each cell culture was cenlrifuged for 10 min al
16,000 x g. The supernatant was removed and the cells were

“http://phytozome.jgi.doc.gov/

lysed in 0.5 ml of distilled H,O. Sucrose standards of 5 to
500 jug ml~! were prepared in distilled F,O. Each standard or
sample was split into triplicate 40 pl aliquots in clear polystyrene
96 well plates. Crystalline phenol in I1,O was freshly made to
a concenlration of 5% w/v and 40 pl of was added Lo each
sample and mixed. After 15 min, 200 pl of 95-98% sulphuric
acid was added, and samples were immediately mixed 20 times
by pipetting. Plates were cooled to room temperature data was
quantified by measuring absorption at 490 nm using a microplate
reader.

Soluble Protein

Soluble prolein extraction and quantification was performed as
previously described with modification (Srirangan el al., 2015).
No B-mercaptoethanol was used for re-extraction.

Quantification of Free NH4 in Growth
Medium

Free NH4 " in growth medium was quantified using the phenate
method amended for use with mBA medium in a 96 well plate
(Eppley et al., 1969). NH4™ standards of 5 to 2,000 pg ml~! were
made using NH4Cl in mBA -N. Each sample or NH, ' standard
was added in triplicate 50 pl aliquots to 96 well microplate. To
each aliquol, 40 pl of 20% (w/v) crystalline phenol in ELOH
and 40 1 0.5% (w/v) sodium nitroprusside in distilled H>0 were
added and mixed. A 10 ml solution of 20% (w/v) sodium citrate
and 2% NaOIT in distilled IT,0 was combined with 3.5 ml of
commercial bleach (7.25% sodium hypochlorite) and 70 jul of the
resulting solution was added to each well and immediately mixed
10 times. Plates were developed for 1 h in darkness. Free NHy ™
was quantified by measuring absorption at 630 nm.

Uptake Assays

Amino acid uplake assays for Dunaliella spp. were amended
from a yeast protocol (Su et al., 2004). Briefly, 50 ml Dunaliella
cultures in mBA were maintained in a Conviron growth
chamber (model number ATC60) under long-day condition (16 h
light/8 h dark, 22°C/18°C, respectively) and 135 pmol photons
m % s ! in exponential phase prior to inoculation of growth
medium containing different nitrogen sources. From each growth
medium, either 5 x 107 (Figure 5A) or 2 x 10® (Figure 5B)
cells were harvested by centrifugation and suspended in 1 ml
of mBA -N. Each cell suspension was dispensed into 100 pl
aliquots. Aliquots were maintained on ice until 10 pl of 1 M
glucose was added lo each suspension, after which cells were
mixed and incubated for 5 min under cool white fluorescent
light at 25°C (40 pmol photons m 251, Uptake solutions were
prepared by mixing non-labeled amino acid (final concentration
of 1 mM) with two microliters of the following labeled amino
acids at mCi ml ': L-cystine [3,3-1*C), L-histidine [2,5-*11],
and L-glulamine [3,4-H(N)). Uplake solution was mixed with
incubaled cell aliquols, yielding a final specific aclivity of ~91
nCi pl L. A portion of each sample (50 ul) was taken at several
time points and added to 5 ml of 1 M NaCl on a DITI Filtration
Manifold (CAT# EQU-FM-10X20-SET) fitted with 24 mm glass
filters (Whatman CAT# 1822-024). The solution was removed
by application of vacuum, and the washing was repeated two
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more times with 5 ml 1 M NaCl. The filters containing the
cells were loaded into scintillation vials, 500 pl of commercial
bleach (5% sodium hypochlorite) was added to each scintillation
vial. Radioactivity in each vial was measured using a Beckman-
Couller scintillation counter (L86500 Multi-Purpose Scintillation
Counler).

NMR

Growth and Collection

Cultures used for NMR detection of metabolites were scaled into
3 L glass Erlenmeyer flasks containing 1 L of growth medium.
After an initial period of scale up, cells used for inoculation
were mixed once daily and maintained in exponential phase.
To perform each growth experiment Lo be analyzed by NMR,
4.0 x 10° cells were collecled by centrifugation al 10,000 x g
for 15 min. Supernatant was removed and cells were washed in
mBA -N. Cells were then resuspended in I L of freshly made
growth media supplemented with 5 mM Gln. Cell pellets and
spent media was either immediately collected for extraction
(T = 0) or grown in 3 L flasks for 24 or 48 h before collection.
Cell pellels were collecled by cenlrifugation al 10,000 x g for
15 min. The resulting spent media supernatant was immediately
frozen at —80°C. The rest of the supernatant was discarded, and
the remaining cell pellet was washed twice with 1 M NaCl. Wet
cell pellets were immediately frozen at —80°C.

