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Resumo

Dada a escassez de recursos de agua devido ao impacto humano, quer para agricultura,
uso industrial ou uso doméstico, o tratamento de aguas contaminadas ¢ de grande
prioridade, de modo a certificar que recursos de dgua potavel ndo sejam consumidos mais
rapidamente do que sdo recuperados, através da adocao de métodos e tecnologias mais

sustentaveis para o planeta.

De especial interesse ¢ a poluigdo de aguas doces por nitratos com a principal fonte de
contaminagdo sendo o uso de fertilizantes na agricultura, com cerca de metade do azoto
usado globalmente sendo para esse fim. As contaminagdes de agua com nitratos t€ém como
possiveis consequéncias a perda de biodiversidade e eutrofizagdo. Adicionalmente, os

fosfatos sdo um recurso finito que deve ser reciclado para ser sustentavel a longo termo.

De modo a reduzir o impacto ambiental da agricultura, novos métodos tém sido
adotados de modo a reduzir o consumo de dgua e aumentar a eficiéncia da produgdo de
culturas. Um desses métodos ¢ a hidroponica, uma forma de agricultura sem solo em que
as raizes das plantas sdo expostas diretamente a uma solug¢do de nutrientes. O método ¢
mais sustentavel, uma vez que ha uma maior eficiéncia no uso de agua, espaco e
nutrientes. Apesar de haver uma melhor eficiéncia no uso hidraulico, hé ainda uma parte

da 4gua usada, rica em nutrientes, que nado ¢ usada.

Existem varios métodos de tratamento de agua, sendo a biorremediacdo uma deles. A
biorremediagdo foca-se no uso de organismos, por exemplo microalgas, no tratamento de
aguas, uma vez que usam estes nutrientes em excesso para O seu crescimento. A
biorremediagdo tem vantagens relativamente a outros métodos como ndo precisar de

energia e o beneficio adicional de produgdo de biomassa para outros fins como

biocombustiveis, alimentagdo de animais ou fertilizantes.

Por isso, a biorremediacdo de efluentes agricolas, especificamente remog¢ao de nitratos,
¢ de especial interesse. Especificamente, o uso de microalgas isoladas localmente para
remog¢do de nitratos, ¢ um método de tratamento de aguas que ja se mostrou eficaz quer

em outros estudos, quer em aplicagdes em grande escala como em estacdes de tratamento

de 4guas residuais.

O objetivo desta tese ¢ medir as capacidades de biorremediacdo de microalgas isoladas

de efluentes hidroponicos para determinar quais as mais eficazes. E depois, determinar as



caracteristicas filogenéticas e bioquimicas das mesmas, para elucidar futuros esforgos de

uso delas.

Das amostras de agua de drenagem recolhidas de uma producdo agricola em
hidropdnica, foram isoladas e identificadas sete estirpes de microalgas através da extracdo

e sequenciagao de ADN e inferéncia filogenética, com arvores filogenéticas feitas para

todas as estirpes, determinando a ordem e, para algumas, o género a que pertencem.

As capacidades de crescimento e remog¢ao de azoto das sete estirpes foram comparadas
através de um ensaio de crescimento durante 8 dias, mostrando que duas estirpes,
Chlorella sp. (CHL) e Pseudochlorella sp. (PSE) foram significativamente melhores
(»<0,05) que as outras em termos de crescimento, com uma densidade dtica final superior
as restantes (1,04 e 1,08, respetivamente em comparagdo com uma densidade Otica de
0,31 para a estirpe com o crescimento mais baixo), € em termos de remog¢ao de nitratos,
com concentragdes de azoto inferiores as outras (0 mM em comparagdo com 4,09 mM
para os mais elevados, ou 100% e 13.89% de remogdo respetivamente). Para a
comparagdo ser fiavel, foram todas crescidas em condi¢des idénticas, mas como a taxa de
crescimento e remogao de nitratos depende de fatores como a temperatura e luminosidade,
serdo necessarios mais estudos para determinar qual as melhores condigdes para
crescimento, caso a biorremediagdo de nitratos com estas espécies seja adotada em maior

escala.

Foram feitos ensaios de crescimento durante 8 dias para comparar pré-tratamentos do
meio de crescimento, testando o uso de radiagdo UV por 20 minutos, filtragdo a 0,2 pme
tratamento com cloro (1 mL/L de hipoclorito de sddio por 30 minutos), nas duas espécies
selecionadas. Em termos de crescimento, o pré-tratamento com radiagdo UV foi o mais
eficaz para ambas as espécies € melhorou tanto o crescimento (0.69 OD final vs 0.53)
quanto a remog¢ao de nitratos (0 mM vs 2.98 mM, ou remogao de 100% e 36.73% do azoto

respectivamente), significativamente comparado ao controlo e ao filtro.

Adicionalmente, um ensaio de co-cultivo foi realizado durante 8 dias, comparando as
duas estirpes selecionadas com a espécie Tetradesmus obliquus, uma estirpe conhecida
como sendo eficaz na biorremediacao de nitratos. Ambas as estirpes foram mais eficazes
em termos de crescimento (a CHL atingindo 8.9 em comparagido com 3.9 x10° células/mL
da T. obliguus e a PSE atingindo 5.6 relativamente as 2.9 x 10° células/mL dela), a

diferenca sendo significante para a CHL, relativamente a 7. obliquus, demonstrando que



as microalgas obtidas localmente tendem a ser melhores para o tratamento das proprias

aguas.

Por fim, as duas estirpes foram cultivadas em fotobiorreatores de escala laboratorial de
1L para a producdo de biomassa durante 9 dias, sendo monitorizadas quanto a densidade
otica, concentragdo celular e consumo de nutrientes, sendo o crescimento
significantemente diferente entre elas (densidade otica de 0.91 para CHL e 1.07 para PSE)

(p<0.05), e ambas com completa remocao de nitratos do meio.

A biomassa produzida foi avaliada na sua composicdo bioquimica, em que as duas
estirpes demonstraram um conteudo semelhante em termos de proteinas (entre os 14-
15%), lipidos (16.8% e 17.94%) e monoinsaturados (20 e 23%), mas diferentes em termos
de 4cidos gordos saturados (17.85% para CHL, mas 36.68% para PSE) e de acidos gordos
polinsaturados (32% para CHL, mas 47% para PSE). Notavelmente, a estirpe Chlorella
sp apresentou 23.39% de acidos gordos émega-3, um acido gordo essencial uma vez que

este ndo ¢ sintetizado pelos humanos e que nao foi detetado em PSE

Tudo isto serve como prova adicional a eficacia de biorremediagdo de nitratos usando
algas locais em vez de as ndo locais. Esta tese serve também para elucidar as
caracteristicas das algas que podem ser isoladas de efluente hidropdnicos, quer
filogeneticamente, em termos de composicdo nutricional e capacidades de
biorremediagdo. Servindo como um possivel passo inicial para bioprospeccao futura

destes mesmos efluentes hidroponicos.

Palavras-chave: Microalgas, Biorremediagdo, Bioprospecgao, Hidroponica, Nitratos



Abstract

Given increasing scarcity of water resources, the treatment of contaminated waters and
its efficiency is of high priority, specially removing pollutants from it. A promising

methodology is bioremediation, where microalgae are used for the removal of nutrients,

being even considered one of the most promising strategies.

Samples from hydroponic drainwater were collected from which seven microalgal
strains were isolated and identified by DNA extraction, sequencing and phylogenetic
inference. Their growth was compared via competition assay, in which Chlorella sp.
(CHL) and Pseudochlorella sp. (PSE) strains were the most effective and were selected
for further studies.

In terms of growth, we found that the two selected strains showed a significantly higher

(p<0.05) growth, assessed through optical density (OD=1.03-1.08 when compared to
those of other isolated strains (lowest OD=0.31).

Several water pretreatment methods were tested: UV radiation, chlorine treatment and
filtering, with UV proving to be the most effective. UV radiation was found to improve
growth when compared to control group (p<0.05), showing a peak OD of 0.69 for CHL
and of 0.58 for PSE, with a 99% nitrate removal for PSE and 62% for CHL, the highest
for each strain in both cases. Additionally, the strains were also co-cultivated with
Tetradesmus obliquus, a microalgal strain previously studied regarding nutrient removal.
Both novel strains were more effective in the bioremediation process, having a higher
growth performance than 7efradesmus obliquus reaching higher cell concentrations.
Finally, they were cultivated in photobioreactors for scale-up and biomass production.
Both strains presented similar growth and nitrate removal. The produced biomass was
evaluated for biochemical composition, with both strains presenting similar protein
content (14-15%) and PUFAs (42-47%) relative to other microalgae, which may be useful

in feed industries.

All this adds to the existing body of evidence for the effectiveness of bioremediation

using locally bioprospected microalgal strains.

Keywords: Microalgae, Bioremediation, Bioprospection, Hydroponics, Nitrates.
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GLOSSARY
aLRT - Approximate Likelihood Ratio Test
a.u - Arbitrary Units
CC - Cellular Concentration
CHL - Chlorella sp.
CL+ - Chlorine treatment
COD - Chemical Oxygen Demand
CT - Control
DES - Desmodesmus sp.
DNA - Deoxyribonucleic acid
DWEF - Filtered Drainwater
EU - European Union
FACS - Fluorescence-activated cell sorting
FAME - Fatty Acid Methyl Ester
FL3 - Channel measuring chlorophyll autofluorescence
FSC - Forward Scatter, an estimator of cell size
HEPES - (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)
ITS - Internal Transcribed Spacer region
MUPFA - Monounsaturated Fatty Acids
NB+ - NutrientBloom+
NCBI - National Center for Biotechnology Information
n.s.- Not specified
OD - Optical Density

PBR - Photobioreactors
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PCR - Polymerase Chain Reaction

PerCP-CyS5 - Channel measuring chlorophyll autofluorescence
PSE - Pseudochlorella

PUFA - Polyunsaturated Fatty Acid

Rpm - Rotations per minute

SFA - Saturated Fatty Acids

SNS - Tetradesmus obliquus

SSC - Side scattering, an estimator of inner cell complexity
STI - Stichococcus sp.

SCE - Scenesdemus sp.

UV - Ultraviolet

WW - Wastewater
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1. Introduction
1.1. Impacts of agriculture

European waters remain under pressure due to increased population and industrial
activity, resulting in poor quality surface and groundwater, which impacts the ecological
equilibrium of the surrounding ecosystems. This leads to non-compliance with the Water
Framework Directive and the reduction of available drinking water (Kristensen, 2018).
Several of these human activities lead to the production of inorganic compounds (J. Singh
et al., 2020) like nitrites, nitrates, phosphates, and ammonium as well as heavy metals
(Rekha Kathal, 2016). These inorganic compounds can have an extremely negative
impact when released into the environment, leading to eutrophication (Carpenter, 2005),

groundwater contamination, and destruction of biodiversity (Rashmi et al., 2022).

European Union (EU) farms used 157 million hectares of land for agricultural
production in 2020, 38% of the total land area of the EU (Eurostat, 2022). Because of the
extent of crop production, agriculture is the primary source of water contamination, as it
leads to diffused pollution from nitrates and pesticides that leach to the groundwater,
affecting over 18% of the total area of groundwater bodies (Kristensen, 2018).
Additionally, the overuse of fertilizers also enriches the waters with ammonium,
phosphate (Vaccari, 2009) and potassium (J. Singh et al., 2020) from non-organic
fertilizers, as well as heavy metals such as Hg, Cd, As, Pb, and Cu and high radionuclide
concentrations (J. Singh et al., 2020).

Anthropogenic nutrient pollution is mainly caused by agricultural fertilizers, where 81.7
million tonnes of nitrogen are used. From this, approximately half of all N currently used
reaches global croplands (Martinez-Dalmau et al., 2021). With this extreme use, N
pollution levels is expected to increase up to 150% of current levels by 2050, with the

agricultural sector accounting for 60% of this increase.

Phosphorus is a finite resource and an essential nutrient for optimal biological
functioning (Brownlie etal., 2023). A sizeable percentage of phosphorus also accumulates
in soils due to excessive use of fertilizer, animal manure, or municipal waste application
and becomes susceptible to transport via surface runoff, which can result in eutrophication
in surface waters. Hence, phosphorus is a serious concern for most aquatic ecosystems
and because of the nature of P-based compounds, unlike other nutrient cycles, transfer of
this nutrient is slower from living organisms into soil, water, and sediment, potentially

12



taking millions of years for oceanic phosphorus to transform into sediments and rock
formations. As a result of all of this, phosphate rock is a non-renewable resource that is
being used at a distressing rate. It is estimated that the current phosphate rock and reserves
will become exhausted during the next 50 years (Igbal, 2023). Phosphorus’ future scarcity
and consequent increasing costs, which threatens food security, requires urgent measures

and alternatives (Vaccari, 2009).

