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1 INTRODUCTION

Increasing anthropogenic pressure on water bodies has
resulted in the worldwide problem of eutrophication, in which nitrate
has emerged as one of the principal pollutants. The widespread use of
fertilizers in agricultural fields and the improper disposal of
wastewater in water bodies are the primary causes of eutrophication.
This eutrophication, resulting from nutrient enrichment of nitrogen
and phosphorus, poses a major threat to the aquatic ecosystem.
Multiple nations have associated rising levels of nitrogen and
phosphorus in water with significant environmental problems. The
primary inorganic nitrogen compounds are nitrate, nitrite, and
ammonia. Nitrite and ammonia are unstable, whereas nitrate is
extremely stable, making it one of the most prevalent water
contaminants. The consequences of eutrophication are a decrease in
macrophyte abundance, an increase in the growth of algae and
plankton, algal blooms, and deoxygenation. Various technologies are
being utilized to eliminate nitrate from water based on scientific
developments.

There are two main methods for nitrate removal:
physicochemical and biological. The major disadvantage of
physicochemical methods is the presence of a large amount of salt or
nitrate in the disposal stream, whereas the major disadvantage of
biological methods is the generation of an excessive biomass of
bacterial cells and residual carbon sources that must be carefully
removed from the treated water. Therefore, the use of microalgae has
become a viable approach for the treatment of wastewater throughout
time as the microalgal biomass obtained after the wastewater
treatment can be used as feedstock in biorefineries or other
applications as microalgae require inorganic nutrients like nitrogen
and phosphorus for their growth.



Nitrate assimilation pathway in microalgae consists of two
transport steps (nitrate and nitrite transport) and two reduction steps.
First, nitrate is transported into the cell, where a cytosolic nitrate
reductase (NR) catalyzes the reduction of nitrate into nitrite, which is
subsequently transported into the chloroplast. Nitrite is further
reduced to ammonium by the action of the enzyme nitrite reductase
(NiR) in the chloroplast. Chloroplast is the main site for ammonium
incorporation into carbon skeletons by glutamine
synthetase/glutamine oxoglutarate aminotransferase (GS/GOGAT),
or glutamate synthase cycle.

The ability of microalgae to uptake nitrate from a certain
medium can be influenced by multiple factors, including nitrate
concentration, light conditions, pH, temperature, salinity, etc. Light is
crucial to the life cycle of cyanobacteria, algae, and higher plants; the
colour or wavelength of the light has a significant impact on their
growth. Light is essential to microalgae because it facilitates the
synthesis of important molecules needed for their growth via the
production of adenosine triphosphate (ATP) and reduced
nicotinamide adenine dinucleotide phosphate (NADPH) through
photosynthesis. Both light colour/wavelength and intensity have been
shown to affect the growth of microalgae. As the absorption bands of
photosynthetic pigments chlorophyll-a and chlorophyll-b lie in the
blue and red ranges of visible light, numerous studies have been
conducted to characterize the effects of these two colours on the
growth of microalgae. Still, there is a lack of data regarding the effect
of the blue + red light combination on the nitrate removal efficiency
of microalgae.

Therefore, the work in my PhD thesis was carried out to study
the effect of various concentrations of nitrate and light conditions on
microalgae to figure out a suitable candidate for nitrate removal.



2 AlIM

The main aim behind my PhD thesis work was to identify a
microalga with great potential for nitrate removal studies. For this
aim, studies were carried out with three main objectives, which are as
follows:

» Objective 1: To assess the nitrate removal capacity of two
eukaryotic green microalgae, Chlamydomonas sp. MACC-216
and Chlorella sp. MACC-360.

» Objective 2: To assess the effect of various light conditions on
the nitrate removal capacity of Chlamydomonas sp. MACC-216.

» Objective 3: To analyze differential gene expression in
Chlamydomonas sp. MACC-216 and Chlamydomonas
reinhardtii cc124 under nitrate-replete and nitrate-deplete
conditions.
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3.1

3.2

MATERIALS AND METHODS

Objective 1

Chlamydomonas sp. MACC-216 and Chlorella sp. MACC-360
were cultivated in TAP (tris-acetate-phosphate), TAP-N5, TAP-
N10, and TAP-N15 media. TAP-N5, TAP-N10, and TAP-N15
media were prepared by substituting 5 mM, 10 mM, and 15 mM
concentrations of sodium nitrate, respectively, instead of
ammonium chloride (nitrogen source in TAP).

Growth, cell count, and nitrate removal efficiency were
determined.