Metabolite Extraction

Metabolites were extracted from cell pellets with acetonitrile
(Neumuller et al., 2013). Briefly, algal pellets were extracted with
a 54% solution of acetonitrile in distilled H>O. Each extraction
underwent 3 freeze-thaw cycles using liquid nitrogen and a 55°C
water bath. Extractions were then centrifuged at 4,000 x g for
5 min. The resulting supernatant was collected in a 50 ml conical
vial, and the remaining pellet was re-extracted with 4 ml of 60%
acelonilrile. The re-exlraction was cenlrifuged al 4,000 x g for
5 min and the resulting supernatant was combined with the
prior supernatant. This combined supernatant was then frozen
at —80°C.

H NMR Spectroscopy

The acetonitrile:water (3:2) extracted algae was dried on a speed-
vac (Thermo-Fisher), and stored at —80°C until NMR analysis.
The extracted powder was re-suspended in 600 pl of DO
containing 0.1 mM Lrimethylsilyl-2,2,3,3-lelradeuleropropioninc
acid (TSP) and 1 mM formate and pipetted into a 5 mm
NMR tube for subsequent high resolution NMR analysis. 1D
one-pulse 'TI-NMR spectra with water presaturation were
acquired with 4 s recycle time using a 14.1T Varian INOVA
(600MHz 'H [requency, Varian Instruments, Palo Allo, CA,
United States) equipped with a 5 mm indirect detection
probe.

NMR Spectral Analysis and Metabolite Identification

All NMR spectra were processed using ACD/ID NMR Manager
software (version 12.0; Advanced Chemistry Development, Inc.,
Toronto, ON, Canada). Imported FIDs were zero-filled to 64,000
points, and an exponential line broadening of 0.3 Hz was

applied prior to Fourier transformation. Spectra were phase
and baseline corrected and referenced to the TSP peak at
0.00 ppm.

Metabolite identification was performed by comparing NMR
spectral identifiers (chemical shifls, peak area ralios, peak
multiplicity, coupling conslanls) were compared Lo melabolomic
NMR databases [Human Metabolome Database®; University of
Wisconsin’] and to known breakdown products of glutamate,
such as pyroglutamate (Abraham and Podell, 1981). Metabolite
quantification was determined using Chenomx software (version
5.1; Chenomx Inc., Edmonton, AB, Canada) as previously
described (Dewar el al., 2010).

UPLC-MS Determination of Amino Acid
Content

The amino acid composition of D. viridis cells was determined
using 8 ml of culture grown for 144 h. Samples were cenlrifuged
for 10 min at 16,000 x g. Supernalanl was removed and cells
were lysed in 400 pl of distilled water. Cell lysates were stored at
—20°C until derivatization. For total amino acid content analysis,
50 pul of frozen cell lysates were thawed and hydrolyzed using 1 ml
vacuum hydrolysis tubes (Life Technologies) containing 400 .l of
6 N IICI with 0.02% B-mercaptoethanol. ITydrolysis was carried
oul under vacuum and 105°C for 20 h and lerminaled using
400 pl of 6 N NaOH.

Cell lysates and hydrolyzed cell lysates were separately
derivatized with AccQ - Tag (Waters). Derivatized samples were
run on a Waters UPLC system in reverse phase mode. Standard
curves for each amino acid and ammonium were generaled using
amino acid standards from Sigma Aldrich (Catalog no.: AA-S-18)
for a working range of 0 to 50 mM.

Experimental Replication and Statistical
Treatment

For all data presented, at least three biological replicates were
used. Slalislical analysis was performed in Microsofl Excel.
A Students t-lest was used for all comparisons belween (wo
means. Tukey’s HSD was used to establish significant groupings
when performing multiple comparisons.