Agriculture accounts for approximately 70% of all freshwater withdrawals globally
(Siebert et al., 2010), with expectations to increase by 20% to 30% by 2050 (Boretti &
Rosa, 2019) due to a combination of population growth, urbanization, and climate change,

with serious impacts on food production and security, water supply, industrial production,

and energy production (Siebert et al., 2010).

The main way to address water scarcity and nutrient contamination is waste mitigation
(lessening the amount of water and nutrients being used through more efficient methods),

as well as through bioremediation and recovery, in which living organisms degrade and

recycle polluting or contaminating substances.

Conventional farming started shifting towards more sustainable alternatives that lessen
their impact on the environment such as soilless farming. This emerging technique
consists of plants growing without soil, receiving a nutrient solution adequate for each
growth phase. Soilless farming employs new techniques for decreasing the use of water
and nutrients, including irrigation to complement soil moisture deficit, sub-surface drip

irrigation (Camp, 1998), and water run-off capture (Sample & Liu, 2014).

Soilless farming includes systems like aeroponics and hydroponics. In aeroponic
systems, plants are supported by plastic or polystyrene panels and arranged horizontally
at the top of the growing container. In hydroponic cultivation, plants are grown without
soil and their roots are exposed to a nutrient rich water-based solution (Arumugam, 2021).
Currently, about 3.5% of the world’s crops are produced using this system (Joshi et al.,
2022), with 20% of agricultural production in most European countries being

accomplished in hydroponic systems (Garcia, 2018).
1.2. Mitigation of water contamination
Because of the above-mentioned challenges, it is important to apply methods to mitigate

water contamination. Nitrate removal can be accomplished by the application of methods

13



such as: a) reverse osmosis, considered as a conventional method, where a partially
permeable membrane is used to separate ions, unwanted molecules and larger particles
from water by applying pressure to counteract the generated osmotic pressure, so that a
treated permeate is produced(Warsinger et al., 2016); b) distillation, where water is
evaporated and then subsequently condensed back into liquid in a different container, a
technique used for desalinization via a direct contact membrane (Gryta et al., 2006;
Boubakri et al., 2015); ¢) electrodialysis, also a conventional method (Shrimali & Singh,
2001), where the transport of ions through non-selective semipermeable membranes
under the driving force of a direct current and an applied potential is used (Mostert &
Frylinck, 2003); and d) bioremediation, where living organisms, primarily
microorganisms such as microalgae, bacteria and fungi (Vidali, 2001) are often used to
degrade polluting or contaminating substances into less toxic forms, or down to a

concentration below the limits established by regulatory agencies (Lynch & Moffat,
2005).

Despite remediation methods not being new, interest in bioremediation solutions has
increased exponentially (Pacheco et al., 2020; Breil et al., 2022). Microorganisms such
as microalgae have been extensively used for wastewater treatment, being even
considered one of the most promising bioremediation solutions used for removal and
recovery of nutrients, such as nitrogen and phosphorus (Chatzissavvidis, 2014; Alazaiza
et al., 2022; Abdelfattah et al., 2023). There has been a continuous increase in studies on
this subject, where between 2011 and 2018, 2578 articles were published on this topic in

comparison to only 250 between 2001 and 2010, showing an increased interest that is

likely to continue.
1.3. Microalgae

Microalgae can be defined as photosynthetic microorganisms that are present within the
majority of the world’s ecosystems, and can convert carbon dioxide, water, and inorganic
nutrients into oxygen and bio-compounds such as proteins like phycobilins,
carbohydrates like starch, and p-glucans when grown photoauto- or mixotrophically
(Ruane et al.,, 2010; Ekevwe, 2018; Tan et al., 2020) In contrast to higher plants,
microalgae are typically unicellular, existing individually or in colonies, which can form
chains, cenobia, or cell agglomerates with partial differentiation (e.g., Volvox; El-Bawab,
2020) or covered by mucilage (e.g., palmelloid cells of Chlamydomonas and Euglena;
(Visviki & Santikul, 2000). They can be grown using non-potable water on non-arable
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land (Dragone, 2010) and have higher CO2 fixation and growth rates, when compared to
higher plants (Kumar et al., 2010). About 50% of the total photosynthesis on the planet is

done by microalgae, being thus pivotal in the environmental carbon sequestration

worldwide.

Among microalgae, the phylum Chlorophyta (green algae), which contain chlorophyll
a and chlorophyll b and store energy as starch (Hoek, 1995) is one of the most relevant
taxa. Within Chlorophyta, there are two main freshwater classes, namely Chlorophyceae,
with common Scenedesmaceae genera such as Desmodesmus and Tetradesmus, and
Trebouxiophyceae. a class with genera like Chlorella (family Chlorellaceae) and

Stichococcus (family Stichococaceae) (Guiry et al, 2024).

Chlorophyceae algae show a wide variety of cell organizations. When unicellular, they
can present coccoid cells and colonial morphologies; when multicellular, they can occur
as simple flattened thalli, displaying unbranched and branched filaments (Leliaert et al.,
2012). The flagellar basal bodies of most chlorophycean green algae can be arranged in a
clockwise direction or are directly opposed (Lemieux et al., 2015). More recently,

Chlorophyceae that have been studied for their bioremediation capabilities include
Scenedesmus (Pham & Bui, 2020) or Desmodesmus (Pandey et al., 2019).

Trebouxiophyceae algae are typically coccoid or ellipsoid unicells, filaments, blades
and colony-forming species of marine or land green algae (Muggia et al., 2018), with
some having parasitic heterotrophic lifestyles after having lost their photosynthetic
capacity (Lemieux et al., 2014) and a few such as Chloroidium, which have had their
bioremediation properties studied (Aketo et al., 2020).

Microalgal biomass can be employed in various industries, such as food and feed,
cosmetics, nutraceuticals, pharmaceuticals, among many others (Sreekala, 2019). The
carotenoids extracted from algal biomass can be used as colourants, antioxidants,
nutritional supplements, and nutraceuticals by the aquaculture, cosmetic, food, and

ornamental fish industries (Varela et al., 2015).

Additionally, microalgae require high carbon, nitrogen, phosphorus, and water
consumption. As wastewater is an abundant source of these, the use of microalgae for
water treatment has been increasing, especially since using these waters as a culture
medium helps to reduce production costs. At the end of the bioremediation process, two

valuable products are obtained: microalgal biomass and clean water. This represents a
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sustainable process in which valuable metabolites and products are obtained within the
biomass and can be refined from it (Carpenter, 2005). Using microalgae or fungi over
other forms of bioremediation also has advantages, such as their ease of operation,
potential lower operation costs due to the production of additional useful biomass (Silva
et al, 2019), having a high adsorption efficiency and utilizing readily available
remediators (Abdelfattah et al., 2023). As a result, microalgae bioremediation has had a
high potential for wastewater treatment, including hydroponic effluent (Renuka et al.,

2018).

A literature review of bioremediation studies testing microalgae growth and nitrate (and
in some cases other nutrients) removal from wastewater is presented in Table 1.1. Among
recent reports, 7 studies were on hydroponic wastewater (Larsdotter et al., 2010; Saxena
& Bassi, 2013; Lee et al., 2018; Salazar et al., 2021; Delrue et al., 2021; Yousif et al.,
2022; Salazar et al., 2023) and 6 focused on effluent from municipal wastewater treatment
plants, because those facilities typically use biological degradation for the removal of
polluting inorganic elements such as nitrogen (Abdel-Raouf et al., 2012). However, all
23 studies measured the removal rate of nitrates, with a removal rate greater than 40%
with 11 of them reporting removal rates greater than 95% (Phang et al., 2000; Lee, 2002;
Beuckels etal., 2015; Pandey et al., 2019; Tossavainen etal., 2019; Arifet al., 2020; Tamil
Selvan et al., 2020; Delrue et al., 2021; Yousif et al., 2022; and Salazar et al., 2023).
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Table 1.1 - Examples of the bioremediation using microalgae, for different wastewater treatment. COD: Chemical Oxygen Demand; WW: wastewater; n.s.: not specified

Microalgae

Arthrospira platensis

Chlorella sp.

Chlorella sp.
Desmodesmus sp.
Scenedesmus sp.

Chlorella kessleri

Chlorella sorokiniana

Chlorella vulgaris

Chlorella vulgaris
Scenedesmus obliquus

Wastewater
source

Digested sago
starch factory

Municipality

Domestic and
dairy effluent
\AYY

Urban WW

Coffee cassava
flour, industrial

Hydroponic
wWw

Urban WW

Contaminant

COD
Ammoniacal-nitrogen
phosphate

Ammonium
Phosphorus
COD

COD
Nitrate
Total phosphorus

Nitrogen

Nitrogen
Phosphorus
COD
Nitrogen
Phosphorus

Nitrogen

Removal
rate

98.0%
99.9%
99.4%

82.4%
90.6%
83%

87.85%
97.75%
91.95%

98.6%

90.4%
57%
80%
98.5%
99%

100%

Volume
Used (L)

213

0.3

16.8

n.s

1.5

50

Average
growth
rate

0.51

0.41
0.43
0.34

0.23
0.14
0.20

~0.1
~0.1

0.15

n.s.

Source

Phang et al., 2000

Wang et al., 2010

Pandey et al., 2019

Lee, 2002
Melo et al., 2022

Yousif et al., 2022

Beuckels et al., 2015
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Chlorella vulgaris
Scenedesmus obliquus

Chlorella sorokiniana
Parachlorella kessleri

Chlorococcum sp.
Selenastrum sp.
Chloroidium sp.
Parachlorella kessleri
Saccharophilum sp.
Tetraselmis sp.
Dunaliella salina

Euglena gracilis
Selenastrum sp.

Haematococcus pluvialis,
Monoraphidium griffithii,

Selenastrum sp.

Monoraphidium sp.

Urban WW

Urban Treatment
Plant WW

Hydroponic
wWw
Municipal WW

Hydroponic
wWwW

Aquaculture
wWwW

Aquaculture
system WW

Hydroponic
WW

Total nitrogen
Total phosphorus
COD

Total nitrogen
Total phosphorus

Nitrate
Phosphate

Nitrogen
Phosphorus

Nitrates

Nitrates
Phosphate

Phosphate
Nitrate

Nitrogen

84%-95%
92%-95%
36-63%
~100%

18-52%
40-98%
60-100%

80%

98.9-99.5%
98.4-99.8%

99%
40%

80%

150

0.3

>1000

2.9

2.5

294

250

534

0.15
0.16

0.36-0.76

n.s

0.2

0.27-0.38

0.47

n.s

Gouveia et al., 2016

Arif et al., 2020

Salazar et al., 2021

Aketo et al., 2020

Saxena & Bassi, 2013

Tossavainen et al., 2019

Calderini et al., 2021
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1.4. Bioprospection

One important aspect of microalgal bioremediation is the use of local strains isolated
from the water source. For this purpose, a process referred to as bioprospection allows
for the isolation of naturally occurring microalgae species from within a given area
(Bohutskyi et al., 2015). This process is more advantageous since these strains are easier
to obtain due to being locally sourced. Moreover, they are already adapted to the
surrounding ecosystems and abiotic conditions, resulting in higher productivity, relative
to non-local strains (Sanchez Rizza et al., 2017). Additionally, the use of autochthonous
microalgae species prevents the introduction of new species into that environment, which
can have unintended consequences on the local ecosystem. Some examples of the
application of a locally sourced microalga is Tetraselmis striata CTP4,which was isolated
at CCMAR (Faro, Portugal) from Ria Formosa (Pereira et al., 2016) and demonstrated its
wastewater treatment capabilities by Schulze et al. (2017); and two microalgal strains,
Micractinium sp., and Scenedesmus sp., isolated from local wastewater environment,

ranked among the top strains in terms of maximal grow rate and biomass productivity by

Zhou et al. (2011).

Bioprospection can be broken down into several steps, namely i) collection of
environmental samples; 1ii) isolation and identification of microalgae cells; 1iii)
physiological analysis, where the strains are evaluated for their capabilities of growth and
nutrient removal; and iv) biochemical analysis, where the composition of their biomass

is studied to determine their use and commercialization.

Traditional techniques for isolating microalgae include serial dilutions (Singh et al.,
2016), wherein the freshwater sample is repeatedly diluted in a series of wells using liquid
medium (Figure 1.1). In a second step, the final suspension is plated on an agar plate
containing the same medium, resulting in isolated colonies. Each colony can then be
expanded via streaking on agar plates (Figure 1.2). Other methods for isolation include

micropipette washing technique, centrifuge washing and streak plating technique

(PARVIN et al., 2007).

20



(2)Serial dllu tion (3)Colonies

.
1l

EJ

(1)

Alga |
_culture

Figure 1.2- Streaking of a microalga on an agar plate containing medium suitable for autotrophic growth.