Reactive oxygen species (ROS) production was measured by
2", 7"-dichlorodihydrofluorescein diacetate (DCFH-DA) dye.
Lipids were extracted using the Folch method (chloroform:
methanol — 2:1). Total lipids were quantified using sulpho-
phospho-vanillin reagent assay. For the localization of lipids
inside microalgae cells, BODIPY dye was used, and then
microalgae were observed under an Olympus Fluoview FV1000
confocal laser scanning microscope.

Chlamydomonas sp. MACC-216 and Chlorella sp. MACC-360
were cultivated in synthetic wastewater (SWW) prepared with
various concentrations of nitrate, i.e., 5 mM, 10 mM, 25 mM, and
50 mM. Growth and nitrate removal efficiency were determined.

Objective 2

Chlamydomonas sp. MACC-216 was cultivated in TAP-N5 and
TAP-N10 media under 12 light conditions made up of
combinations of three light colours (blue, red, and white) and
three light intensities (50 umol m=2 s7%, 100 umol m=2 s, and
250 pumol m2 s™1). Growth and nitrate removal efficiency were
determined.

Blue 250, Blue 125 + Red 125, Red 250, and White 250 light
conditions were selected for the cultivation of Chlamydomonas
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sp. MACC-216 in SWW. Growth and nitrate removal efficiency
were determined.

Nitrate reductase activity was determined using Griess reagent
after cultivation of Chlamydomonas sp. MACC-216 under Blue
250, Blue 125 + Red 125, Red 250, and White 250 light
conditions in SWW.

Quantification of the expression of five genes (NRT1, NRT2.1,
NRT2.2, MCP1, and NIAL) involved in nitrate transport and
reduction in Chlamydomonas sp. MACC-216 grown under Blue
250, Blue 125 + Red 125, Red 250, and White 250 light
conditions in SWW was done using quantitative reverse
transcription polymerase chain reaction.

Objective 3

3-day-old cultures of Chlamydomonas sp. MACC-216 and
Chlamydomonas reinhardtii cc124 cultivated in TAP medium
were transferred to TAP-NO (medium without any nitrogen
source) and TAP-N15 media to a final cell density of 6 x 108 cells
mL* for 6 hours. After 6 hours, samples were collected from
each culture for the estimation of nitrate removal efficiency and
RNA isolation.

Isolation of total RNA was performed, followed by
quantification using the Qubit RNA Assay. Illumina Nextseq550
was used to generate 150 bp paired-end reads. Sequenced reads
were trimmed and then mapped to reference Chlamydomonas
reinhardtii v5.6 transcripts downloaded from the Phytozome
database. Genes with a log2 fold change of +1 and an adjusted p-
value < 0.05 were identified as differentially expressed genes.



4 RESULTS

4.1  Obijective 1

Through the first objective, the ability of two eukaryotic green
microalgae, Chlamydomonas sp. MACC-216 and Chlorella sp.
MACC-360, to grow and remove nitrate at varied nitrate
concentrations was determined. Three concentrations of nitrate were
selected for this purpose, i.e., 5 mM, 10 mM, and 15 mM. Both
microalgae were capable of removing 100% nitrate when grown in
TAP medium supplied with 5 mM nitrate. However, at higher nitrate
concentrations, Chlamydomonas sp. MACC-216 removed more
nitrate in comparison to Chlorella sp. MACC-360. Furthermore, to
observe whether the presence of nitrate is causing any stress on both
microalgae, ROS production was determined. No major ROS
production was observed in Chlamydomonas sp. MACC-216, but
Chlorella sp. MACC-360 showed high ROS production at 15 mM
nitrate concentration, signifying the stress caused by this particular
nitrate concentration. Additionally, Chlamydomonas sp. MACC-216
showed enhanced lipid accumulation with increasing nitrate
concentration. Furthermore, after observing the nitrate removal
capacity of both microalgae in TAP-N5, TAP-N10, and TAP-N15
media, the nitrate removal capacity of both microalgae was
determined in SWW. Both microalgae could grow well in SWW
supplied with different nitrate concentrations; Chlamydomonas sp.
MACC-216 showed better growth in SWW supplied with either 5
mM or 10 mM nitrate, and Chlorella sp. MACC-360 showed better
growth in SWW supplied with higher nitrate concentration, i.e., 25
mM and 50 mM nitrate. However, even in SWW, Chlamydomonas
sp. MACC-216 showed better nitrate removal than Chlorella sp.
MACC-360.