RESULTS

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

Ability to Use Urea

A screen was conducted to determine whether various organic
and inorganic nitrogen substrates could support growth of
D. viridis (Figure 2). Two surprising results of this nutrient screen
were Lhal (i) urea did notsupport growth of D. viridis and thal (ii)
NHy ™ in excess of 1 mM was generally inhibitory or toxic to all
Dunaliella species tested (Figure 3 and Table 1). Other Dunaliella
species were able to grow to high density when supplemented

Shttp:/jwww.hmdb.ca
7http://www.bmrb.wisc.cdu/metabolomics/
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FIGURE 2 | h of D i viridis rented with ni

0.5 mM used for NH4Cl). Error bars represent one standard deviation
two-lailed paired Student’s [-Test at p = 0.05 (%), p < 0.01 (**), and p

nitrogen sources and a nitrogen starvation control {mBA -N) was analyzed. Cullures were grown for 144 h on mBA -N conltaining 5 mM of each the above nutrients

g

. Significant differences relative to the unsupplemented mBA -N control was assessed using a
= 0.001 (***}. Four biological replicales were used for analysis.

with urea, and also possessed gene sequence encoding likely a sufficient set of enzymes needed for urea conversion (Table 1).
transporlers and enzymes necessary for urea ulilization (Table 1).  NH, ™ above 2 mM was inhibilory regardless of the species tested,
In contrast, D. viridis lacked any available sequence that might  a situation previously observed only in D. tertiolecta (Figure 3;
code for a urea transporter, and also does not appear to possess  Chen et al.,, 2011). Ribonucleoside and nucleobase monomers
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FIGURE 3 | Growth of Dunaliella spp. using NH4Cl as the sole nitrogen source. Tolal cell density of cultures grown for 144 h on mBA-N containing NH.Cl at
varied concenlrations (in mM}. Average cell densily was measured lrom four biological replicales. Error bars represent one slandard deviation. Significant growth
relative to the un-supplemented mBA -N control was assessed using a two-tailed paired Student’s f-Test at p = 0.05 (*), p = 0.01 {**}, and p = 0.001 (***}. Four
biological replicates were used for analysis.

TABLE 1 | Variation in the ability of Dunaliella spp. to use urea as a nitrogen source.

Organism Growth Number of Homologs Identified A i F
Urea Transporter Urease  Urea Carboxylase  Allophanate Hydrolase

D. viridis 0 0 1 0 Locus_7748 (Srirangan el al. (2015))

D. safina e 3 0 1 1 Dusal. 0292500003, *
Dusal. 0572500011,
Dusal. 1401800001,
Dusal. 0292500001,
Dusal.0292s00002

D. lertiolecta 5 1 0 1 1 ZDIZ-2004114, (Matasci et al. {2014}
ZDIZ-2004115,
ZDIZ-2051319

Y 1 0 1 1 WDWX-2002751, (Maltasci el al. {2014}

D. primolecia

WDWX-2002752,
WDWX-2045 758

*http://phytozome.jgi.doe.gov/. Growth denotes an observed increase in average final cell density of cuftures grown with mBA N containing 5 mM urea compared to

the unsupplemented mBA -N control. Significant growth 1
p=0.05() p =007 () and p

were also evaluated as a nitrogen source, but did not rescue
growth of nitrogen starved D. viridis (Supplementary Figure S1).

Dunaliella Cells Grow on Four Amino

Acids as a Sole Nitrogen Source
Our screen revealed that compared o a nilrogen starvation
control, cultures of D. viridis could reach high cell densities

ive fo an un-supplemented mBA -N conlrol was
.007 (***}. Three biological replicates were used for analysis. Putative homologs for Urea Transporter, Urease, Urea Carboxylase,

and Allophanate Hydrolase were identified using BLAST {see Materials and Methods).

sed using a two-tailed paired Student’s {-Test at

when supplemented with the amino acids Gln, His, Cys, and
Trp (Figures 2, 4 and Table 2). The other 16 proteinogenic
amino acids either had no observable effect on growth, or caused
a small decrease in final cell densily. However, glycine was an
exception under one condition. When glycine (5 mM) was mixed
with KNO;3 (5 mM) cultures had a final cell density and neutral
lipid productivity nearly 50% greater than cultures grown with
KNOj3 alone (Supplementary Figure $2). This initial nitrogen
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TABLE 2| of four D strains ted with Gin, Cys, His, and Trp.