For micropipette washing technique, a micropipette is employed to pick up an individual
cell through repeated trial and error. Ten drops of sterile medium are placed in the groove
of a glass slide, then a drop of the microalgal sample will be added and observed under
an inverted microscope. Having confirmed the species of the target organism, one drop
of the sample will be transferred to the next medium (PARVIN et al., 2007). Centrifuge
washing involves a volume of microalgal sample being taken especially from an
enrichment culture in at least four centrifuge tubes. These tubes would be centrifuged at
3000 rpm for 15 minutes. After removing the supernatant, the cells would be suspended
in fresh sterile water using a vortex mixer until a homogeneous suspension is obtained.
The process can be repeated up to 6 times, after which the samples will be transferred to
an agar plate (PARVIN et al., 2007.). A more modern and high-throughput methodology
is fluorescence-activated cell sorting (FACS), which is capable of concurrent measuring
of singular cells. Light scatter angles and fluorescence intensity can be assessed in
separate channels creating distinctions between different cell clusters with differing

characteristics (Figure 1.3).
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Figure 1.3- Fluorescent activated cell sorting (FACS). The simplified diagram shows a laser beam exciting the
sample, resulting in it being attracted based on the resulting charge to either a positive or negatively charge
plate. Graphic made with Biorender, by ATT Bioquest.

The resulting information can be visualized in two-dimensional plots combining two of
the variables at a given time, such as relative cell size, estimated via forward scatter
(FSC); inner cell complexity, estimated via side scatter (SSC) and fluorescence emission

by chlorophyll (FL3) channel at 695/40 nm (Pereira et al., 2011; Pereira et al., 2018).

After isolation, a common method for eukaryotic algal identification is the extraction of
DNA, followed by 18S rDNA amplification using polymerase chain reaction (PCR). As
very often this gene is not enough phylogenetic signal to obtain a classification down to
the species level, the internal transcribed spacer region (ITS) region is preferred for
complementing the information given by the previous locus (Ghosh, 2019). This analysis
is possible because both loci possess conserved and hypervariable regions. The ITS is
located between the 18S, 5.8S and 28S rRNA genes and has a higher degree of sequence
variation (Ghosh,2019). Asa result, it can be used to better distinguish between different

species of the same genus.

After isolation, the strains are typically inoculated in growth media to obtain enough
biomass for further analysis. Optimal growth temperature for most algae was found to be
at 23 °C and broadly within the range of 15 to 26 °C (Kumar et al., 2010). Other factors

influencing algae growth include light, nitrogen source, pH (Gonzélez-Camejo et al.,

2022) and should thus be standardized across samples when performing trials.
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The growth rate for a given microalga can greatly vary depending on the treatment
applied to the wastewater used for growth, as it can alter parameters like nitrate content
and thus the growth of the algae (Kalana et al., 2016). Because of that, it is worth
comparing wastewater treatment methods and their effects on the growth rate of a strain
to determine which is most optimal when combined with bioremediation, especially due
to the possibility of the combination of both methods resulting in either synergy,

antagonism, or redundancy.
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2. Objectives

The goal of this thesis was to bioprospect and identify novel microalgal strains from a
soilless plant production facility to determine which strains showed the highest potential
to grow in the drainwater of this facility and their ability for nitrate removal. The final
goals were to determine the conditions that maximized bioremediation, while generating
treated water, and produced the highest amount of microalgal biomass for further use

and/or commercialization.

To achieve these goals, specific objectives were established, namely: 1) evaluate several
strains of microalgae that were isolated from drainwater samples by means of several
trials in order to compare growth between the isolated samples and different water
treatment strategies and then determine which strain and strategy were the most effective;
2) perform a co-cultivation trial to evaluate how the isolated strains were able to compete
with an established strain; 3) carry out a laboratory scale growth trial in 1-L bubble
columns under all the previously selected conditions to perform a final optimization step;
and 4) evaluate the biochemical composition of the strains to determine the quality of the

produced biomass.
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3. Materials and Methods
3.1. Isolation

Drainwater samples were collected from water deposits at a soilless production

company, Grupo Hubel (Tavira, Portugal) to isolate autochthonous microalgae strains.

Microalgae strains gathered from Hubel’s hydroponic effluents were received in the
form of both liquid and solid media, in 250 mL Erlenmeyers and agar plates from
company Necton S.A. The former were then transferred onto solid media using agar plates
made using autoclaved tap water (TW), agar powder in a 15 g/L concentration with an
additional 1 mL/L of NutriBloom® Plus (NB+) algal medium, as well as liquid media in
the form of 250 mL Erlenmeyers’ flasks containing ~50 mL of freshwater and NB+ in the
same concentration. Several methods of isolation were used for assessment of the strains

present in this environment.
3.1.1. Traditional methods

The collected samples were transferred to Erlenmeyer’s flasks of 100 mL and grown in
an incubation shaker (Jeiotech IST-3075R, Daejeon, Korea) under constant temperature
(20 °C), constant mixing (120 rpm) and constant light (50 pmol/m?/s). Additionally, the
samples were also inoculated in agar plates (15 g/L), supplemented with NB+ at a final

nitrate concentration of 4 mM. Serial dilutions where also prepared in 24-well plates, until

a final dilution of 1:32 of the original sample concentration (Figure 3.1).

Before inoculation, all materials were sterilized in an autoclave at 121 °C for
contamination prevention. When microalgae colonies started to develop in the solid

medium, they were transferred onto new agar plates and, if isolated, into Erlenmeyer’s

flasks using an inoculation loop and placed back into the incubation shaker.

Figure 3.1- Example of methods applied for locally isolated microalgae. (4) Environmental sample in liquid
medium; (B) Agar plate containing a streaked isolate and (C) 24-well plate used for serial dilution.
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3.1.2. Fluorescence-activated cell sorting (FACS)

To isolate microalgae using fluorescence-activated cell sorting, i.e., FACS (Figure 3.2),
several events were distributed in 96-well plates containing algal growth medium
solidified with 1.5% agar. Samples of 100, 10 and 1 event, with a total of 32 wells were
taken. Events exhibiting chlorophyll autofluorescence were separated from unwanted
events (mostly non-photosynthetic bacteria and fungi) as well as cell and growth medium
debris (Pereira et al.,, 2018). Figure 3.3 shows an example of the combination of the
channel for detecting autofluorescence emission by chlorophyll (PerCP-Cy5) and inner

cell complexity (SSC) in order to better distinguish prokaryotic from eukaryotic cells.

Figure 3.2-Flow cytometer BD FACSAria Il (Becton Dickison, USA) (Lefi) used to gather samples in a 96-well plate
(right).
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Figure 3.3- Example of FACS results, clusters indicate different strains, which have different absorbance. Side scatter
(FSC) measures inner cell complexity. Cy-5 measures fluorescence emitted by pigment phycocyanin.

The strains that were successfully isolated were placed onto 96-well plates and upon
demonstrating growth were transferred to solid medium in the form of agar plates and
later inoculated in liquid medium in 100-mL Erlenmeyer’s flasks. Cells were incubated

in a growth chamber at the temperature of 20°C and constant luminosity (50 umol/m?/s).
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3.2. Identification
3.2.1. Microscopy

The isolated strains were observed by optical microscopy, and pictures were taken using
an optical Axioscope 5 (Zeiss, Germany) microscope at x100 amplification with
immersion oil, using a Colibri 3 attachment for taking micrographs of the samples (Figure

3.4).

Figure 3.4- Axioscope 5 (Zeiss, Germany) microscope.

3.2.2. DNA extraction and PCR amplification

For DNA extraction and strain identification, 18S rDNA sequencing was performed. For
DNA extraction, the Quick DNA miniprep kit (Zymo Research, USA) was used,
following the manufacturer’s procedure. Briefly, 2 mL of sample were taken of each
strain, along with colonies collected with an inoculation loop from the agar plates and
placed in a microtube. The microtubes were centrifuged (7000 X g, 5 minutes) and the
supernatant was discarded. Genomic lysis buffer was added, the solution was centrifuged
at maximum rotation (20,000 X g, 5 minutes), and the supernatant was transferred to a
spin column with a collection tube. The samples were again centrifuged at maximum
rotation for 1 minute, and afterwards the DNA prewash buffer was added, centrifuged
(7000 % g, 1 minute) and the supernatant discarded. In a later step, DN'A wash buffer was
added, and a new centrifugation occurred (7000 x g, 1 minute). Finally, the spin column
was transferred to a microtube, elution solution was added, and a final centrifugation was
performed at maximum rotation (20,000 x g) for 30 seconds, so that the extracted DNA

was transferred to a new microtube.
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For DNA amplification, a polymerase chain reaction (PCR) was performed. For the
PCR, a master mix (Table 1.2) was prepared, and 2 pL of each sample were added to 23

uL of mastermix.

Table 1.2: Ingredients used to create a Mastermix for 18s DNA replication.

Ingredients x1 (nL)
MilliQ water 13.3
5x colorless GoTaq Flexi Buffer 5
MgCI12 solution (25mM) 2
Primer 18S UniF (10 uM) 1
Primer 18S UniR (10 uM) 1
dNTPs (10mM) 0.5
GoTaq G2 Flexi DNA Polymerase 0.2

The samples were then placed in a Biorad Laboratories thermocycler (Bio-Rad
Laboratories, USA) for PCR reaction (Figure 3.5), using the program described in Table
3.1.

Figure 3.5-Thermocycler MyCicler (Bio-Rad Laboratories, USA) used for polymerase chain reaction.
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Table 3.1: Thermocycler program used for polymerase chain reaction.

Program step  Time (minutes) Temperature (°C) N° of cycles

Initial
. 5 94 1
denaturation
Denaturation 0.5 95
Annealing 0.5 55 35
Elongation 1 72
Final elongation 10 72 1
Hold - 10

To understand if the PCR was successful, a gel electrophoresis was performed of the
resulting samples. Electrophoresis was performed in a 1% agarose gel in 1x TAE Buffer
at 120 volts for 45 minutes. The gel was loaded with 5 pL of sample, combined with 1
puL gel red (1:1000 dilution) and 2 pL of Green GoTaq Buffer. The samples were
compared to 6 uL of 1k base pairs (bp) NZYDNA Ladder I (NZY Tech, Portugal) with 2
uL of Green GoTaq Buffer.

Simultaneously to this, DNA extraction for ITS2 sequence analysis was also performed
as part of an internship related to workplan of this thesis, with the results aiding in the
interpretation of data derived from the 18S marker gene analysis in this thesis.

Briefly, DNA for ITS2 analysis was also extracted using the Quick DNA miniprep kit
(Zymo Research, USA) following the manufacturer’s procedure. For DNA amplification,
a polymerase chain reaction (PCR) was performed using a primer already designed based
on differences of the nucleotides of the second internal transcribed spacer (ITS2),
ITSO55R (CTCCTTGGTCCGTGTTTCAAGACGGG) and CiN1F (CTGCCAGTA
GTCATATGCTTGTCTC) (Marin & Melkonian, 2010). For the PCR, a master mix was
prepared, and 2 pL for the resulting samples were added to 23 pL of Mastermix (Table
3.2).
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Table 3.2: Ingredients used to create a Mastermix for PCR amplification of the ITS2 marker locus

Ingredients x1 (uL)
MilliQ water 13.3
5x colorless GoTaq Flexi Buffer 5
MgCI2 solution (25mM) 2
Primer CeN1F (10 uM) 1
Primer ITSO55R (10 uM) 1
dNTPs (10mM) 0.5
GoTaq G2 Flexi DNA Polymerase 0.2

The samples were then placed in a Biorad Laboratories thermocycler (Bio-Rad
Laboratories, USA) for PCR reaction (Figure 3.5), using the same thermocycler program
previously described (Table 3.1). A gel electrophoresis was also performed on ITS2 DNA
fragments to determine if the PCR was successful, using the same methods as that

described for the 18S marker gene.
3.2.3. Sequencing

The DNA sequencing was performed at CCMAR's Sequencing Platform, using an
Applied Biosystems SeqStudio Genetic Analyzer and BigDye®Terminator v3.1

chemistry. Forward and reverse strands of 18S and ITS2 amplicons were sequenced.
3.2.4. BLAST and Tree

Upon the arrival of the DNA forward and reverse sequences, a consensus alignment
employing CLC Genomics Workbench v. 21 software was performed. Afterwards, the
National Centre for Biotechnology Information (NCBI) Basic Local Alignment Search
Tool (BLAST) was used to acquire closely related sequences of 18S. In the case of ITS2,
the Wuerzburg university ITS2 database (Ankenbrand et al., 2015) was employed.