4.2  Obijective 2

The effect of 12 light conditions made up of combinations of
three light colours (blue, red, and white) and three light intensities (50
umol m2 s, 100 umol m2s7%, and 250 pmol m™2 s7%) on the nitrate
removal efficiency of Chlamydomonas sp. MACC-216 was
determined through the second objective. When Chlamydomonas sp.
MACC-216 was cultivated in TAP-N5 and TAP-N10 media, no
major effect of different light colours was observed on the growth of
the microalgae. However, in comparison to monochromatic light
colours (blue, red, and white), Chlamydomonas sp. MACC-216
showed better nitrate removal efficiency under the combination of
blue + red light colour. An increase in the light intensity from 50 pmol
m=2s*to 250 pmol m~2 s7* led to significantly higher nitrate removal
efficiency. Therefore, the nitrate removal efficiency was found to be
both light colour and light intensity dependent. Furthermore,
Chlamydomonas sp. MACC-216 was cultivated under Blue 250, Red
250, Blue 125 + Red 125, and White 250 light conditions in SWW.
The nitrate removal efficiency of Chlamydomonas sp. MACC-216
was observed to be highest under Blue 125 + Red 125 light condition
in SWW; similar results were observed for nitrate reductase activity
too. Expression of five genes (NRT1, NRT2.1, NRT2.2, NIAl, and
MCP1) participating in nitrate transport and reduction was thoroughly
analyzed, and all these genes showed the highest expression under the
Blue 125 + Red 125 light condition. Overall, blue + red light
combination with high light intensity represented an optimal light
condition for efficient nitrate removal from synthetic wastewater.

4.3  Obijective 3

As Chlamydomonas sp. MACC-216 showed efficient nitrate
removal in the first two objectives, it was decided to compare the
transcriptome of microalgae (Chlamydomonas sp. MACC-216),
which can remove nitrate efficiently, to the transcriptome of
microalgae (C. reinhardtii cc124), which cannot even grow well in



the presence of nitrate. Therefore, for the third objective,
transcriptome analysis was performed to compare the transcriptional
changes occurring in the presence and absence of nitrate in
Chlamydomonas sp. MACC-216 and C. reinhardtii cc124, which
revealed interesting results. Differential expression analysis of C.
reinhardtii cc124 grown in the presence of nitrate revealed that only
45 genes were differentially regulated, where 23 genes were
upregulated, and 22 genes were downregulated. In Chlamydomonas
sp. MACC-216, differential expression analysis revealed that 3143
genes were differentially regulated, where 1604 genes were
upregulated, and 1539 genes were downregulated in the presence of
nitrate. In Chlamydomonas sp. MACC-216, upregulation of NRT2.1,
NRT2.2, NAR2, NIA1, NAR1.5, NAR1.6, and NII1 genes playing roles
in nitrate metabolism was observed in the presence of nitrate.
However, in C. reinhardtii cc124, upregulation of genes related to
urea transport (DUR3A, DUR3B, and DUR3C) was observed, which
is interesting because no such nitrogen source was provided to this
microalga in the growth medium. This objective demonstrated a clear
picture of species-specific regulation of nitrate metabolism in
Chlamydomonas.



5 CONCLUSIONS

Through the studies carried out for my PhD thesis, the following
conclusions can be drawn:

e Chlamydomonas sp. MACC-216 performs better in nitrate
removal than Chlorella sp. MACC-360.

e Increasing concentrations of nitrate lead to lipid accumulation in
Chlamydomonas sp. MACC-216.

e  Chlamydomonas sp. MACC-216 shows highest nitrate removal
efficiency under the blue + red light combination in comparison
to monochromatic blue, red, or white light colour.

o Nitrate removal efficiency of Chlamydomonas sp. MACC-216
increases as the light intensity is increased from 50 pmol m2 s
to 250 pmol m2 s,

e Blue + red light combination with high light intensity represents
an optimal light condition for efficient nitrate removal from
wastewater.

e In the presence of nitrate, the transcriptome of Chlamydomonas
sp. MACC-216 goes through a major transcriptional
reorganization, where upregulation of genes related to nitrate
transport and reduction can be observed. No such major
transcriptional reorganization takes place in C. reinhardtii cc124
in the presence of nitrate.

e Nitrate metabolism is a species-specific complex pathway.