~ 0 2

2 -

-—
N Source D. salina D. viridis D. tertiolecta D. primolecta
KNOz (mBA} 1.00 + 0.05* 1.00 + 0.10* 1.00 + 0.03** 1.00 = 0.10*
Glutamine 0.94 + 0.02* 0.89 + 0.04*** 0.94 + 0.06" 0.65 + 0.03**
Cysteine 0.75 + 0.06* 0.59 + 0.10%% 0.71 + 0.04+ 0.52 + 0.10%*
Histidine 0.76 + 0.06* 0.36 + 0.08"** 0.53 + 0.07 0.33 = 0.03%*
Tryplophan 0.85 + 0.06* 0.62 + 0.03"* N/A 0.45 = 0.08%*
mBA -N 0.62 + 0.06 0.17 £0.02 0.46 + 0.01 0.24 = 0.02

The images shown are of each respective strain. Black bars equal 10 um. Values express the within species refative cell densily of culfures grown using mBA -N containing
& mM of sach of ihe indicated nutrients. Due ic the cell size differences, ihe average celf densily of KNO3 supplemented cullures is used as & reference (1.00) to which
other cultures were compared. The variation portrayed is one standard deviation. Significant growth relative to the un-supplemented mBA -N control was assessed using
a wo-lailed paired Studeni's (=Test al p < 0.05 {*), p < 0.01 {#*), and p = 0.001 {***). Four biclogical replicales were used lor analysss.

source screen was expanded Lo include Lhree other species of
Dunaliella (D. salina, D. tertiolecta, D. primolecta). We found
that all four species consistently reached higher cell densities than
nitrogen starvation controls when supplied with Gln, ITis, Cys,
Trp (Table 2). Just as for D. viridis, the other 16 proteinogenic
amino acids had no observable effect on growth.

The Availability of Nitrogen and
Supplementation of Amino Acids Alters
Metabolite Accumulation of Dunaliella

spp- in a Species Specific Manner

There were differences in the level of metabolites accumulated
by cells of each Dunaliella species, which was significant
both when comparing between species and when comparing
nitrogen supplementation treatments (Figure 4). While nitrogen
slarvalion was generally associaled with lower cell densilies
and decreased chlorophyll content, nitrogen-starved D. salina
and D. viridis accumulated different levels of carbon storage
metabolites and protein (Figure 4). Nitrogen-starved cultures of
both D. salina and D. viridis accumulated higher amounts of
neutral lipids on a cell basis, but D. viridis cells accumulated about
five times more neutral lipids than KNO; fed controls. Cells of D.
salina accumulated aboul three times more carbohydrales under
nitrogen starvation, while carbohydrate levels were unchanged
in cells of D. viridis subjected to the same treatment (Figure 4).
Cell protein abundance was significantly lower during nitrogen
starvation in D. salina, bul not in D. viridis.

Gln, His, Cys and Trp supplementation altered the metabolite
profiles of Dunaliella in a species specific manner (Figure 4).
While supplementation with each of four amino acids recovered
the growth of Dunaliella, the color of these cultures was often
different compared to KNOj controls (Supplementary Figure S3).
This color change was obvious even when comparing cultures of
equivalenl cell density. Consequently, each amino acid allered the
metabolite profile of species in ways that were unique from both
controls and other amino acids.

GIn supplementation yielded final cell densities and cell
protein conlent that were nearly as high as a KNO3 control
(Figure 4). ITowever, for both D. viridis and D. salina the

chlorophyll content in Gln supplemenled cullures lended Lo
be lower, and Gln supplemented cultures D. viridis were
visibly yellow (Supplementary Figure S3). Compared to KNO3
controls, GIn supplemented cultures had almost double cellular
carbohydrate content and consequently produced at least 50%
more carbohydrates in total. Gln was also associated with a
twotold higher level of cellular triacylglycerol production in
D. viridis (Figure 4).

Although cultures supplemented with Cys did not grow as well
as those supplemented with Gln, they accumulated similar levels
of metabolites (Figure 4). Like Gln cultures, Cys supplemented
cultures were also visibly yellow (Supplementary Figure $3).
Neutral lipids, carbohydrates, and chlorophyll were present at
equivalent levels in both treatments in D. viridis. However, Cys
supplementation produced higher cell protein content than Gln
or KNOj3 cultures (Figure 4).

The growth rate of Dunaliella cultures supplemented with
His remained low for all tested species (Table 2). Protein
levels of His-fed cullures were only marginally higher than
nitrogen-starved controls (Figure 4). As was the case for
GIn and Cys supplementation, ITis-supplemented cultures had
low chlorophyll content, giving rise to a yellowish appearance
(Supplementary Figure $3).