Sequences were downloaded by means of the CLC Genomics Workbench v. 21
software and, after the 18S or ITS2 coding regions of those sequences being trimmed,
they were aligned with the same software. For phylogenetic inference, the Phylogeny.fr
platform (Dereeper et al., 2008) was employed for alignment curation, using Gblocks
v.0.91b(Castresana, 2000), and a maximum-likelihood phylogenetic tree was generated
via PhyML (Guindon et al., 2010) using an SH-like approximate likelihood ratio test
(aLRT) to estimate branch support values. Initial tree rendering was carried out with

TreeDyn v.198.3 (Chevenet et al., 2006). At a later stage, the tree was rendered using
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FigTree v. 1.4.4. Adobe Illustrator 2024 was then used to enhance the placements of the

branch support values.
3.3. Scale-up

The scale-up process of the isolated strains took place in an incubator with shaking, as
described in section 3.4.1 (Figure 3.6). All cultures were grown in freshwater
supplemented with NB+ with 4 mM of nitrates, in a working volume of 50 mL. When
cultures reached a high cellular concentration, they were transferred to higher volumes,
with replenishment of the culture medium. This process was repeated until 1 L of culture

was obtained.

Figure 3.6- Scale-up process of isolated strains, with Erlenmeyers flasks in an incubated shaker:

3.4. Lab-scale trials

The following lab-scale trials were conducted in an incubator with shaking (Jeiotech
IST-3075R, Daejeon, Korea), at 20 °C and 120 rpm with a continuous light source (50
umol/m?/s). HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) at 5.95 g/L
was added to the culture media and the pH was adjusted to 7.5. The cultures were
inoculated with an initial optical density of 0.2 and the nitrate concentration of the cultures
was adjusted to be the same as the nitrate concentration present in the drainwater. All
samples had an initial working volume of 60 mL in 100 mL Erlenmeyer’s flasks. All trials

were done in triplicate.
3.4.1. Strain selection

For strain selection, seven isolated strains were selected, and their growth was compared
between two different culture media: drainwater and freshwater supplemented with NB+,
used here as the control medium (Figure 3.7). The cultures were grown with an initial
nitrate concentration of 3.3 mM, which was the nitrate concentration present in the

drainwater. The trial had a duration of 7 days and was performed under conditions
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outlined in subsection 3.4, during which the cultures had their optical density (OD)
measured daily at 540 nm and 750 nm to determine growth. Nitrate concentrations were

measured at the beginning and end of the trial. The two best performing strains were

selected for ongoing trials.

Figure 3.7- Microalgae strains used for lab-scale experiments. The experiments were performed in an incubator with
shaking under constant temperature (20 °C), constant mixing (120 rpm) and constant light (Luminous flux:50
umol/m?/s).

3.4.2. Drainwater pre-treatment

The two best performing strains from the previous trial were cultivated in triplicate in
the conditions outlined in subsection 3.4, using four different conditions: i) control
(drainwater with no treatment); ii) filtration using a sterile 0.2 pum filter; iii) chemical
treatment using sodium hypochlorite, where 1 mL/L of sodium hypochlorite was added
to the drainwater for 30 min, and neutralized afterwards with sodium thiosulphate at 0.5
mL/L; and iv) U V-treated drainwater, which was exposed to UV-light for 20 minutes. The
trial had a duration of 8 days and OD was used for determination of growth. Nitrate

concentrations were measured at the beginning and end of the trial.
3.4.3. Co-cultivation

Competition trials, or co-growth, are experimental trials in which the growth rate and

other factors of two or more species are compared when they are growing in the same
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medium. These assays allow to determine which strains can become dominant in the said
medium. The advantage of competition assays is minimizing effects due to uncontrolled
experimental variability and thus directly comparing the fitness of two different strains in

the same niche at the same time (Visconti et al., 2022).

The two best performing strains were co-cultivated in triplicates, using two different
combinations of strains. 7Tetradesmus obliquus (SNS0120), a proven effective (Salazar et
al., 2023) microalgal bioremediator, was grown together with each of the selected strains
obtained from previous trials in the standard conditions described in subsection 3.4. The
trial had a duration of 8 days and cellular concentration was used for monitoring growth.

Nitrate concentrations were measured at the beginning and end of the trial.
3.5. Production of biomass in 1-L bubble columns photobioreactors

Microalgae biomass of the two selected strains was produced in triplicates using a 1-L
bubble column photobioreactors (PBR) (Figure 3.8). Biomass concentration was adjusted
by dilution to an OD of0.2. Drainwater was used as the growth medium and was prepared
by filtration using a sterile 0.2 um filter, with pH adjusted to 7.5 and initial nitrate
concentration at 4 mM. Growth was monitored via daily OD measurements, and nitrate
measurements were performed every 2 days. At the end of the trial the samples were

centrifuged at 7,000 x g, freeze dried and stored at -20 °C until further analysis.

Figure 3.8- 1-L bubble columns photobioreactors (PBR) continuously illuminated and pressurized
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3.6. Culture monitoring

3.6.1 Optical density

To measure OD of the cultures, 1-mL aliquots were taken from each sample and 200-
uL sub-aliquots were measured in triplicate, using a Gen 5 Microplate reader (Biotek,
USA; Figure 3.9) at 540 nm and 750 nm. When the samples presented an OD

measurement higher than 0.8, the samples were diluted and measured again.

Figure 3.9- Gen 5 Microplate reader(Biotek, USA)

3.6.2 Cellular concentration

Cellular concentration (CC) was determined by cell counting using an optical Axioscope
5 (Zeiss, Germany) microscope at x40 amplification. A 10-uL aliquot of the cell
suspension was placed into a Neubauer chamber according to the manufacturer’s
procedure. Dilutions were carried out as necessary to ensure between 30 and 300 cells per

field. CC was obtained by the following formula:

CC (cells/mL) = number of counted cells * (10*) = dilution
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3.6.3 Nutrient consumption

Nitrate concentration

To assess nitrate concentration, 2 mL of each sample was taken and centrifuged at 7000
x g for 5 minutes. Falcon tubes were prepared with a blank solution, containing 9.8 mL
of distilled water and 0.2 mL of HCI. For each sample, duplicates were prepared with 9.3
mL of distilled water, 0.2 mL of HCl and 0.5 mL of the supernatant of each sample.
Absorbance was measured in quartz cuvettes at 220 and 275 nm using a Double Beam
Spectrophotometer UHS5300 (Hitachi, Japan) (Figure 3.10). The reading at the latter
wavelength is mandatory to detect whether organic matter is also present, which can alter
the reading of nitrate concentration (APHA 2000). In cases where absorbance was greater
than 0.8, the sample was diluted with control solution. Nitrate concentration was

calculated using a pre-established calibration curve between known concentrations of this

ion and its absorbance values.

Figure 4.10- Double Beam Spectrophotometer UHS5300 (Hitachi, Japan) used for determination of nitrate
concentration.
3.7 Biochemical composition

The biomass produced in the 1-L bubble columns PBRs was centrifuged (4000 x g, 10
minutes), frozen and later freeze-dried (Martin Christ Alpha 1-2 LDplus, Osterode am
Harz, Germany). After this, the samples were stored at -20 °C until further analysis.
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3.7.1 Proximal composition
3.7.1.1 Protein

Protein content was estimated via elemental analysis of nitrogen content by following
procedure provided by the manufacturer, using a Vario EL IIl (Vario EL, Elemental
Analyzer system, GmbH, Hanau, Germany), analysing 1 mg of biomass weighed and

encapsulated in small aluminium caps. The final protein content was determined by

multiplying the percentage of nitrogen by 4.97% (Templeton & Laurens, 2015).
3.7.1.2 Lipids

To determine lipid content, a modified protocol of the Bligh & Dyer (Bligh & Dyer, 1959)
method was used (Pereira et al., 2011)). Briefly, between 10-20 mg of biomass was weighed
together with glass beads, and 0.8 mL of distilled water and 1 mL of methanol were added
to the tubes. The samples were then homogenized in a Retsch MM 400 mixer mill at (30
Hz for 3 minutes). Afterwards, the samples were transferred to glass tubes and 1 mL of
methanol and 1 mL of chloroform were added and homogenized in a vortex for 30 s. 1-
mL samples of chloroform and 1-mL of distilled water were added to the samples, and

between each addition, the samples were homogenized in a vortex for 30 s.

All the resulting tubes were then centrifuged for 10 minutes at room temperature and
2500 x g. The separated translucent chloroform was then transferred to new tubes with a
Pasteur pipette; 0.7 mL of chloroform were then added to previously weighed tubes and
placed in a dry bath at 60 °C until the chloroform was totally evaporated, followed by 15
min in a desiccator until reaching room temperature. The resulting tubes being weighed

in a precision scale once more.
The following formula was used to calculate the percentage of total lipids:

(Final weight — Initial weight) X total volume of choloroform
Evaporated volume of chloroform

%total lipids =

weight of the dried sample

3.7.2 Fatty acids profile

Fatty acid composition was determined by using a modified protocol of (Lepage & Roy,

1984), as described in Pereira et al. (2012), which is a method based on direct
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transesterification and later extraction of the lipidic phase. Freeze-dried biomass (10-20
mg) of each samples were mixed in a reaction vessel with a solution of methanol:acetyl
chloride (20:1 v/v), and then homogenized using a Retsch MM 400 mixer mill (30 Hz for
3 minutes). The samples were then put in a VWR precision water bath (Figure 3.11) at 70

°C for 60 minutes (Figure 3.11-3.12) and cooled in ice afterwards.

Figure 3.12- Samples in a water bath at 70°C, for derivatization.

Then distilled water (I mL) and n-hexane (4 mL) were added, and the samples were
homogenised in a bead beater at maximum rotation (20,000 % g) for two cycles of 30
seconds. Samples were then centrifuged at 2000 x g for 5 minutes, at room temperature.
Using a Pasteur pipette, the hexane fraction was transferred to new glass tubes. The
centrifugation process was repeated until the hexane fraction was colourless. Anhydrous
sodium sulphate was added in excess to precipitate any water that could be present in the
hexane fraction, and the fractions were then filtered using 0.22-um PTFE filters. The
hexane was evaporated under a nitrogen gas flow until fully dried and resuspended in 500
pL of HPLC-grade hexane and re-filtered, with the addition of an internal standard

(nonanoic acid C9:0) to each sample.
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The FAME profiles were analysed using a Scion 456/GC Scion TQ MS (Bruker, USA)
equipped with a 30-meter ZB-5MS capillary column (30 x 0.25 mm ID, 0.25 pm film
thickness; Phenomenex). Helium was employed as the carrier gas, with a flow rate of 1
mL/min for elution. The injection temperature was maintained at 300 °C in split-less
mode. The temperature program included the following steps: starting at 60 °C for 1
minute, ramping up at 30 °C/min to 120 °C, then at 4 °C/min to 250 °C, and finally at 20
°C/min to 300 °C, where it was held for 4 minutes. For the identification and quantification
of FAMEs, a Supelco® 37 component FAME Mix (Sigma-Aldrich, Sintra, Portugal) was

used as the standard to create several calibration curves.
3.8 Statistical Analysis

Statistical analysis was performed using R Studio version 4.4.1. Data was tested for
normality and homogeneity using the Shapiro-Wilk test and Levene test, two-way
ANOVA and Tukey’s HSD post hoc test were performed for the comparison of means of
treatments with a confidence interval of 95%. For comparison of two variables (co-
cultivation trials and production in 1-L bubble columns), a Student’s #-test was applied.

When normality or homogeneity were absent, non-parametric analysis were performed

through the application of the Kruskal-Walli’s test and Dunn’s post hoc test.
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4. Results & Discussion
4.1 Identification

Seven successfully isolated strains were selected for the optimization trials. These
strains were observed under the microscope (Figure 4.1) and their morphology was

analysed and described.

Figure 4.1-Microscopic observations of the isolated strains, using DIC and 100 % objective lens. A- Strain 1; B-Strain
2; C- Strain 3; D-Strain 4; E-Strain 5; F-Strain 6; G- Strain 7.

In terms of morphology, Figure 4.1A resembles a Desmodesmus as it is small, non-
motile and consists of colonies of 2 cells arranged in sequence. This strain has similarities
with that in Figure 4.1C. Figure 4.1B and 4.1D appear to be a Stichococcus given their
cylindrical cell filaments, usually few-celled (2—4 cells) with rounded ends (Guiry &
Guiry, 2020). Figure 4.1C has an appearance not incongruous with its later identification
as Desmodesmus. Figure 4.1E appears to be a spherical aggregate of cells attached to one
another organized in a spherical and free-floating coenobia, which is consistent with being
a Scenedesmaceae microalga(Guiry & Guiry, 2020). The strain depicted in Figure 4.1F
seems to have a Chlorella-like morphology as it shows spherical microscopic cells with
2-10 um diameter (Safi et al., 2014), and Figure 4.1G demonstrates clustering that is
exclusive to Pseudochlorella relative to Chlorella, indicating that this strain might belong
to this genus (Darienko et al., 2016).