6 OSSZEFOGLALO

A gyakran nitrat formajaban megjelend nitrogénszennyezés,
hatterében all6 f0 tényezOk legfoképpen a miitragydk kiterjedt
hasznalata a mezégazdasagi teriileteken, az ipari szennyvizek nem
megfeleld elhelyezése és az emberi szennyvizek viztestekbe torténd
kibocsatdsa. A mikroalgdkat hagyoméanyosan a nitrogén- és
foszforfelhasznalasi képességlik miatt alkalmazzadk a szennyviz
tisztitdsara. Ez a kornyezetbarat kezelés kevesebb energiat fogyaszt,
jelentdsen csokkenti a szén-dioxid-kibocsétast, és biolizemanyagok,
olcsé ndvényi biostimulansok, allati takarmanyok eldallitasahoz
vezethet. Ezen dolgozat célja a mikroalgak nitrateltavolito
képességének vizsgalata és a nitratasszimilacié megértése volt, mivel
a nitrat az egyik legfontosabb eutrofizacidt okozo6 szennyezdanyag.

Az els6é célkitlizés révén két eukaridta z6ld mikroalga, a
Chlamydomonas sp. MACC-216 és a Chlorella sp. MACC-360
ndvekedési és nitrateltavolitasi képességét hataroztuk meg kiilonb6z6
nitrdtkoncentraciok mellett. Harom nitratkoncentraciét; 5 mM, 10
mM és 15 mM valasztottunk ki erre a célra. 5 mM nitratot tartalmazo
TAP tapoldatban névesztve mindkét mikroalga képes volt a nitrat
100%-os eltavolitasara. Emellett a Chlamydomonas sp. MACC-216
fokozott lipidfelhalmozodast is mutatott a nitratkoncentracié
ndvekedésével. Mindkét mikroalga nitrateltavolitd képességét tovabb
vizsgaltuk  szintetikus  szennyvizben (SWW) is, ahol a
Chlamydomonas sp. MACC-216 jobb nitrateltavolitast mutatott, mint
a Chlorella sp. MACC-360.

A masodik célkittizéssel a kiilonboz6 fényintenzitasok és
szinek (vagy hullamhosszok) kombinacidinak a Chlamydomonas sp.
MACC-216 alga nitréateltavolitasi hatékonysagara gyakorolt hatasat
kivantuk meghatarozni. A monokromatikus fényszinekkel (kék,
voros és fehér) dsszehasonlitva a Chlamydomonas sp. MACC-216
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jobb nitrateltavolitasi hatékonysagot mutatott a kék + vords fényszin
kombinacidja mellett, amikor TAP-N5 és TAP-N10 tapoldatban
termesztettik. A fényintenzitas 50 pmol m2 s%-r81 250 umol m2 s72-
re torténd novelése is szignifikdnsan magasabb nitrateltavolitasi
hatékonysagot eredményezett. A Chlamydomonas sp. MACC-216
nitrateltavolitasi hatékonysadga még az SWW-ben is a kék + voros
fény szinkombinacidban volt a legmagasabb; hasonl6 eredményeket
figyeltink meg a nitratreduktaz-aktivitas tekintetében is. A nitrat
szallitasaban és redukcidjaban részt vevd o6t gén (NRT1, NRT2.1,
NRT2.2, NIA1 és MCP1) expresszibjat alaposan megvizsgaltuk, és
ezen gének mindegyike a kék + piros fény szinkombinacié mellett
mutatta a legmagasabb expressziot. Osszességében a kék + voros fény
kombinéacidja nagy fényintenzitassal optimlis fényviszonyokat
jelentett a  szintetikus  szennyvizbdl  torténd  hatékony
nitrateltavolitashoz.

A harmadik célkitlizés vizsgalatara transzkriptom-elemzést
végeztiink, hogy dsszehasonlitsuk a transzkripcios valtozasokat nitrat
jelenlétében és hidnyaban a Chlamydomonas sp. MACC-216 és a
Chlamydomonas reinhardtii cc124 algédkban, ami érdekes
eredményeket hozott. A nitrat jelenlétében ndvesztett C. reinhardtii
ccl24 differencialis expresszids elemzése kimutatta, hogy csak 45
gén volt differencialisan szabalyozott, ebbdl 23 gén feliilszabalyozott,
illetve 22 gén alulszabalyozott volt. A Chlamydomonas sp. MACC-
216-ban a differencialis expresszios elemzés kimutatta, hogy 3143
gén volt differencialisan szabalyozott, 1604 gén feliilszabalyozott,
tovabbad 1539 gén alulszabalyozott nitrat jelenlétében. A
Chlamydomonas sp. MACC-216-ban nitrat jelenlétében a nitrat-
anyagcserében szerepet jatszd gének szabalyozodasat figyeltiik meg,
mig a C. reinhardtii cc124 esetében nem tapasztaltunk ilyen
eredményeket. A harmadik célkitlizéssel ezek a vizsgalatok vilagos
képet adtak a nitrat-anyagcsere fajspecifikus szabalyozasardl
Chlamydomonas algakban.
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