Trp added to growth media produced a vibrant orange
color after incubation for several days and exposure to light
(Supplementary Figure $3). This effect also occurred in sterile
media. Trp-supplemented cultures were often contaminated with
bacteria [data not shown], which was never seen for the other
amino acids. Data could only be obtained for cultures that had
undergone a rigorous seleclion procedure Lo isolale cultures
free of contaminating bacteria (Supplemental Methods). Cultures
supplemented with Trp were unique in that both protein and
chlorophyll levels tended to be highest in these treatments
(Figure 4). While Trp supplementation marginally increased the
carbohydrate content of D. salina, it reduced the neutral lipid
conlent of D. viridis cells Lo 31% of KNOj3 fed cells. Trp fed
cultures produced one fifth the volume of neutral lipids compared
to KNOj controls. This effect was not observed in other species,
but occurred even if D. viridis was simultaneously cultured with
KNO3 and Trp (Supplementary Figure $2).

Frontiers in Plant Science | wwaw. frontiersin.org

May 2017 | Volume 8 | Article 847

60

ite



Murphree et al

Amino Acid Use in Dunalielia

A D. salina

D. viridis

E
@

+ -WHQC + - WHQC

(ng/

+
z
<
(2]
z

' H Q C

400

300

200

(ug/ mly

100

+ - WHQC + ~ WH QC

+ -WHQC +-WHQC

FIGURE 4 | Metabolite productivity and content of D. salina and D. viridis. Abbreviations: + (mBA), - (mBA -N), W (tryptophan), H (histidine), @
(glutamine), C (cysteine). Volumetric productivity {left column} of soluble protein (A), neutral lipids (B), total carbohydrates {C), and cell density (D) of cultures
grown for 144 h. The cell content of soluble protein (E), neutral lipids (F), total carbohydrates (G), and chlorophyll (H) is expressed relative to KNOZ supplemented
cullures (MBA}, which are used as a reference {100%). Error bars represent one standard deviation. Statistically significant population groupings are indicated
{a.b,c,d,e; Tukey's HSD; o < 0.05). Four biological replicates were used for analysis.
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Evidence of Amino Acid Assimilation
Routes

The mechanism by which Dunaliella spp. are able to obtain
nitrogen [rom the amino acids His, Gln, Trp, and Cys was
invesligaled using the ecolype D. viridis as a model. Roules
supported by prior literature include transport of amino acids
across the cell membrane and recovery of NIT4T separated from
amino acids either by abiotic oxidation chemistry or the activity
of a deaminaling enzyme (Kirk and Kirk, 1978a; Abraham and

Podell, 1981; Palenik and Morel, 1990, 1991; Gracanin et al.,
2009).

The uptake of radiolabeled Gln, cystine, and ITis by D. viridis
was measured over a period of 120 min (Figure 5A). Cysline was
used as a proxy for Cys because of the relative instability of Cys,
which rapidly oxidizes to cystine in aqueous solution (Kendall
and Nord, 1926). No uptake of cystine or Gln was detected, only
His was significantly taken up. This was true even if the culture
used for the uptake assay was nitrogen-starved for 72 h prior to
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FIGURE 5 | Uptake of radiolabeled amino acids by D. viridis.
(A) Accumulation of L-cystine [3,3'-'“C], L-histidine [2,5-2H], and L-glutamine
[3.4-3H(N)] in cells of D. viridis after 20 and 120 min when supplied with 1 mM
amino acids. (B) Time course kinelics of L-hislidine [2,5-*H] uplake al 1 mM
in mBA -N. Means + Standard error of three biological replicates are shown.

the assay (Data not shown). The uptake for radiolabeled His was
approximately linear over a period of 20 min (Figure 5B).

The degree of NH4  production by sterile His, Gln, Glu, Cys,
and Trp-containing media was assessed using the same light and
temperature conditions that are used for growth of Dunaliella
cultures. Gln, Cys, and Trp media generaled increasing NHy ™
concentrations over time (Figure 6). In contrast, His-containing
media gave an initially high signal, but the apparent NII4'
concentration of this media did not significantly change over
time. Glu was used as a control and did not produce any
detectable amount of free NH, .