4.1.1 Phylogenetic Trees

To better identify the strains, phylogenetic trees were generated to infer their relatedness

with other microalgal genera and species.
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The resulting phylogenetic tree for Strain 1 can be seen in Figure 4.2. While the
information is insufficient to determine the exact species, Strain 1 clusters with other
Desmodesmus taxa with maximum support (1). Strain 1 clusters exclusively with
Desmodesmus microalgae, as Scenedesmus subspicatus is viewed as synonym to D.
subspicatus. As outgroups to this cluster, one can find a well-defined Tetradesmus clade,

which branches off early with regard to the remaining Scenedesmaceae taxa.

Desmodesmus armatus var. subalternans KF673362

077
Desmodesmus schnepfii MWA471026

Desmodesmus armatus MK541796
.77, Desmodesmus communis MK541738
Desmodesmus intermedius FR865701

Strain 1

L Scenedesmus subspicatus AJ249514

Desmodesmus abundans KF673371
1 L Desmodesmus denticulatus OR185326
Tefradesmus obliquus OR141146
= Tetradesmus reginae OR583898

Tetradesmus distendus OR551481

Dictyosphaerium sp. GQ487242

1 Protostichococcus edaphicus MT078161
F Chiorella sphaerica AJ416105

Diplosphaera chodatii MTO78177

Trifostichococcus solitus MT078171

Gloeofila cf. protogenita AM412752
Stichococcus chioranthus AM412751
Stichococcus baciilaris MT078155

0.008

Figure 4.2- 18S Maximum Likelihood phylogenetic tree using the approximate likelihood-ratio test (aLRT) where strain
1 clusters together with a Desmodesmus subspicatus sequence and other Desmodesmus taxa with a branch support
value of 0.72. Other taxa of other genera, including the one containing the outgroup (Tetradesmus), branch off this
cluster with support values of 1.

It can be said with a high degree of certainty that Strain 2 belongs to the order Prasiolales,
as it is grouped with a branch support value of 0.99 as opposed to the Sphaeropleales
outgroup. In addition, given its morphology and these results, it likely belongs to the

Stichococaceae family, as the genus is not possible to be ascertained with the present data.
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0757
Rosenvingiefla polyrhiza EF200520
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Stichococcus chioranthus AM412751
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Desmodesmus infermedius FR865701

Desmodesmus abundans KF873371

Figure 4.3-18S gene Maximum Likelihood phylogenetic tree using the approximate likelihood-ratio test (aLRT) where
strain 2 clusters together with Prasiolales taxa with a branch support value of 0.99. Other taxa of other genera,
including the one containing the outgroup (Sphaeropleales), branch off this cluster:

The resulting phylogeny tree for Strain 3, can be seen in the Figure 4.4. While the information
is not enough to confidently identify (0.76) a specific species, the genus Desmodesmus is likely
to be the correct one, as the Desmodesmus clade has maximum support (1.0). Therefore, Strain

3 is tentatively identified as a microalga belonging to the genus Desmodesmus.

Scenedesmus subspicatus AJ249514
0761 Desmodesmus_intermedius FR865701
Strain 3

Desmodesmus armatus var. subalternans KF673362
0.98
Desmodesmus schnepfii MW471026

0gs Desmodesmus armatus MK541796
Desmodesmus abundans KF673371

L Desmodesmus denticulatus OR195326

Desmodesmus communis MK541738
Tetradesmus reginae OR583898
~ Tetradesmus distendus OR551481
Tetradesmus obliquus OR141146
Dictyosphaerium sp. GQ487242

Protostichococcus edaphicus MT078161

Chilorella sphaerica AJ416105
Diplosphaera chodatii MTO78177

Tritostichococcus solitus MT078171
Desmococcus olivaceus MT078157
Gloeotila cf. protogenita AM412752
Stichococcus chloranthus AM412751
Stichococeus bacillaris MT078155

0.007

Figure 4.4- 185 Maximum Likelihood phylogenetic tree using the approximate likelihood-ratio test (aLRT) where strain
3 clusters together with a Desmodesmus subspicatus sequence and other Desmodesmus taxa with a branch support
value of 0.755. Other taxa of other genera, including the one containing the outgroup (Tetradesmus), branch off this
cluster with maximum support (1).
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It can be said with a high degree of certainty that Strain 4 belongs to the order Prasiolales
as it is clusters together with sequences of this taxon with maximum support (1) as opposed
to the outgroup of Sphaeropleales. In addition, given its morphology and these results it

likely belongs to the Stichococaceae family, although this is not strongly supported.
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0.85
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P18 Stichococcus bacillaris AJ311637
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0092 _rm Diplosphaera chodatii MTO78177

El Stichococcus bacillaris KJ756841
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Desmodesmus abundans KF673371
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Figure 4.5- 185 Maximum Likelihood phylogenetic tree using the approximate likelihood-ratio test (aLRT) where Strain
4 clusters together with Prasiolales Order taxa with a branch support value of 0.99. Other taxa of other genera,
including the one containing the outgroup (Sphaeropleales), branch off this cluster:

The phylogenetic tree for strain 5 is shown on Figure 4.6. Once again, Strain 5 clusters
together with Desmodesmus spp. taxa in a cluster with maximum support. Unfortunately,
due to the quality of the sequence obtained, it was not possible to determine the species
within this genus, although these results suggest it to be closely related with D.

subspicatus.
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Figure 4.6-18s gene Maximum Likelihood phylogenetic tree using the approximate likelihood-ratio test (aLRT) where
Strain 5 remains in its own branch with a support of 1. Likely insufficient data.

The phylogenetic tree for Strain 6 is presented in Figure 4.7. While its species or genus
cannot be determined, as there is no isolated branch with only Strain 6 and a single species
or genus, the results suggest that it clusters with almost maximum support (0.998) with

other taxa belonging to the Chlorella clade, which includes genera such as Didymogenes

and Actinastrum (Heeg & Wolf, 2015).
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Figure 4.7- 18s gene Maximum Likelihood phylogenetic tree using the approximate likelihood-ratio test (aLRT) where
Strain 6 clusters together with a Chlorella taxon with a branch support value of 0.708. Other taxa of other genera,
including the one containing the outgroup (Pseudochlorella), branch off this cluster with support values of 0.998

The phylogenetic tree for Strain 7 is presented by Figure 4.8. Despite clustering with
Chlorella species, the branch containing all Chlorella taxa branches off Didymogenes
branch with low support (0.66). In addition, its NCBI BLAST best hit (Pseudochlorella
pringsheimii) and observed morphology (Clustering) do not support this result, so it is
likely that the obtained sequence was not of sufficient quality to determine the genus
accurately. In any case, the results overall suggest that Strain 6 belongs to the

Chlorollelacae.
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Figure 4.8- 18S Maximum Likelihood phylogenetic tree using the approximate likelihood-ratio test (aLRT) where Strain
7 clusters together with the Chlorella taxa with a branch support value of 0.66. Outgroup Parachlorella has a branch
support of 0.86.

Within a related internship report developed under the supervision of professor Jodo Varela
in the MarBiotech group at CCMAR, ITS2 sequences were also analysed for Strain 6 and 7,

under the names Sample 6 and Sample 7, respectively.

The ITS2 sequence of Sample 6 (Figure 4.9) clusters exclusively with a Chlorella parva
sequence, with a moderate confidence (0.751), suggesting that, although not definitively,
that strain 6 might be classified as belonging to this species. In this phylogenetic tree, taxa
belonging to the closely related genus Chloroidium served as an outgroup branching off
the Chlorellaceae cluster with maximum support (1.0). As Chloroidium belongs to the
Watanabeaceae rather than the Chlorellaceae, both part of the class Trebouxiophyceae,
this tree seems to be further supported by resolving taxa across their familial taxonomy (Li

et al., 2021).
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Figure 4.9- ITS2 Maximum Likelihood phylogenetic tree using the approximate likelihood-ratio test (aLRT) where
Sample 6 appears in a branch near the root node with support of 1 (shown on the left, clustering together with a
Chlorella parva sequence with a branch support value of 0.751, which appears to be a sister clade to a branch
containing Pseudochlorella faxa and other branches containing Chlorella, Parachlorella, Compactochlorella and
Didymogenes taxa.

Strain 7 (Figure 4.10) clusters with Chlorella sequences with moderate confidence
(0.753). However, this is unlikely given its morphology and NCBI BLAST results.
Sample 7 tree has the genus Chloroidium as an outgroup, as well as the genus

Parachlorella.
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Figure 4.10- ITS2 Maximum Likelihood phylogenetic tree using the approximate likelihood-ratio test (aLRT) where
Sample 7 clusters together with a Chlorella coloniales sequence and other Chlorella taxa with a branch support value
0f 0.753. Other taxa of other genera, including the one containing the outgroup (Chloroidium), branch off this cluster
with support values of 0.881 and 1, respectively.

The isolated strains were identified based on morphology, NCBI BLAST similarities and

respective phylogenetic trees, and given new abbreviations, as shown in Table 4.1

Table 4.1- Strain Species and new abbreviation

Assignment Criteriat
Strain Species Abbreviation confidence
1 Desmodesmus sp. DES1 High PM
2 Stichoccoccus sp. STI1 Medium M
3 Desmodesmus sp. DES2 High PM
4 Stichoccoccus sp. STI2 Medium M
5 Desmodesmus sp. DES3 High PM
6 Chlorella sp. CHL High PM
7 Pseudochlorellasp. PSE Low M,B

1 — P = phylogenetic inference; M = morphology; B-BLAST best hits.

The identified species match up with what can be expected to be isolated from freshwater
effluent, as other microalgae obtained from wastewater (WW) samples were identified as
algae belonging to the genus Chlorella such as Chlorella pyrenoides in hydroponics WW
(Lu, 2017), Chlorella vulgaris in swine WW (Wen, 2017) and Chlorella sp. in dairy WW
(Choi et al., 2018). Desmodesmus sp. has been isolated from municipal WW (Wu et al.,
2013) and anaerobic digestion WW (Ji et al., 2014), whereas Stichococcus bacillaris has
been identified in hospital WW (Ricky & Shanthakumar, 2023) and 7efradesmus sp. has also
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been found in WW (de Andrade et al., 2023). This shows the resilience of these four genera

of microalgae.

Interestingly, the identification of microalgae belonging to the same genus enabled their
use in trials in which the same genus was a point of comparison to the results of our lab-

scale trials with these strains.
4.2 Lab-scale trials

With the strains selected and identified, lab-scale trials were used to determine the two

species with best growth performance, nitrate removal ability, determine the most

effective water treatment and ability to outcompete other microalgae.
4.2.1 Growth performance

To analyse the growth performance of the seven selected strains, a comparison trial was
performed where all strains were grown in control growth medium (freshwater and NB+
supplementation) and in drainwater (Figure 4.11 and 4.12). When comparing the growth

between the control and drainwater media, there were no significant differences in either of

the tested strains.

When comparing strains, in trial A (Fig. 4.11A), the strain with a significantly higher
growth performance was Chlorella sp. (CHL) when compared with DES1, DES2 and STI1,
with a maximum OD of 1.04 + 1.4. In trial B (Fig. 4.11B), Pseudochlorella sp. (PSE) showed
a significantly higher growth (p<0.001) when compared to STI2 and (p<0.05) DES3, with a
maximum OD of 1.08 + 0.04. This was expected, as strains belonging to the Chlorella clade
have shown higher growth rates than other taxa in previous reports (Das et al., 2018; Saranya
& Shanthakumar, 2020; Palafox-Sola et al., 2023). The Stichococcus strains (STI1 and STI2)
showed the slowest growth rate during these trials, which could be the result of Stichococcus,
unlike the others, belonging to the Prasiolales, and thusly having far different optimal

conditions.
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Figure 4.11- A) Growth performance of Desmodesmus sp. (DES1), Stichoccoccus sp. (STI11), Desmodesmus sp (DES2)
and Chlorella sp. (CHL) under control (freshwater and NB+) and drainwater conditions. Values are presented as
meanzstandard deviation (n=3). Absorbance (Abs) in arbitrary units. B) Growth performance of Stichoccoccus sp.
(STI2), Desmodesmus (DES2) and Pseudochlorella (PSE) under control (freshwater and NB+) and drainwater
conditions. Values are presented as meantstandard deviation (n=3). Absorbance (Abs) in arbitrary unit. Different
letters indicate significant differences (p<0.05;2-way ANOVA) between strains grown in drainwater.