The NMR spectra of media was used Lo ascertain the fate
of Gln in culture. Spent media from D. viridis cultivated with
mBA -N containing Gln revealed that peaks corresponding to
Gln were present at all time points, and that the absolute value
of these peaks did nol change significantly (Figure 7). However, a
sel of peaks corresponding Lo pyroglulamale appear prominently
after 24 h, and the strength of this signal increased at 48 h
(Figure 7). The estimated rate of pyroglutamate formation in
this experiment was considerably higher than that obtained for
the abiotic production of NHy' from Gln-containing media
(Figures 6, 7).
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FIGURE 6 | NH;™ Released from amino acids in sterile media. Glutamic
Acid ®; tryptophan B; histidine A ; glutamine 4; cysteine ®. Means +
Slandard Devialion of lhree independent replicales are shown.

Amino Acid Content of Dunaliella viridis

The amino acid content of D. viridis was obtained in order to
ascertain what proportion of the biomass could be recycled using
Gln, His, Trp, and Cys as fertilizer supplementation. There was
little variation in the overall amino acid content of D. viridis even
belween nilrogen-depleted and KNO; supplemented cultures
(Table 3). The sum of relative Gln, His, Trp, and Cys fractions
was at most 16% of the total amino acid fraction.

DISCUSSION

We surveyed the potential of using amino acids and other organic
and inorganic nitrogen sources to support growth of four species
from the genus Dunaliella. D. viridis was the only species that
uniquely did not use urea as a nitrogen source, likely because
the dumsii ecotype used in this study does not possess a urea
transporler or an allophanale hydrolase (Table 1). In conltrast Lo
prior reports, we found that Dunaliella spp. are susceptible Lo
NH, ' toxicity above 1 mM (Figure 3).

Four amino acids supported growth of Dunaliella spp.: Gln,
Cys, His, and Trp. Based on their existence in other algae,
we invesligaled three polential roules by which Dunaliella spp.
could acquire nitrogen from Gln, Cys, His, and Trp (Figure 8).
No evidence was obtained that supports the existence of an
extracellular amino acid oxidase in Dunaliella spp., and only His
showed evidence of uptake across the cell membrane. Gln, Cys,
and Trp release NII4 ™ via an abiotic process that Dunaliella spp.
cells probably transport and ulilize as nilrogen source.

Dunaliella viridis Lacks the Necessary
Genes for both Urea Transporters and
Allophanate Hydrolase

Dunaliella viridis could not use urea as a nilrogen source
(Figure 2 and Table 1). This is in contrast to other Dunaliella
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spp., which recover growth when supplemented with urea
(Table 1; Hellio and Le Gal 1998, 1999). The use of urea
as a nilrogen source requires al least two components: urea
uptake via a membrane transport protein and subsequent
enzymatic degradation into HCOs / CO, and NH4' (Fan
et al., 2012). NIy~ released by these two activities can then
be assimilaled via the GS-GOGAT pathway. We Lherefore
probed the genomes of each Dunaliella species for the presence
of sequence encoding putative urea transporters, urease, urea
carboxylase, and allophanate hydrolase. No predicted proteins
similar to urea transporters could be detected in the available
genomic resources for D. viridis (Table 1). However, sequences
putatively coding for these transporters could be identified in
the other species of Dunaliella. The surveyed Dunaliella species
do not contain any coding sequences for urcase (Table 1).
D. salina, D. tertiolecta, and D. primolecta contain sequences for

urea carboxylase and allophanale hydrolase, while D. viridis only
contains a sequence for urea carboxylase (Table 1). D. salina,
D. tertiolecta, and D. primolecta grow when supplemented with
urea as a sole nitrogen source and possess three necessary
proteins that enable urea acquisition and metabolism. In contrast,
this particular ecotype of D. viridis likely cannot utilize urea
because il does nol possess a lransporler Lo carry urea across
the cell membrane for subsequent assimilation. Even if D. viridis
had an unknown protein capable of urea transport, it could
convert urea to allophanate, but could not complete the
conversion to ammonium and bicarbonate unless it possesses an
unknown or alternate enzyme rescuing the activity of allophanate
hydrolase.

One caveal is Lhal the genomic resources available for D. viridis
are derived entirely from RNA sequencing. Urea transporter and
allophanate hydrolase mRNAs may not have been captured in
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Table 2.3 Amino acid contert of D. viridis.
2.6.2NH. Toxicity Varies with Experimental Methodology

2.6.3GlIn, Cys, and Trp Supply Nitrogen via the Release and Assimilation ofNH
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