In terms of nutrient removal, all strains growing in drainwater showed a much higher
nitrate removal (Table 4.2), when compared with the strains grown under control
conditions, i.e., a standard growth medium for microalgae. Statistical analysis of the
nitrate content showed that the difference between Chlorella grown in drainwater (given
in the table as CHL drainwater (DW) and its control (CT), i.e., the same strain grown in
standard growth medium, was statistically significant. The same conclusion can be drawn
for statistical differences in nitrate levels between CHL, STI and DES1 microalgae. There
was also a statistically significant difference between PSE grown in DW and its respective
control (PSE CT). Statistical differences between PSE and the strains DES1, DES2 and
STI1 were also found. More specifically, all strains except for one Stichococcus strain
(STI1) showed a nitrate removal above 90%, a result that is consistent with those of
several bioremediation studies showing similar percentages of nitrate removal, especially
for Chlorella strains, although it has been reported that Chlorella kessleri, and C.
sorokiniana were able to remove 98.6 (Lee & Lee, 2002) and about 100% (Arif et al.,
2020) of all nitrate present in the growth medium, respectively. Nitrate removal was
usually carried out in urban wastewater, but similar values were obtained with Chlorella

vulgaris removing 98.5% of nitrates from hydroponic wastewater (Yousif et al., 2022).
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Table 4.2- Nitrate concentration of each strain for each treatment (n=3). CT - Control Water, DW - Drainwater. Values
are presented as meantstandard deviation. Different letters indicate significant differences (p<0.05; Kruskal-Wallis

test and Dunn'’s post hoc test.) between strains and mediums.
S Nitrates (mM) Nltrat(?) /:)emoval
Control (CT) 475 + 0.23
Drainwater (DW)  3.32 + 0.23
Final
DES1 CT 2.51 + 0.21bd 47.15
DES1 DW 0.38 + 0.04° 88.55
STI1 CT 2.46 + 0.48b 48.21
STI1 DW 0.40 + 0.28 87.92
DES2 CT 2.38 + 0.764 49.89
DES2 DW 0.18 + 0.33 94.61
STI2 CT 221 £ 0.53 53.47
STI2 DW 0 + 0.08 100.00
DES3 CT 1.23 + 0.19 74.11
DES3 DW 0.08 + 0.55 97.56
CHLCT 3.74 £+ 0.11° 21.26
CHL DW 0.04 + 0.342 98.79
PSE CT 4.09 + 1.734 13.89
PSE DW 0 £ 0.17¢ 100.00

As a result of this trial, based on both growth performance and nitrate removal capabilities,

the strains Chlorella sp. (CHL) and Pseudochlorella sp. (PSE) were selected as the top

performing strains, to be used in further assays.

4.2.2 Water treatment

Distinct water treatment strategies were evaluated to assess the impact on growth
performance of the two selected strains (Figure 4.13) to see which water pre-treatment prior

to cultivation would improve the growth of the isolated strains the most.
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Figure 4.13- Growth performance of Chlorella sp. (CHL) (A) and Pseudochlorella (PSE) (B) when cultivated in
wastewaters (WW) with or without a pretreatment step, namely: Untreated WW (CT), Filtered WW (DWF), Chlorine
pretreatment WW (CL+), and ultraviolet radiation treated WW (UV). Values are presented as mean=tstandard deviation.
Absorbance in arbitrary units (a.u). Letters indicate significant differences (p<0.05; 2-way ANOVA.) between
pretreatments

When comparing the tested pretreatments, ultraviolet radiation (UV) led to the highest
microalgal growth performance comparing with those of other conditions tested for CHL
cultures (p<0.05; 2-way ANOVA). Even though this trend was also seen for PSE, the
differences between pretreatments were not statistically significant (p>0.05; 2-way
ANOVA). CHL and PSE strains reached an OD of 0.69 = 0.04 and 0.58 £+ 0.03,
respectively. Regarding the treatment leading to the lowest growth performance, under
control conditions (drainwater with no treatment) CHL only reached an OD of 0.53 +
0.06, which was expected given that no pretreatment of the drainwater was done to
improve the growth rate or N removal. For PSE, the use of chlorine was slightly less

effective treatment with an OD of 0.50 + 0.07.

The effectiveness of UV-treated wastewater on growth rate is consistent with studies
finding that Chlorella vulgaris had faster growth in UV-treated WW compared to
untreated WW, finding a dose-dependent response on growth rate with exposure time and
chlorine concentration, potentially indicating that results may have differed with a

different UV exposure time or chlorine concentration (Qin et al., 2014).

In addition, the use of UV radiation and filtration as an effluent pre-treatment for algae
growth, with the purpose of removing bacteria and suspended solids from the effluent has
already been studied on Chlorella sp. It was found that filtration improved growth and
UV-B specifically proved ineffective due to the need for using higher doses, which would

not be the case with UV-C (Cho et al., 2011). Some variation in results could be caused
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by the number of bacteria and suspended solids present in the effluent to begin with. It is
likely that combining UV and filtration pre-treatments would prove more effective than
individually in not only promoting microalgal growth, but also minimizing bacterial load

and the presence of suspended solids.

In terms of nutrient consumption (Table 4.3), UV-treatment led to the highest rate of
nutrient removal for both strains, the difference being statistically significant. Upon
growth of PSE, filtered drainwater had the highest nitrate content, whereas, with CHL,
the control growth media showed the highest nitrate concentration. This discrepancy
could be explained by microalgae being able to grow in both filtered and unfiltered
wastewater (Calderini et al., 2021). Itis also possible that the control drainwater contained

bacteria that would consume nitrates.

PSE demonstrated lower nitrate concentrations relative to CHL, showing a higher
removal rate, which is consistent with other trials comparing these two strains, where
Pseudochlorella pringsheimii proved about as effective as Chlorella vulgaris in nitrogen

removal from wastewater effluent as both were to completely remove this nutrient

(Saranya & Shanthakumar, 2020).

For nitrate removal statistical analysis showed data was non homogenus so a non-

parametric test was done. Krustal-Wills found statistical significance to UV’s nitrate

removal (p-value<0.05) relative to the other pre-treatments for both strains.

Table 4.3- Nitrate concentration for each treatment of each strain after the growth assay. C - Control (untreated
drainwater) or drainwater pretreated by filtration (F), chlorine (CL+) or ultraviolet radiation (UV). Values are
presented as meanxstandard deviation. Nitrate Removal %, indicates what percentage of the initial nitrates were
removed from the medium by the end of the trial. Different letters indicate significant differences between treatments of
the same strain (p<0.05,; Krustal Wallis & Dunn test) between pre-treatments.

Initial Nitrates (mM) Nitrate removal (%)
Drainwater 471 + 1.09
Final
CHLC 298 + 1.63° 36.73
CHLF 1.89 + 0.96° 59.87
CHL CL+ 289 + 0.89° 38.64
CHL UV 1.75 =+ 0.232 62.84
PSE C 145 + 0.63¢ 69.21
PSE F 395 + 0.38d 16.13
PSE CL+ 166 + 0.54d 64.76
PSE UV 0.01 =+ 0.02¢ 99.79
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Cell Counts (x10* Cells/ml)

4.2.3 Competition assays

A co-growth competition trial was done to assess the growth rate of the strains when in
competition with Tetradesmus obliguus SNS0120, a strain known for its ability to treat
wastewaters (Kong et al., 2021) removing nitrates (Ma et al., 2020). The results are shown

in Figure 4.14.
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Figure 4.14- Growth performance for co-growth of Tetradesmus obliquus with CHL (4) and SNSwith PSE. (B) at 20°C.
Values are presented as mean=standard deviation. Cell counts are presented as cells x10° per millilitre. Different letters
indicate significant differences (p<0.05; t-test) between strains.

In both cases, the cellular concentration (CC) by the end of the competition trial was
higher in the selected strains when comparing with 7. obliguus: CHL reached a CC of 8.9
x10° cells/mL at its peak, while T. obliquus reached only 3.9 x106cells/mL. In a parallel
competition trial, PSE reached a CC of 5.6 x10° cells/mL, while T obliquus reached again
a lower cell concentration, 2.9 x 10° cells/mL. However, CHL had a significantly higher
cellular concentration when compared to SNS (p<0.05), but there were no significant
differences when PSE and 7. obliquus were co-cultivated. These results were somewhat
surprising given that in another competition trial 7. obliquus proved more effective than
C. vulgaris, showing a relative growth rate of 1.12 and 1.16 g/L/day, in comparison to C.
vulgaris’ growth rate of 0.84 and 1.08 g/L/day for the same conditions (Escapa et al.,
2017). However, in the present case, the competition trial was performed in the drainwater
from which CHL and PSE were isolated from. Therefore, these strains might have already
been acclimated to that environment, thusly this assay is an example of the efficacy of

bioprospection of locally isolated strains.
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4.3. Production of biomass in 1-L bubble columns

To assess biomass composition of the selected strains, a growth assay was performed
in 1-L bubble columns (Figure 4.15). The PSE strain showed a significantly higher growth
performance (p<0.05), with an OD of 1.06, by the end of the trial comparing with CHL
with an OD of 0.91. This result is congruent with a study finding that Pseudochlorella
pringsheimii produced more biomass than C. vulgaris in WW bioremediation conditions,

reaching 3.51 g/LL compared to 2.84 g/L, respectively (Saranya & Shanthakumar, 2019).

1.2 7

Abs (a.u)
Nitrates (mM)

Time (Day)

—e—HL? PSE® ——@=- CHL N PSE N

Figure 4.15-Growth performance and nitrate removal of Chlorella sp. (CHL) and Pseudochlorella sp. (PSE) at 20°C in
1-L bubble columns. Values are presented as meantstandard deviation. Absorbance in Arbitrary units (a.u). CHL N
and PSE N- Nitrate content of respective strains on each day. Letters indicate significant differences (p<0.05; T-test)
between strains.

The PSE strain was on average faster at removing nitrate from the drainwater, but both
strains were able to completely remove nitrate from the medium by the end of the assay,
at the same time. Similar results were seen in other Chlorella nitrate removal trials with
100% removal (Arif et al., 2020) and nearly 100% removal: 98.6 and 98.5%, respectively
(Lee, 2002; Yousif, 2022). In addition, comparison assays between C. vulgaris and P
pringsheimii showed 100% removal of ammoniacal nitrogen by both strains (Saranya &
Shanthakumar, 2019). Since that same study showed higher biomass production by
Pseudochlorella pringsheimii, it is likely that it also had a faster rate of nitrogen removal,

consistent with PSE faster removal relative to CHL.
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4.3.1 Biochemical composition
4.3.1.1 Proximate composition

The proximate composition in terms of lipids and proteins can be seen in Table 4.4.
Lipid content varied between 16.9 and 17.9% in the two strains, while proteins ranged
from 14.1 and 15%, representing a similar content of total lipids and proteins, with no

significant differences (p>0.05) between strains.

Table 4.4-Percentage of Lipid content and Protein content of biomass collected from the 1L-Bubble collum Assay.
Letters denote statistical significance (p>0.05;t-test)

(%) Total Lipids Protein
Chlorella sp. (CHL) 1794 * 329 1410 * 218
Pseudochlorella sp. (PSE) 16.87 * 3.02 15.01 =* 3.77

The lipid content of CHL was slightly lower when compared to other reports for C.
vulgaris, which varied between 20 and 32% (Aguoru, 2015), with the same occurring in
PSE, with lower lipid content compared to P. pringsheimii, ranging between 18.16 and
21.89%, depending upon salinity of the growth medium (Bhatnagar et al., 2024). It is
worth noting that lipid content and accumulation can be induced depending on factors
such as nutrient and cultivation conditions, including stress, microalgae—bacteria
interactions, use of phytohormones, EDTA and chemical additives, and improved light
availability using LED-based illumination (Singh et al., 2016), salinity or the addition of
gamma-aminobutyric acid (GABA) (Bhatnagar et al., 2024).

Protein content of both strains appeared to be lower when compared to those of previous
reports, where C. vulgaris had a reported protein content between 43-58% (Irene et al,
2020), and P. pringsheimii whose protein contents ranged from 22.27 to 33.14 %
(Bhatnagar et al., 2024). This lower protein content of Chlorella can be improved if WW
with higher nitrogen contents were used (Xie, 2017). Another possibility would be to use

greater irradiances in order to boost the protein content in this microalga (Seyfabadi et
al., 2011).

4.3.1.2 Fatty Acids

Fatty acid content of both strains is shown in Table 4.5. The percentages of saturated
fatty acids (SFA) were 17.85% and 36.62% for CHL and PSE respectively, which were
statistically different (p<0.05). For monounsaturated fatty acids, the contents for CHLand
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PSE were 23.75 and 20.12% respectively, which were not significantly different (p>0.05).
For polyunsaturated fatty acids, the same cultures displayed contents of 47.07% and
32.69% respectively, which were statistically different (p<0.05).

The primary source of SFA was 16:0 (palmitic acid), while the primary source of PUFA
was 18:2 and 18:3n-3 (linoleic and alpha-linoleic acids respectively). The present fatty
acids profile was somewhat similar to previously obtained profiles for Chlorella vulgaris,
concerning alpha-linolenic (45.8%), palmitic (C16:0, 37.1%) (Hong et al., 2016),
palmitoleic (C16:1; 2.64%) and stearic (C18:0; 1.17%) acids (Yusof, 2011) as well as
having a high concentration of PUFA (47.7%) (Pratoomyot, 2005).

Table 4.5- Chlorella sp and Pseudochlorella sp.. fatty Acid profile with saturated (SFA), monounsaturated (MUFA) and
polyunsaturated (PUFA) fatty acid given in percentage of total fatty acids. Cx:y notation, where x is number of carbon
atoms in the chain and y is the number of double bonds. Different letters denote statistical differences between strains
(p==0.05,t-test)

Fatty acids (%)

Chlorella sp. Pseudochlorella sp.
C14.0 0.19 = 0.05 0.16 = 0.07
Ci16:0 15.39 + 3.14 244 = 7.32
c18:0 227 = 0.79 227 = 0.79
C23:0 0 =0 9.79 = =£16.86
2 SFA 17.85 = 3.98° 36.62 * 8.18°
Cie6:1 2.01 = 0.81 1.13 = 0.71
cis:1 20.87 = 2.29 18.34 + 6.3
ci8:1 0.75 = 0.28 065 = 0.14
C20:1 0.12 = 0.06 0 = 0
2 MUFA 23.75 = 3.44 20.12 = 7.15
c16:2 0 =0 1.98 + 0.34
c16:3 0 £ 0 9.19 = 2.07
c18:2 23.68 = 6.65 2152 = 6.84
C18:3n-3 23.39 = 4.71 0 = 0
2 PUFA 47.07 = 11.36 3269 = 9.25

The fatty acid profile of the PSE is also presented in Table 4.5. The percentage of SFA
for PSE was 37.70%, wherecas for MUFA and PUFA was 20.12% and 42.18%,
respectively. The ratio of unsaturated to saturated fats was 1.65:1, much lower than for
Chlorella. Much like CHL, the main saturated fatty acid was 16:0 (palmitic acid), the
main MUFA was 18:1 (methyl-cis-oleate) and the main PUFA was C18:2 (linoleic acid).
This is similar to the fatty acid profile of Pseudochlorella pringsheimii with a SFA content
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0f 33.98%, with the main SFA, MUFA and PUFA being 16:0 (palmitic acid), C18:1 (oleic
acid) and C18:2 (linoleic acid), respectively (Abd El Baky & El Baroty, 2023). The

difference between the two species was not statistically significant (p>0.05),

Variation in fatty acid profile is to be expected since the fatty acid content has been
shown to depend upon light regimes (Seyfabadi, 2011), temperature (Mutaf, 2019) and
carbon dioxide concentration (Yusof et al, 2011). PUFA, such as linoleic and linolenic

acids are essential for human nutrition (Mutaf et al, 2019), and n-3 PUFA are commonly

used in the feed industries (Remize et al, 2021) and these microalgae strains contain both.

With the protein content, lipid content and fatty acid profiles of the strains determined,
it is now possible to market these specific strains for bioremediation with the additional
knowledge that the resulting biomass can have additional applications, should it be
employed in aquafeed, biofertilizer (Chatterjee et al., 2017) or biofuel (Giordano & Wang,
2018).
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Conclusion

This study provides further evidence on the efficacy of locally isolated microalgae on
bioremediation. The results obtained demonstrated that, of the strains isolated from
hydroponic effluent, Chlorella sp. and Pseudochlorella sp. had the highest growth rate
and nitrate removal capabilities and proved to be more effective that pre-selected
microalgae strains that were not locally isolated. Several pretreatments for the effluent
were tested, with cells grown in drainwater pretreated with UV radiation showing a slight
increase in growth performance of the strains, compared to the other pretreatments. The
competition assay demonstrated that the two selected strains performed better compared
to a known bioremediating strain, with the difference being statistically significant for
one of them, a result consistent with the hypothesis that locally bioprospected strains can
be more effective. A scale-up assay was also performed, showing consistent results with
the smaller scale assays and allowing the harvested biomass to be analysed, which

enabled to determine their macronutrient profile and assess their potential for industrial

applications.

This thesis has contributed to the body of evidence in favour of the efficacy of locally
isolated microalgae in the treatment of hydroponic effluent and gave further insight into

the microalgae that can be harvested from hydroponic effluents.
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6 Annex

Extracted Sequences
>Strainl DES1 18S

GAGCTTAGGCTTGTCTTCAAAGATTAGCCATGCATGTCTAAGTATAAACTGCT
TATACTGTGAAACTGCGAATGGCTCATTAAATCAGTTATAGTTTATTTGGTGGT
ACCTTCTTACTCGGAATAACCGTAAGAAAATTAGAGCTAATACGTGCGTAAAT
CCCGACTTCTGGAAGGGACGTATATATTAGATAAAAGGCCGACCGGGCTCTG
CCCGACCCGCGGTGAATCATGATATCTTCACGAAGCGCATGGCCTTGTGCCG
GCGCTGTTCCATTCAAATTTCTGCCCTATCAACTTTCGATGGTAGGATAGAGG
CCTACCATGGTGGTAACGGGTGACGGAGGATTAGGGTTCGATTCCGGAGAGG
GAGCCTGAGAAACGGCTACCACATCCAAGGAAGGCAGCAGGCGCGCAAATT
ACCCAATCCTGATACGGGGAGGTAGTGACAATAAATAACAATACCGGGCATTIT
CATGTCTGGTAATTGGAATGAGTACAATCTAAATCCCTTAACGAGGATCCATT
GGAGGGCAAGTCTGGTGCCAGCAGCCGCGGTAATTCCAGCTCCAATAGCGTA
TATTTAAGTTGTTGCAGTTAAAAAGCTCGTAGTTGGATTTCGGGTGGGTCTCA
GCGGTCCGCCTATGGTGAGTACTGCTGTGGCCTTCCTTACTGTCGGGGACCTG
CTTCTGGGCTTCATTGTCCGGGACAGGGATTCGGCATGGTTACTTTGAGTAAA
TTAGAGTGTTCAAAGCAGGCTTACGCCGTGAATACTTTAGCATGGAATAACAT
GATAGGACTCTGCCCTATTCTGTTGGCCTGTAGGAGTGGAGTAATGATTAAGA
GGAACAGTCGGGGGCATTCGTATTTCATTGTCAGAGGTGAAATTCTTGTATTT
ATGAAAGACGAACTACTGCGAAGCATTTGCCAGGATGTTTTCATTAATCAGA
ACGAAGTGGGGGCTCGAGACGATTAGATACCGTCGTAGTCTCACATAACGAT
GCGACTAGATGGCCGACGGTCTGCATGACTCGTCAGCACCTGAGAGCATCAG
CTTAGCTCAGGCGAGATTGTGATATGCTCATCAGCAGTGTCTGATATAATGCC

>Strain2_STI1 18S

AATGCGCCAGATGTATTCTCCTGGCAGACTGGCGGAGTGTCTGCATCCAGTAT
AACTGCTTTATACTGTGAAACTGCGAATGGCTCATTAGAATCAGTTATAGTTTA
TTTGATGGTACCTACTACTCGGATAACCGTAGTAATTCTAGAGCTAATACGTGC
GCAAATCCCGACTTCCGGAAGGGACGTATTTATTAGATAAAAGGCCGACCGG
GCTTGCCCGACTCGCGGTGAATCATGATAACTTCACGAATCGCATGGCCTTGC
GCCGGCGATGTTTCATTCAAATTTCTGCCCTATCAACTTTCGATGGTAGGATAG
AGGCCTACCATGGTGGTAACGGGTGACGGGGGATTAGGGTTCGATTCCGGAG
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AGGGAGCCTGAGAAACGGCTACCACATCCAAGGAAGGCAGCAGGCGCGCA
AATTACCCAATCCTGACACAGGGAGGTAGTGACAATAAATAACAATACCGGG
CTATTTTAGTCTGGTAATTGGAATGAGTACAATCTAAATCCCTTAACGAGGATC
AATTGGAGGGCAAGTCTGGTGCCAGCAGCCGCGGTAATTCCAGCTCCAATAG
CGTATATTTAAGTTGCTGCAGTTAAAAAGCTCGTAGTTGGATTTCGGATGGGT
ACCGTCGGTCCGCCTAACGGTGGTTACTGGCGGCGCCCATCTTGCTGTCGGG
GACGGGCTCCTGGGCTTCACTGTCTGGGACTCGGAGTCGACGAGGTTACTTT
GAGTAAATTAGAGTGTTCAAAGCAGGCCTACGCTCTGAATACATTAGCATGG
AATAACACGATAGGGACTCTGGCCTATCTTGTTGGTCTGTAGGACCGGGAGTA
ATGATTAAGAGGGACAGTCGGGGGCATTCGTTATTTCATTGTCAGAGGTGGA
AATTCTTGGATTTATTGAAGGACGAACTACTGCGAAGCATTTGGCAAGGGATT
GTTTTTCATTAATCAAGGACGAAAGTTGGGGGCTCGAGACGATTAGCATAAC
CGTTCCTTAGTCTTCAACCATTAAACGATGGCCGACTAGGATTGGTGATTGTT
CTTCTTGGATGACTCCCACCAGCCACCTATTGAGAAAGTCCAAAGCTATCGG
TTCCAGTGGAGATATTGATGTGTTCGCCCACAGACT

>Strain3_ DES2 18S

CTAGGCTTCGGGGGGGCGGATGAGGTGTCGGCATTAGCCATGCATGTCTAA
GTATAAACTGCTTATACTGTGAAACTGCGAATGGCTCATTAAATCAGTTATAGT
TTATTTGGTGGTACCTTCTTACTCGGAATAACCGTAAGAAAATTAGAGCTAAT
ACGTGCGTAAATCCCGACTTCTGGAAGGGACGTATATATTAGATAAAAGGCCG
ACCGGGCTCTGCCCGACCCGCGGTGAATCATGATATCTTCACGAAGCGCATG
GCCTTGTGCCGGCGCTGTTCCATTCAAATTTCTGCCCTATCAACTTTCGATGG
TAGGATAGAGGCCTTCCTTGGTGGTAACGGGTGACGGAGGATTAGGGTTCGA
TTCCGGAGAGGGAGCCTGAGAAACGGCTACCACATCCAAGGAAGGCAGCAG
GCGCGCAAATTACCCAATCCTGATACGGGGAGGTAGTGACAATAAATAACAA
TACCGGGCATTTCATGTCTGGTAATTGGAATGAGTACAATCTAAATCCCTTAAC
GAGGATCCATTGGAGGGCAAGTCTGGTGCCAGCAGCCGCGGTAATTCCAGCT
CCAATAGCGTATATTTAAGTTGTTGCAGTTAAAAAGCTCGTAGTTGGATTTCG
GGTGGGTCTCAGCGGTCCGCCTATGGTGAGTACTGCTGTGGCCTTCCTTACTG
TCGGGGACCTGCTTCTGGGCTTCATTGTCCGGGACAGGGATTCGGCATGGTT
ACTTTGAGTAAATTAGAGTGTTCAAGCAGGCTTACGCCGTGAATACTTTAGCA
TGGAATAACATGATAGGACTCTGCCCTATTCTGTTGGGCCTGTAGGAGTGGAG
TAATGATTAAGAGGAACAGTCGGGGGCATTCGTATTTCATTGTCAGAGGTGA
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AATTCTTGATTTATGAAGACGAACTTACTGCGAAAGCATTGCAAGGATGTTTC
ATTATTCAAGAACGAAAGTGGGGCCTCGAGACGATAGATACGTCGTAGTCTC

AACATAACGATGCGACTAGGAATGCCGAACGTTTTGGCATGACTTCGTCACG
CACTGAGCATCAGTTGGTTCGGGGATAGTAATAGTGG

>4 STI2 18S

GTGAACATTGCAGGCCTCCCTGGCATTACGCCATGCATGTCTCAGTATAAAC
TGCTTTATACTGTGAAACTGCGAATGGCTCATTAAATCAGTTATAGTTTATTTG
ATGGTACCTACTACTCGGATAACCGTAGTAATTCTAGAGCTAATACGTGCGCA
AATCCCGACTTCCGGAAGGGACGTATTTATTAGATAAAAGGCCGACCGGGCT
TGCCCGACTCGCGGTGAATCATGATAACTTCACGAATCGCATGGCCTTGCGCC
GGCGATGTTTCATTCAAATTTCTGCCCTATCAACTTTCGATGGGTAGGGATAG
AGGCCTACCATGGGTGGGTAACGGGGTGACGGGGGAATTAGGGGTTCCAATT
CCCGGAGAAGGGAGGCCTGGAAAAACGGCCTCCCACATCCCAAGGAGGGG
GGGCGGGGGCCCCAAATAACCCAATCCTGGCCCCCGGGGGGGAGGGGCAAA
AAAAAAAAAAACCCGGGCTATTTTTATTCGGGGATTTGGAAAGGGGACAAA
CCCAATCCCCTTAAACAGGGATTATTTGGGGGGGAAATTTGGGGGCCCCCCC
CCCCCGGTTATTTCCCCCCCCCAAAACGGATATTTTAAGTTGGGGGCGGTAAA
AAACCCCTGTTTGGTTTTTGAGAGGGGGCCCCGGGGGGCCCCACAAAGGGG
GGTTTTCGGGGGGCCCCCCTTTTTITTTTTTGGGAGAGAGCCCCGCGTGTCTCT
CTGTGTGGGGGACCCACAACCACAGCATCTTTTGTGTATAAATATAATGTGTG
TCAGCGAGCGCCCCTCCCTTGTATATATATTATAGAAAAAACACAAAAAGAAG
TGCGGCGCGCTCTCTATTGTGTGTGCGTGACGCAGCGCACAATAATATTATAG
GAGAGACGCGCGGCGACTCTCTTTCTCTGTGCGCGAAGAGGAGTATTTTGTG
TTGTATTATAACAC

>5 DES3_18S

CGGAATCCTATTGAGGTGCGGCATGAGCCATGCATGTCTAAGTATAAACTGC
TTATACTGTGAAACTGCGAATGGCTCATTAAATCAGTTATAGTTTATTTGGTGG
TACCTTACTACTCGGATAACCGTAGTAATTCTAGAGCTAATACGTGCGTAAATC
CCGACTTGGAACGAAGTATATTATTTAGATAAAAGGCCGACCGAGCTTTGCTC
GACCCCGCGGGAAACTGTACTCCACGA

GCTGAAGCGAGTGTGGCGGCTGCGCTCGCCTTTTTCTTAAAAAAAATTTTG
TCGCGCCCATAATCAAACTTTCGATGGTAGGATAGAGGCCTACCATGGTGGTA
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ACGGGTGACGGAGGATTAGGGTTCGATTCCGGAGAGGGAGCCTGAGAAACG
GCTACCACATCCAAGGAAGGCAGCAGGCGCGCAAATTACCCAATCCTGATAC
GGGGAGGTAGTGACAATAAATAACAATACCGGGCATTTCATGTCTGGTAATTG
GAATGAGTACAATCTAAATCCCTTAACGAGGATCCATTGGAGGGCAAGTCTG
GTGCCAGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTTAAGTTGTTGC
AGTTAAAAAGCTCGTAGTTGGATTTCGGGTGGGTTCTAGCGGTTCCGCCTATG
GTGAGTACTGCTTATGGCTTCTTTCTGTCGGGACGGCTTCTGGCTTCACTTGT
CCGGGACTCGGAGTCCGACGTGGTTACTTTGGTAATTTAGAGTGGTCAAGCA
GGCTACCCCGAATACTTTAACCTGGATACCAATGGACTCTGCTATCTTGTTGTC
TGTAGAACCGATATGATAGGGACGTTCGGGGCATTCCTATTCATTGCGAGTGA
ATTCTTGTATTTTAAAAGCACTCTGGAAGCCTGCCAGAGGTTTCTATATCACA
ATGGTCTGGACATACTACCGCGATGTCACATATGCCAGTGCAGATACAAGTTC
GAC
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TAGACCCAGATATCTGCATTCTGCTGGCATGACGCCATGCATGCTGCTAAGTA
TAAACTGTTTTATACTGTGAAACTGCGAATGGCTCATTAAATCAGTTATAGTTT
ATTTGATGGTACCTACTACTCGGATACCCGTAGTAAATCTAGAGCTAATACGTG
CGCAAATCCCGACTTCTGGAAGGGACGTATTTATTAGATAAAAGGCCGACCG
GGCTTGCCCGACTCGCGGTGAATCATGATAACTTCACGAATCGCATGGCCTCG
TGCCGGCGATGTTTCATTCAAATTTCTGCCCTATCAACTTTCGATGGTAGGATA
GAGGCCTACCATGGTGGTAACGGGTGACGGAGGATTAGGGTTCGATTCCGGA
GAGGGAGCCTGAGAAACGGCTACCACATCCAAGGAAGGCAGCAGGCGCGC
AAATTACCCAATCCTGACACAGGGAGGTAGTGACAATAAATAACAATACTGG
GCCTTTTCAGGTCTGGTAATTGGAATGAGTACAATCTAAACCCCTTAACGAGG
ATCAATTGGAGGGCAAGTCTGGTGCCAGCAGCCGCGGTAATTCCAGCTCCAA
TAGCGTATATTTAAGTTGCTGCAGTTAAAAAGCTCGTAGTTGGATTTCGGGTG
GGGCCTGCCGGTCCGCCGTTTCGGTGTGCACTGGCAGGGCCCACCTTGTTGC
CGGGGACGGGCTCCTGGGCTTCACTGTCCGGGACTCGGAGTCGGCGCTGTTA
CTTTGAGTAAATTAGAGTGTTCAAAGCAGGCCTACGCTCTGAATACATTAGCA
TGGAAATAACACGATAGGACTCTGGCCTATCCTGTTGGTCTGTAGGACCGGA
GTAATGATTAAGAGGGACAGTCGGGGGCATTCGTATTTCATTGTCAGGAGGT
GAAATTCTTGGATTTATGAAGACGAACTACTGCGAAAGCATTTGCCAAGGAT
GTTTCATTAATCAAGAACGAAGGTTGGGGGGCTCGAAGACGATTAGAATACC
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GTCCTAGTCTCACCCATAACCGATGGCCGACTAGGATCGCCGAATGTTTTCTC
GATGACCTCCCGCCCGCCACCTTTATGGAGAAAATCAAGTATCGTACAGGGG
GCATAGATGAGATGCGCTGCTCGCACAGGTGGCTA
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CCCAGGGTGGAGGTATCGCTGCAGCTGCATGACTCATGCGTGCGCCAGTATA
AACTGTTTCATACTGTGAAACTGCGAATGGCTCATTAAATCAGTTATAGTTTAT
TTGATGGTACCTACTACTCGGATACCCGTAGTAAATCTAGAGCTAATACGTGC
GCAAATCCCGACTTCTGGAAGGGACGTATTTATTAGATAAAAGGCCGACCGG
GCTTGCCCGACTCGCGGTGAATCATGATAACTTCACGAATCGCATGGCCTCGT
GCCGGCGATGTTTCATTCAAATTTCTGCCCTATCAACTTTCGATGGTAGGATAG
AGGCCTACCATGGTGGTAACGGGTGACGGAGGATTAGGGTTCGATTCCGGAG
AGGGAGCCTGAGAAACGGCTACCACATCCAAGGAAGGCAGCAGGCGCGCA
AATTACCCAATCCTGACACAGGGAGGTAGTGACAATAAATAACAATACTGGG
CCTTTTCAGGTCTGGTAATTGGAATGAGTACAATCTAAACCCCTTAACGAGGA
TCAATTGGAGGGCAAGTCTGGTGCCAGCAGCCGCGGTAATTCCAGCTCCAAT
AGCGTATATTTAAAGTTGCTGCAGTTAAAAAGCTCGTAGTTGGATTTCGGGTG
GGGCCTGCCGGTCCGCCGTTTCGGTGTGCACTGGCAGGGCCCACCTTGTTGC
CGGGGACGGGCTCCTGGGCTTCACTGTCCGGGACTCGGAGTCGGCGCTGTTA
CTTTGAGTAAATTAGAGTGTTCAAAGCAGGCCTACGCTCTGAATACATTAGCA
TGAATAACACGATAGGACTCTGGCCTATCCTGTTGGTCTGTAGGACCGGAGTA
ATGATTAAGAGGGACAGTCGGGGGCATTCGTAATTCATTGTCAGAGGTGAAA
TTCTTGGATTTATGAAAGACGAACTACTGCGAAAGCCATTTGCCAAGGATGTT
TTCATTAATCAAGACCGAAAGTTTGGGGCTCGAGAACGATTAGATACCGTCCT

AGTCCTCAACCATAAACGATGCGGACTAGGGAATCGGCGAATGTTTCTTCGA
ATGACTTCGCTCACGTATGGAATTCAGTTTGGGTTCCGCGGAAGTA
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CAAATGTAGAGAGTCAGCGATGACTCTGGCAGACTGACGCCAGTTCCTGAG
ACTCAAGAGCGCCCTTCGTACCTCGCGTCTGAACCGGGCGGCATAGCCGGGG
CAACAACCCCCGGTTTTATCCCGCCCGCACAACCCATGCTGACCAGCGCCCA
GCGCATTCAACCAACCGTGATTCAAGCGTGTGCGTGGGCGCACGCACGCGA
GCCATTCAATCCCCTCTCACCAATTTCAAGTACTTATTAACTCTCTCTCCAAAG

78



TACGTTCCATCTTTCTCTCGCGCTAGTTGTTCGCTATCGATCTCCCTTCCGTCT
TTATCCATACATGGAAGTTACCACCTGCTTGGTGTTGCATGCATAAACAACCC
AACTCTTCCAAAGCGTCCCGTGCATGGAGCCGCTCGCGCCGCTCCCGACTTC
TCACTCTCTTTGACTGACCTTTCTTGGGGAGTTGCGGGCAGACTGACTGAGA
CAGAGATTCTCTAGATTAACTATAACTCGCCAGACGCAGGATATTTTCTTGCT
GGTCTTTGCCCGGCTCGCTCGCTCTTACTAACGACATCCTGCCTAGTTACTTT
CCCTCCGCTTACTGATATGCTTAAGTACAGCGAGCAGTCTTGCCTGACCTCAC
GCAGATCGTGAGGGTGGGTTGCAGTCGCGGCACGGAGAGCACCGAATTCAT
GCTGGCTCTCCATCAAGACACATCCGGCAACGGCCGGCTGCGTACGGAGTGC
GTACCTACCTAGCCATCCACCTGCATACAGACTCCATGTTCATTCATCTCTCTT
CCATTCAACCCAGACGGAATGCCGGCAGAAGGAGGGACGCACGAACCAGCA
GGACAGCTCCGCTCCCTCCCGCTCTTCATGCAAAGGAGGCGGGCGCGAGAA
GATGTGAGCGACCTAACTCAAGACATGACCTGCGTCGAACCATGGGTGCAAT
TACTTGCGATAAATCGATCGATGATGAATTAATCATTCAATCACTTACGAATTT
CATGCGTGCCTACTCGAATCGAGAGCAGACTACAATCGTGAAAGATGACTTT
GCATGCTCGCGTTCAAGCAAGGCTAATACGCAATAGATTGCTAGAATACGCTA
GGTGGAAAAGATGCATAGAATGGGCGTTCCATCA
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CATACGGTACGAGTACACATGACGATGACTTCATGGCAGACGGAGACAGATT
CCGGAGACTCAAGAGCGCCCTTCGTACCTCGGCTCTGACCGGGCGGCATAGC
CGGGGCAACAACCCCCGGTTTTATCCCGCCCGCACAACCCATGCTGACCAGC
GCCCAGCGCATTCAACCAACCGTGAAGCAGGCGTGTGCCTGGGCGCACCCG
TGGGATCCAATCGCTTCCCTCTCAACAATTTCAAGTACTTTTTAACTCTCTTTT
CAAAGTTCTTTTCATCTTTCCCTCGCGGTACTTGTTCGCTATCGGTCTCCCGTC
CGTATTTAGCCTTAGATGGGATTTACCACCTGCTTTGGGCTGCATTCCCAAAC
AACCCGACTCTTCGAAAGCGTCCCGTGGAGCCCCAGGCTCCGGTCCCAACG
GGGTTCTCACCCTCTTTGACGCCCCTTTCCAGGGGACTTGGGGCCAGACTGG
GGCAGAGAGCGCTTCTCTAGACTACAATTCGCCAGCCGGAGGCTGGAGATTT
TCAAGTTGGGCTTTGCCCGGTTCGCTCGCCGTTACTAAGGGCATCCTGGTTAG
TTTCTTTTCCTCCGCTTATTGATATGCTTAAGTTCAGCGGGTAGTCTTGCCTGA
GCTCAGGTCGAAAGTGAGGGTGGTTTCAGGGGCCGCAAGGCGACCACCGAA
TTCCTGCTGGGCCTCCAACAAAGACCCCTCGGGCAACGGCAGGCTGCGTAG
GGGGTGCCTACCTACCAAGCCATCGCCCTGCAGACGGGGTCCATGTTCAAGC
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CTCTACGCTTCAACCAACCCGGACGGCGTCCCGGCACAAGGGGGGACGCTC
GGAGCCGGGAGGGCCAGCTCCGCTCCCGCACGCTCTTCAATGAGAGGGGGC
GGGGGCGAGAGGTGTGAGCCGACGCTGAGGCAGACATGCCCTCGGCCGAA
GCCTTGGGCGCAATTTGGCGTTCAAGATTCGATGGTTCACGGGAATTCTGCA
ATTCACACTACGTTATCGCATTTCGCTGCGTTCTTTCATCGAATAACGGAGCA
GAATATCCGTTATGAAAGTTGTCATTGGATTTGGCTTGCGTCGAGCCAAGCTT
CCGAACGCAATGGCTCATTGAGTCAAGCTGGGGGTGTAAAGGCGTTGGTCTT
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